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a b s t r a c t

Shortly after 14,500 ybp during the deglaciation of the Laurentide Ice Sheet in eastern North America, the
80 km wide Seneca-Cayuga paleo ice stream occupied the overdeepened New York State Finger Lake
basins. The topography of the former ice stream bed can be evaluated from high-resolution LiDAR DEM
data, allowing mapping of almost four thousand subglacially streamlined bedforms such as drumlins and
mega-scale glacial lineations using Curvature-based Relief Separation. Qualitative and quantitative
techniques were then applied to the statistical analysis of bedform elongation ratio and orientation using
Natural Neighbor Interpolation and unsupervised machine learning-based data clustering. Analysis re-
veals a geomorphic continuum of as many as seven morphotypes of streamlined bedforms from drumlins
to mega-scale glacial lineations with intermediate ‘channeled drumlins’ possibly recording erosion of
parent drumlins. Spatial analysis using orientation Grouping Analysis identifies several flow-parallel sets
of bedforms reflecting the presence of multiple ice flow units in the ice stream up to 10 km wide that
were topographically controlled by glacially-overdeepened basins of lakes Canandaigua, Seneca, and
Cayuga (�151, �306, �242 below mean sea level respectively). Longitudinal variation in bedform
elongation along as much as 60 km length of flow lines is provisionally interpreted as a proxy for ice flow
velocities which ranged from steady state flow (drumlins), intermediate velocities (channeled drumlins)
to fast flow (mega-scale glacial lineations). Evolution in bedforms occurred rapidly likely over a time
frame of several hundred years. Quantitative data also identifies faster axial flow and slower flow along
the margins of each ice flow unit. Fast flow was triggered at the grounding lines of flow units terminating
in deep (as much as 600 m) proglacial lakes at the southern end of each overdeepened Finger Lake basin
and propagated northwards along each flow unit at different rates reflecting the size and depth of frontal
waterbodies. Petrographic data from tills derived from distinctive Paleozoic quartzites outcropping in a
narrow west-east belt perpendicular to flow of each ice stream identifies extended longitudinal sub-
glacial advection during fast flow consistent with very rapid bedform evolution.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

There is a wealth of geomorphological and paleoglaciological
information inscribed on the now exposed beds of Pleistocene ice
sheets in the form of streamlined bedforms such as drumlins and
mega-scale glacial lineations (e.g., Ross et al., 2009; Stokes, 2011;

Stokes et al., 2016; �O Cofaigh et al., 2013; Evans et al., 2014;
Spagnolo et al., 2014; Ely et al., 2016; Barchyn et al., 2016; Otteson
S. Sookhan).

Ltd. This is an open access article u
et al., 2016; Eyles et al., 2016, 2018). With the availability of LiDAR-
derived topographic mapping and statistical packages, this
geomorphic information can now be translated into quantitative
and qualitative paleoglaciological data in a greater level of detail
than attainable previously (e.g., Spagnolo et al., 2012; Dowling
et al., 2015; Yu et al., 2015; Ely et al., 2016; Sookhan et al., 2016,
2018; Putkinen et al., 2017).With this objective inmind, the present
paper develops and tests a systematic approach for assessing paleo
ice stream dynamics from high resolution geomorphological data.
This was achieved by using geospatial analytical techniques and
hierarchical and unsupervised machine learning-based data
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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clustering. Curvature-based Relief Separation (CBRS) was used to
map bedforms from high-resolution LiDAR-derived Digital Eleva-
tion Model (DEM) data to create a large geomorphic database
containing the width, length, height, elongation ratio and orienta-
tion of almost 4000 subglacial bedforms in upper New York State.
Bedform orientation and elongation ratio are analogues for both ice
flow direction and velocity respectively (Smalley and Unwin, 1968;
Stokes and Clark, 2002) and are qualitatively evaluated here using
Natural Neighbor interpolation. This qualitative assessment is then
used to inform more advanced hierarchical and unsupervised ma-
chine learning clustering algorithms that can quantify those
relationships.

Themethodology described herein is used to examine the bed of
a large ~80 kmwide and ~100 km long LateWisconsin ice stream in
the Finger Lakes region of upper New York State that was triggered
sometime shortly after 14,500 ybp during regional deglaciation of
the Laurentide Ice Sheet (LIS) (Sookhan et al., 2018a). We identify
the composite glaciological structure of the former ice stream by
recognising several longitudinal ice flow units, and continuums of
bedforms on the bed of each one flow unit ranging from drumlins
to mega-scale glacial lineations (MSGLs) with several intermediate
morphotypes.
1.1. Regional and physical setting

The Finger Lakes of upper New York State are cut into the high
standing surface of the Allegheny Plateau which regionally is
characterized by a well-developed ‘pre-glacial’ dendritic drainage
system. This drains southwards down the regional dip of underly-
ing Lower Paleozoic sedimentary strata into the Susquehanna River
system (Fig. 1). The lakes are as deep as 200 m and occupy narrow
steep-sided bedrock basins that now extend southwards as much
as 70 km into the plateau. These basins have variably been called
‘through valleys’ (Tarr, 1894, 1905; Monnett, 1924; Holmes, 1937;
Fig. 1. LiDAR-generated topography of Finger Lakes region of Upper New York State,
USA and contiguous parts of Ontario north of Lake Ontario and simplified distribution
of Valley Heads Moraine (in black). Inset shows location of study area (Fig. 2).
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Muller, 1965a,b; Muller and Prest, 1985; Muller and Cadwell, 1986;
and Cadwell and Muller, 2004), ‘intrusive troughs’ (Clayton, 1965,
1972, 1972; Coates, 1974) and ‘fiord lakes’ (Eyles et al., 1991). The
largest of these basins (Otisco, Skaneateles, Owasco, Cayuga, Sen-
eca, Keuka, and Canandaigua; Figs. 1 and 2) radiate outward to the
south much like the fingers on an opened outstretched hand,
extending from a notional ‘wrist’ just east of the city of Rochester
(with the thumb represented by Oneida Lake). The study area lies
immediately south of the deepest part of Lake Ontario (the
Rochester Basin at - 244 m below mean sea level; bmsl; Virden
et al., 1999) indicating this area has been a locus for enhanced
glacial erosion over numerous glacial cycles. Bathymetric data
collected in the course of marine-based high-resolution seismic
reflection surveys of the Finger Lakes by Syracuse University and
the University of Toronto show that the bedrock floors of Can-
andaigua, Seneca, and Cayuga lakes are also over-deepened well
below mean sea level (�151, �306, �242 m bsl respectively;
Mullins and Eyles, 1996 and references therein) and further, that
their sediment fills accumulated during a single phase of rapid
proglacial lacustrine sedimentation during ice retreat, testifying to
the removal of any pre-existing fill by glacial erosion.

The precise origin(s) of the Finger Lake basins is still unclear
after more than a century of study (Chamberlin, 1883; Tarr 1894,
1905; Clayton, 1972; Muller et al., 1988; Bloom, 2018). The possible
role of LIS ice streams in selective downcutting and excavation was
first suggested by White (1985) and Mullins and Hinchey (1989).
Subsequently, Mullins et al. (1996) invoked rapid erosion during a
single phase of Late Wisconsin ice streaming coincident with
Fig. 2. LiDAR-based Hillshaded DEM map of Finger Lakes study area (Fig. 1). Valley
Heads Moraine (in black) was deposited at c. 14.5 ka and marks the southernmost limit
of mega-scale glacial lineations recording topographically confined ice streams moving
into the Finger Lake basins. End moraines to north (in green) record still-stands during
incremental retreat of the LIS margin. Numbers identify individual lake basins 1:
Conesus, 2: Hemlock, 3: Canadice, 4: Honeoye, 5: Canandaigua, 6: Keuka, 7: Seneca, 8:
Cayuga, 9: Oswaco, 10: Skaneateles, 11: Otisco. Maximum lake depths are shown in in
metres below mean sea level. Location of Fig. 13 is shown in inset. Locations of Fig. 3 A-
C lettered. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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Heinrich Event 1 (Hemming, 2004; Stanford et al., 2011) but spe-
cific geomorphological evidence for the former presence of ice
streams was lacking from their model. The paleo ice stream hy-
pothesis of Mullins and Hinchey (1989) was rejected by Ridky and
Bindschadler (1990) in favour of long-term erosion under more
slowly flowing outlet glaciers based largely on inferred values of
basal shear stress. Later work by Hart (1999), Kerr and Eyles (2007)
and Briner (2007) recognized ‘megaflutings’within the drumlins of
Upper New York State and interpreted them as a record of faster
flowing ice that Hess and Briner (2009) suggested had been topo-
graphically controlled. More recently, in their review study of LIS
paleo ice streams Margold et al. (2015a and b, 2018) depicted a
single large west-flowing paleo ice stream along the axis of the
Ontario Basin but analysis of LiDAR data now reveals numerous
additional ice streams in the eastern Great Lake sector of LIS based
on mapping of flow units of mega-scale glacial lineations (Sookhan
et al., 2018a, b; 2019). These data also reveal a wider range of
subglacial bedform morphometries previously imperceivable from
previously published datasets (Fig. 3). One large paleo ice stream
(the Seneca-Cayuga Ice Stream) flowed south into the Finger Lakes
from the overdeepened Ontario Basin to terminate along the
Fig. 3. 1-Meter LiDAR-based DEM data compared with 10-m Photogrammetry DEM data illu
range of subglacial bedform morphologies needed to derive detailed paleo-glaciological data
‘C’ mega-scale glacial lineations. Note the lack of grooving and low relief lineations visible
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complex hummocky ice-contact deposits of the Valley Heads
Moraine system (VHM: Fig. 1). This distinctive depositional system
is dominated by chaotically-bedded outwash much of its deposited
subaqueously, that locally reaches thicknesses of 250 m. Sediments
accumulated in deep water along the margins of ice flowing
southwards through individual Finger Lake basins (Wellner et al.,
1996; Kappel and Miller, 2003; Karig and Miller, 2020). The VHM
marks the position of the LIS margin sometime between ~14.8 and
13.6 ka (Ridge et al., 1991, 2012, 2012; Muller and Calkin, 1993;
Mullins et al., 1996; Ridge, 2003; Millar, 2004; Franzi et al., 2016;
Bloom, 2018).
2. Methods

Sookhan et al. (2018a) provided a broad review of subglacial
bedform types in upper New York State and with further field and
laboratory investigation, it became apparent that there is signifi-
cant spatial variation in streamlined bedforms that could be sys-
tematically mapped and statistically quantified. Quantitative and
qualitative ice flow dynamic data were derived in the present study
from high-resolution LiDAR topographic data in four principal
strating the importance of newly available high-resolution imagery for mapping the full
. Panel ‘A’ shows area predominately covered by drumlins, ‘B’ ‘channeled’ drumlins, and
in the 10-m data.
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steps: (1) Data Acquisition and Preparation, (2) Subglacial Bedform
Mapping, (3) Data Interpolation, and (4) Data Clustering. The
topographic dataset assembled for the present study was prepared
from the best available high-resolution digital elevation model
(DEM) data for the Finger Lakes Region and used to map subglacial
bedforms using the semi-automated Curvature-Based Relief Sepa-
ration (CBRS) mapping tool. The mapped bedforms were then used
to calculate morphometric parameters such as elongation ratio and
orientation which have been shown by previous workers to be
characteristic of ice flow direction and velocity, respectively. These
morphometric parameters were then analysed using Natural
Neighbor data interpolation to visualise broadscale patterns in
bedform orientation and elongation across the study area and
qualitatively identify which parameters were spatially clustered
and which were non-spatially clustered. These qualitatively iden-
tified relationships were then quantified using the hierarchical
algorithm-based Grouping Analysis (GA) tool for clustering
spatially constrained morphometric parameters and the unsuper-
vised machine learning-based K-Means clustering for non-spatially
constrained parameters. The paleo-glaciological significance of the
quantitatively identified data clusters were then explored using
summary statistics and by producing maps to analyse their
geographical distribution. The above steps represent a new
framework for describing ice flow dynamics from high-resolution
topographic data and are described in detail in the following sub-
sections and summarized in Fig. 4.

2.1. Data acquisition and preparation

The study was conducted using a large (~170,450 km2 and
>500 Gb) DEM-based map compiled from a variety of high-
resolution datasets (collected by the Federal Emergency Manage-
ment Agency of USA, the United States Department of Agriculture,
the United States Geological Survey, and Ontario Natural Resources
and Forestry) with raster cell resolutions of less than or equal to 5m
and with most of the data being LiDAR derived (all data sources are
summarized in Fig. 4). All datasets were processed with ArcMap
v10.7. To create a dataset for mapping and analysis of glacial bed-
forms, each sub-dataset was resampled to a 5 m cell resolution and
then mosaicked into a single uniform and seamless DEM, hereby
referred to as the source DEM. The source DEM was projected with
the Universal Transverse Mercator (UTM) zones 18 N horizontal
coordinate system and the horizontal datum North American Da-
tum 1927 with elevation measured in metres above mean sea level.
The source DEM was processed into a hillshade using 4-times
vertical exaggeration, a light source azimuth of 315� and an inci-
dent angle of 45�. This hillshade was overlain with the source DEM
and used for visualization (Fig. 2).

2.2. Subglacial bedform mapping

Drumlins and MSGLs were mapped from the source DEM to
reconstruct the ice flow dynamics in the study area using
Curvature-based Relief Separation (CBRS). This methodology was
specifically developed by Yu et al. (2015) and Sookhan et al. (2016,
2018a) for mapping subglacial landforms from high-resolution
DEM imagery and is referred to as a semi-automated method
because it does not rely on user input for the initial mapping and
only requires subjectivity in the error correction stage. The final
output of the CBRS method was an ArcGIS shapefile containing
polygons with an associated attribute table containing the calcu-
lated morphometric parameters including length, width, elonga-
tion ratio (length/width), height and long axis orientation
(measured clockwise from north) of each bedform (Fig. 5). The
elongation ratio and orientationwere used as the input parameters
4

for the subsequent data interpolation and data clustering steps,
with the remaining parameters examined in the summary statistics
of both analyses.
2.3. Data interpolation

Data interpolation is a powerful tool for drawing widescale in-
terpretations from spatially separated point sources (e.g., Paulen
et al., 2006; Ng and Hughes, 2019). Four data interpolation
methods were evaluated for the analysis of spatial patterns in
elongation ratio and orientation of some 4000 mapped CBRS bed-
forms using ArcMap v10.7.1. These are Spline, Inverse Distance
Weighting (IDW), Kriging, and Natural Neighbor (NN) interpola-
tion. This part of the investigationwas completed by converting the
CBRS mapped polygons into points to be used as the input sample
points for the interpolation algorithms that were each run at a cell
size of 10 m. The NN (or Sibson “area-stealing”) interpolation
method of Sibson (1981) uses Voronoi polygons to find the closest
subset of input samples to a query point and then uses these points
to create weights based on nearby proportionate unsampled areas
to interpolate the value of these areas. Since it only uses sampled
points to interpolate, and does not infer trends, it does not produce
peaks, pits, or ridges, that were not present in the input samples
(Sibson, 1981), making it ideal for qualitative visual analysis of
broad patterns in ice flow behaviour.

The NN raster image interpolated for both elongation ratio and
orientation were overlain on the hill-shaded DEM data, with the
colour intensity in each raster image corresponding to increased
elongation and changes in bedform orientation measured clock-
wise from north respectively. Patterns in the color intensity of both
the NN interpolated elongation ratio and orientation rasters were
then visually assessed to qualitatively determine both ice flow
dynamics and the presence or absence of spatially or non-spatially
constrained clustering. Clustering was determined from the NN
raster images by looking for repeated patterns of color intensities,
with spatially constrained clustering identified by the presence of
geographically separated regions of similar color intensity.
2.4. Data clustering

The bedform elongation ratio and orientation datasets were
used as the input for either non-spatially or spatially constrained
data clustering algorithms depending on the result of the visual
assessment of the NN-derived raster images described above. In the
context of this study spatial constraint refers to the use of bedform
spacing as a clustering parameter. The data clustering effectiveness
and the precise number of clusters statistically determined to occur
within each dataset was then validated and evaluated, with the
summary statistics and geographic distributions of the clusters
analysed to assess paleo-glaciological behaviour.
2.4.1. Non-spatially constrained data clustering
This study used an unsupervised machine learning data clus-

tering algorithm called K-Means to cluster parameters that were
determined to be non-spatially constrained. The K-Means algo-
rithm takes a dataset (X) with N points as an input and evaluates
whether there are K clusters within the dataset, with the output
being a set of K cluster centroids where all points within a cluster
are closer in distance on an outputted plot to their centroid than
they are to any other centroid (Faber, 1994). This is expressed
mathematically as follows:



Fig. 4. Flowchart summarizing the methodological steps taken to acquire and analyse LiDAR-based elevation data to identify and map subglacial bedforms in the Finger Lakes
region. Headings correspond to Methodology section headings. FEMA - Federal Emergency Management Agency, USDA - United States Department of Agriculture, USGS - United
States Geological Survey.
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Minimize
XK
k¼1

X
xn2Ck

xn � mk
2

where Ck is the number of clusters and mk is the cluster centroids.
This study used an iterative learning method to solve this called

Lloyd's algorithmwhich uses two operations to (1) update mk for Ck
whenever there is a closer centroid and (2) given Ck recalculate mk
as the means of all points belonging to a cluster:

Ck ¼fxn : xn �mk� all xn �mng (1)

mk ¼
1
Ck

X
xn2Ck

xn (2)

This was implemented in Python 3.7 using the scikit-learn and
5

pandas packages. The geomorphometric data was exported from
ArcMap 10.7 as a CSV file and then imported into a pandas data-
frame in Python to be used as the input for the K-means clustering
function in scikit-learnwith the number of clusters (K) set to 2e15.

2.4.2. Spatially constrained data clustering
Spatially constrained data clustering considers bedform spacing

along with the geomorphometric parameter of interest and was
accomplished in this study with a hierarchical clustering algorithm
using the Grouping Analysis (GA) tool in ArcMap 10.7. This tech-
nique organizes a number of features (n) into classes or groups (nc)
based on the statistically similarity of a specified attribute. To group
the bedforms the mapped polygons from the CBRS output were
used as an input for GAwith the Delaunay Triangulation method as
the spatial constraint. The parameters usedwere determined by the
qualitative analysis of the NN interpolated images as described
above. It is important to note that each parameter (bedform



Fig. 5. Geomorphic map of study area generated from LiDAR DEM data with inset
close-up showing mapping effectiveness. CBRS mapped polygons shown in maroon
and moraine ridges manually mapped from hillshaded DEM shown in green. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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orientation and elongation ratio) are tested individually since
testing them together would imply a dependent relationship.
While orientation and elongation ratio may be dependent on each
other, this current method is not intended to directly explore that
potential relationship. The Delaunay Triangulation method con-
strains groups to only include features in a group if at least one
other group member is a natural neighbor. The GA algorithm used
was Spatial “K" luster Analysis by Tree Edge Removal (SKATER)
which uses a minimum spanning tree to find natural groupings in
data (Lage et al., 2001). The minimum spanning tree was used to
summarize both the spatial clustering and morphometric param-
eter similarity amongst the mapped bedforms and iteratively
segment the bedforms into groups by using weighted edges that
are proportional to the orientation or elongation ratio similarity of
the bedforms it connects. GAwas runwith nc set to 1e20 in ArcMap
10.7 as follows:

 
R2

nc�1

!
 

1�R2

n�nc

!

where:

R2 ¼ SST � SSE
SST

And SST is the between cluster differences and SSE reflects within
cluster similarity:
6

SST ¼
Xnc

i¼1

Xni

j¼1

�
Vij � V

�2

SSE¼
Xnc

i¼1

Xni

j¼1

�
Vij � Vi

�2

ni ¼ the number of landforms in cluster i.
Vij ¼ the value of the orientation or elongation ratio of the jth

landform in the ith cluster.
V ¼ the mean orientation or elongation ratio.
Vi ¼ the mean orientation or elongation ratio in group i.

2.4.3. Measuring clustering effectiveness
Both K-Means and GA evaluate the potential for distinct clusters

within the geomorphometric data. In order to determine the most
statistically significant number of clusters in the data, both models
need to be evaluated for their clustering effectiveness. This study
used the Cali�nski-Harabasz pseudo F-statistic, which is a ratio
reflecting within-cluster similarity and between-cluster difference
(Cali�nski and Harabasz, 1974), to measure grouping effectiveness.
For K-means clustering, the Cali�nski-Harabasz pseudo F-statistic
values were calculated and the ‘elbow method’ was used to
determine the most effective clustering. This was done in Python
3.7 using the scikit-learn-yb package with the KelbowVisualizer
function. For GA, the clustering with the highest Cali�nski-Harabasz
pseudo F-statistic calculated by the ArcMap 10.7 GA tool was
determined to be the most effective. Once the clustering effec-
tiveness was determined, summary statistics were calculated for
both datasets and the clusters were mapped and displayed using
ArcMap 10.7 and ArcScene 10.7. It is of note that the above method
does not constrain uncertainty but instead measures the overall
effectiveness of the clustering methods with the given data. Future
research will explore methods for determining confidence
intervals.

The following section describes in broad terms the principal
results of the analyses described abovewhich are then expanded on
in the following sections in terms of paleoglaciology, bedform
evolution and subglacial debris transport.

3. Results and interpretations

A total of 3690 individual bedforms were mapped as polygons,
with an associated attribute table containing their length, width,
elongation ratio, height, and orientation (Fig. 5).

3.1. Interpolation and clustering of bedform orientations

The Natural Neighbor interpolated surface generated from the
calculated bedform orientations (Fig. 6) shows clear spatial differ-
ences in orientation, with the study area displaying a fan-like dis-
tribution of long-axis orientations ranging from almost 90�

(measured clockwise from north) in the east to almost 270� in the
west. It should however be noted that since the bedform orienta-
tions were interpolated independent to bedform spacing and
abundance, the NN interpolated image does not take into consid-
eration the fact that some parts of the study area contain few or no
streamlined bedforms. Since the interpolation method does not
inherently infer a dependent relationship between bedform
spacing and orientation it is used here to illustrate evidence of
distinct spatial clustering rather than an even gradation across the
study area, suggesting the presence of discrete spatially-
constrained flow units defined by orientation (example cluster



Fig. 6. Natural Neighbor interpolated raster surface generated from bedform orien-
tations overlain on hill-shaded DEM. Orientations measured in degrees clockwise from
north. Note the fan-like flow pattern with orientations ranging from ~90� to ~270� and
the clustering of bedform orientations in the Finger Lake basin (example cluster out-
lined in white).
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shown in Fig. 6). The subjective evidence of these flow units is not
used to define their geographical extent but is an important diag-
nostic tool to determine whether spatially-constrained or non-
spatially-constrained data clustering should be used. Conse-
quently, the orientation data was clustered with the spatially-
constrained GA algorithm to objectively assess whether the bed
of the Seneca-Cayuga Ice Stream is characterized by multiple sta-
tistically distinct sub flow units. In this regard, GA was used on the
CBRS mapped bedforms with 1e20 potential groupings tested,
where a single (1) grouping would represent a single homogenous
flow unit. The Cali�nski-Harabasz pseudo-F-statistic test was used to
Fig. 7. The Cali�nski-Harabasz pseudo-F-statistic test results showing the optimal number o
Grouping effectiveness is measured as a ratio reflecting within-group similarity and betwe
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evaluate statistically evident number of flow units in the study area
and found that the Seneca-Cayuga Ice Stream was complex and
composed of eleven distinct sub flow units (Fig. 7; Table 1). These
range inwidth from 15 to 50 km and together form the arcuate flow
pattern in the Finger Lakes basins that is clearly seen in interpolated
data (Fig. 8). The shape and extent of the flow units are approxi-
mately defined by individual lake basins which indicates that ice
structure, flow direction and dynamics were strongly controlled by
bedrock topography and the funneling of ice into lake basins.

3.1.1. Statistical exploration of flow velocity in each identified flow
unit

Recently, several workers have drawn a qualitative relationship
between bedform elongation and ice flow velocity (Margold et al.,
2018; Barchyn et al., 2016; Ely et al., 2016; Eyles et al., 2016;
Stokes and Clark, 2003; etc.), although this relationship among
highly attenuated MSGLs under modern ice streams remains un-
clear (Holschuh et al., 2020). Since this study area contains both
drumlins and MSGLs, the spatial distribution of elongation ratios of
these bedforms within the eleven identified flow units (summa-
rized in Table 1 and Figs. 6e8) suggests that ice flow velocity was
not uniform across the former ice stream but varied from one flow
unit to another. In this regard, evidence of fast ice flow is demon-
strated by the presence of highly elongate bedforms (maximum
elongation ratios of 13.81e89.82) within each set, but those flow
units flowing directly into the basins of the Finger Lakes and the
Oneida Lake basin have the highest mean elongation ratio, with the
Seneca, Cayuga and Oneida basins showing the highest values
along the central axis of the ice stream as a whole (Figs. 6 and 8).
These are the largest and deepest basins indicating a strong topo-
graphic control on ice flow velocity within the lobe (see below).
Also of note is that the identified flow units are reflected in the
planform shape of the ice margin at the time of the VHM. The same
observation can be identified for younger successive positions of
the margin as it retreated northwards identified by moraine ridges
which are segmented into loops that mark the terminus of each
separate flow unit within the broader Seneca-Cayuga Ice Stream
(Fig. 5).

The kurtosis and skewness of the elongation ratio values
(Table 1) show that the distribution of elongation ratios in each of
f spatially constrained clusters of bedforms of varying orientation found in the data.
en-group differences.



Table 1
Summary statistics of bedform elongation ratios within each flow unit identified from data clustering.

Flow-Set Mean Std. Err. STd. Dev. Variance Kurtosis Skewness Range Maximum Count

1 3.90 0.31 4.01 16.11 13.60 3.40 28.36 29.07 169
2 12.79 1.37 5.31 28.23 �0.81 0.70 15.69 21.45 15
3 4.28 0.72 3.94 15.56 3.58 2.06 15.70 16.80 30
4 9.58 0.57 13.09 171.33 13.11 3.35 88.98 89.82 525
5 5.48 0.19 6.19 38.29 17.58 3.65 55.75 56.06 1056
6 3.69 0.25 3.61 13.01 12.78 3.37 23.96 24.56 213
7 5.49 0.81 7.50 56.22 18.97 3.91 50.78 51.47 88
8 5.80 0.36 5.90 34.86 9.12 2.60 39.22 39.79 273
9 6.56 0.22 6.63 44.00 10.40 2.80 51.10 51.63 924
10 7.07 0.52 8.23 67.78 14.33 3.02 69.02 69.69 255
11 6.75 0.50 6.01 36.13 2.87 1.77 27.25 28.16 142

Fig. 8. LiDAR-generated geomorphic map of eleven statistically distinct ice flow unit
clusters calculated using Grouping Analysis. The morphometrics of these flow units are
summarized in Table 1.

Fig. 9. Natural Neighbor interpolated raster surface generated from bedform elonga-
tion ratios overlain on hill-shaded DEMwith previously calculated flow unit outlines in
white. Note the increased elongation ratio near the Finger Lake basins and a gradient
upglacier to less elongate bedforms on the southern shore of Lake Ontario, with var-
iations of this gradient within each flow unit suggesting non-spatially controlled
clustering. Also note the variability in elongation ratio within each flow unit with
increased elongation in the flowline directly into the basins flanked by lower elon-
gation flowlines.
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the flow units are generally highly positively skewed (high skew-
ness) with a high degree of peakedness (high kurtosis). This dis-
tribution suggests that the majority of highly elongate bedforms
have a greater variance in elongation ratio (long tail in positive
direction) that forms a gradient towards a predominance of less
variable and relatively low elongation ratio bedforms (high
peakedness). It can be noted in addition, that there is a high vari-
ability in the range and standard deviation of elongation ratios
within each flow unit. This in flow unit variation can be explored
further by interpolating the elongation ratio of the bedforms using
Nearest Neighbor interpolation to constrain approximate ice flow
velocity differences between each of the eleven statistically deter-
mined flow units.
3.2. Interpolation and clustering of bedform elongation ratios

The Natural Neighbor interpolated surface generated from the
elongation ratios of the CBRS mapped bedforms (Fig. 9) shows clear
spatial differences in elongation ratio, with the previously
8

discussed flow units containing distinct patterns of elongation ratio
distributions. The analysis reiterates the concentration of faster ice
flow velocity towards the Finger Lake Basins, with the fastest ve-
locities observed in the medial flowlines leading into the Keuka,
Seneca, and Cayuga basins along the central axis of the Seneca-
Cayuga ice stream as a whole. The interpolated surface also
shows that these were flanked by bedforms that may be indicative
of slower flow velocities. The horizontal distribution of ice flow
velocity in each flow unit was qualitatively assessed from the
interpolated surface and separated into three groups representing
relative ice flow velocities: reduced flow velocity (mean elongation
ratio of 3.9e5), intermediate flow velocity (5e7) and fast flow ve-
locity (7þ) (Fig. 10).

The Natural Neighbor raster image showed that, while the
elongation ratios display a glaciologically significant distribution,
there is little evidence of spatially controlled clustering since the
interpolated raster contains repeated color intensity patterns that
are not concentrated into geographic regions. This suggests that the
study area contains non-spatially constrained clusters of



Fig. 10. Map showing the footprints of the eleven statistically validated ice flow unit
groups determined using orientation Grouping Analysis. Ice flow directions shown
with colors representing differences in ice flow velocity qualitatively estimated from
elongation ratios of landforms along the flow line. Fastest flow units (#9 and 4) occur
along the axes of the largest and deepest Finger Lakes basins (same basin numbering
as in Fig. 2). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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morphologically distinct bedforms. Previous studies commonly
separate glacially streamlined bedforms into two non-spatially
constrained clusters; drumlins and MSGLs using a breakpoint
elongation ratio value ranging from 7 to 10 (e.g., Sookhan et al.,
2016). Using a value of 7, a total of 932 bedforms are mapped as
MSGLs (~25%) and the remaining 2758 as drumlins. However,
analysis of high-resolution LiDAR data shows that this widely used
binary separation of subglacial bedforms into drumlins and MSGLs
using an elongation ratio value of 7e10 oversimplifies the full range
of observed morphologies of bedforms and obscures the presence
of continuums of bedforms such as recently described by Ely et al.
(2016) and Eyles et al. (2016). The presence of continuums is clearly
expressed geomorphologically southwards from Lake Ontario into
the Finger Lakes, where drumlins narrow and become more elon-
gated and progressively evolve into MSGLs. Of note is recognition of
a specific intermediate streamlined morphotype first recognized
and described as ‘channeled’ drumlins (named by Fairchild, 1900,
1907; 1911, 1929; Hubbard, 1906) which are drumlins cut longitu-
dinally by single or several deep grooves thereby creating multiple
more elongated streamlined ridges (Fig. 3). ‘Channeled’ or ‘grooved’
drumlins are in turn, transitional to MSGLs. Hart (1999) referred to
these as ‘complex drumlins’ between what were described as
‘equant drumlins’ and ‘flutes’ and suggested this likely recorded an
increase in ice velocity but did not recognize Fairchild's earlier work
on this morphotype nor had access to high resolution topographic
data that now reveals the full extent of grooving on the bed of the
Seneca-Cayuga ice stream (Fig. 3).

Using the results of the CBRS bedform mapping the subglacial
bedform continuum evident in New York State can now be resolved
in much greater detail using non-spatially constrained data clus-
tering for examining the distribution of elongation ratio among the
9

broader population of streamlined bedforms. K-Means clustering
was used to assess whether there are statistically distinct bedform
morphotypes distributed throughout the study area, with 2e15
groupings evaluated using Cali�nski-Harabasz pseudo F-statistic test
(Figs. 12 and 13). This method determined that the observed bed-
form continuum separates into seven statistically significant groups
based on their elongation ratio (Fig. 13). The geographic distribu-
tion of these bedform morphotypes (Fig. 12) confirms the presence
of distinct flow units of less elongate drumlin-dominated terrains
near Lake Ontario that transition downglacier to more elongate
bedform clusters concentrated in the Finger Lake basins. The seven
bedform morphotypes illustrated in Fig. 13 capture and categorize
the broad variety of streamlined subglacial bedforms in the study
area and apparently elsewhere (e.g., Eyles et al., 2016, 2018) that
can now be further quantitatively explored by further work on
other streamlined beds and using other important metrics such as
bedform relief and profile (e.g., Spagnolo et al., 2012).
3.3. Summary of results

The CBRS mapping tool mapped 3690 individual subglacially
bedforms from the 170,000 km2 of high-resolution DEM data pre-
pared for the Finger Lakes region (Fig. 5). Data interpolation and
clustering of the long-axis orientation of these bedforms showed
that they form a fan-like distribution composed of some eleven
spatially constrained and statistically distinct flow units outlined by
the Finger Lakes basins (Fig. 8). If elongation ratio is used as a proxy
for ice flow velocities, then interpolation and clustering of the
bedform elongation ratios showed that ice flow velocities were
highest in those flow units under ice flowing into the largest and
deepest basins (Fig. 10). Furthermore, each of the flow units contain
subglacial bedform continuums comprised of seven non-spatially
constrained and statistically distinct bedform morphotypes
(Fig. 11). These morphotypes are comprised of clusters of more
elongate landforms in the narrow corridors of the Finger Lake ba-
sins with a diminishing abundance of elongate landforms upglacier
towards Lake Ontario accompanying the change into channeled or
grooved drumlins which in turn, are transitional to large equant
drumlins on the southern shore of Lake Ontario (Figs. 9, 12 and 13).

The paleoglaciological significance of these results for under-
standing the flow of the Seneca-Cayuga Ice Stream, the evolution of
subglacial bedforms and associated subglacial debris fluxes are
explored in greater detail below.
4. Paleoglaciology of the Seneca-Cayuga ice stream

Sookhan et al. (2018a) identified and named the paleo Seneca-
Cayuga Ice Stream with a width of some 80 km wide flowing
south into the Finger Lakes from the overdeepened Rochester Basin
cut into the floor of the Ontario Basin (Fig. 1). Results of a LiDAR
based statistical analysis of subglacial bedforms described in the
preceding sections now show that the ice stream was complex,
consisting of a composite fan-shaped lobe that was structured into
component flow units as much as 10 kmwide, as a consequence of
severe topographic confinement as ice was funneled southwards
into deeply cut Finger Lake basins (see also Hess and Briner, 209).
Chamberlin (1883) commented, in regard to the regional glaciation
of the Finger Lakes, that ‘ice flowed in streams’ which is a clear
reference to their very distinct morphology as a result of ice flow
through narrow valleys. The glaciological structure of the broader
ice stream may possibly have resembled modern ice streams in
Antarctica that show a pronounced longitudinal ‘striping’ created
by closely spaced flow units (see Glasser et al., 2015; Ely and Clark,
2016) though their origin is still not well understood. A simple



Fig. 11. The Cali�nski-Harabasz pseudo-F-statistic elbow test results showing the optimal number of clusters of bedforms based on K-Means analysis of their elongation ratios.
Grouping effectiveness is measured as a ratio reflecting within-group similarity and between-group difference.

Fig. 12. Map showing the distribution of the seven K-Means clustering identified
bedform morphotypes. Note the clustering of more elongate landforms in the narrow
corridors of the Finger Lake basins and the diminishing abundance of elongate land-
forms upglacier towards Lake Ontario. Locations of Fig. 13 shown in insets.
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analogy may be made by reference to confluent ice flow units
within valley glaciers reflecting contributions of ice from different
sub-basins and classically reflected in the formation of medial
moraines along the sutures of each flow unit (e.g., Eyles and
Rogerson, 1977, 1978).

The conspicuous northward (i.e., upglacier) transition from
mega-scale glacial lineations near the Finger Lakes into longitudi-
nally dissected ‘channeled’ drumlins and in turn, into large equant
drumlins in the north near Lake Ontario (Figs. 12e14, 15 ab) is seen
on all flow units. This longitudinal variation in bedform type is
interpreted as a record of increasing ice flow velocity toward the
margin of each flow unit as a consequence of upglacier propagation
of streaming flow from the terminus of each flow unit terminating
in deep water (Fig. 16). This resulted in modification of an originally
drumlinized bed produced under much lower ice flow velocities
and the development of narrower, lower and more elongated
bedforms under a faster flow regime (Fig. 13). Acceleration of ice
flow velocity towards the ice margin can be ascribed to ‘drawdown’
of narrow ice tongues terminating in deep proglacial lakes trapped
at the southern end of each basin. In this respect, Bloom (2018)
described strand line elevations in the Cayuga and Seneca basins
that indicate water depths as much as 600 m along the axis of the
Seneca-Cayuga paleo ice stream (glacial Lake Newberry). The pro-
cess of upglacier propagation of fast flow is known to be initiated at
‘marine terminating’ ice masses by rapid upstream migration of
unstable grounding lines. Resulting fast flow then pulls out large
volumes of ice from the interior of the ice sheet in response to rapid
calving and draw down (e.g., Thomas, 1977; Hughes, 1987;
Occhietti et al., 2001; Livingstone et al., 2012, 2016; Winsborrow
et al., 2012; Livingstone and Clark, 2016). In this respect, it is
highly significant that there is a very clear relationship between the
subglacial geomorphology of each corridor and the depth and size
of the Finger Lake basin into which it flowed. For example, the flow
unit associated with the relatively shallow Canandaigua basin is
immature (fewer MSGLs) compared to the larger and very much
deeper Seneca and Cayuga basins which both record more
10
extensive modification of drumlins in response to increased ice
flow velocities resulting from the presence of deeper water bodies
at their margin. (Fig. 10). In these flow units MSGLs extend much
further upglacier of the terminus compared to other flow units



Fig. 13. 3D models showing geomorphology of the areas illustrated in Fig. 4 insets and characteristic intermediate bedforms of the continuum identified using K-Means clustering
(drumlin in blues, channeled drumlins in yellows, and MSGLs in reds). Vertical exaggeration x5. The mean height, width and length of each continuum type is shown.
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where the continuum of bedforms extends over much shorter
distances (e.g., Fig. 16). This identifies a very strong control on ice
flow dynamics by deep ice-frontal lakes.

5. Bedform evolution and subglacial debris flux

This is not the place for a lengthy review of the different hy-
potheses of subglacial bedform evolution but the data presented
here identify a continuum of morphotypes between drumlins and
MSGLs that is seen on the bed of multiple flow units within the
Seneca-Cayuga Ice Stream. The continuum of subglacial bedforms
(Figs. 3 and 13, 15 ab) is provisionally attributed to the progressive
erosional lowering of large parent bedforms (drumlins) formed
under preceding reduced flow velocities to more elongate bed-
forms under faster flowing ice. In this model, erosion accomplishes
a reduction in overall relief amplitude of the bed, reducing basal
11
drag and permitting faster ice flow across a grooved bed composed
of mega-scale glacial lineations. Comparison of the seven bedform
morphotypes present on the bed of the former Seneca-Cayuga ice
stream (Fig. 13) shows that bedform height decreases as elongation
increases which strongly suggests that the onset of fast flow is
accompanied by significant bed lowering and a marked reduction
in bed relief.

The upglacier (northern) part of each flow unit in New York
State is dominated by large high standing equant-shaped drumlins
(Miller, 1972; Hess and Briner, 2009). Near Lake Ontario, drumlin
tops have been flattened by wave erosion in late glacial Lake Iro-
quois which formed after 12,500 ybp in the Ontario Basin (e.g.,
Slater, 1929; Francek, 1991; Rayburn et al., 2005, 2011; Bird and
Kozlowski, 2016; Zaremba and Scholz, 2019) but their form is still
distinct. Stratigraphic investigations along coastal outcrops through
drumlin cores suggests that they are subglacially streamlined



Fig. 14. ‘Transition zone’ on the bed of the paleo- Seneca-Cayuga Ice Stream showing
upstream (northwards) propagation of bedform elongation fromMSGLs to dissected or
‘channeled’ drumlins to large drumlins near Lake Ontario. For detailed images see
Fig. 15 A, B.
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islands or ‘outliers’ of previously thick antecedent drift including
tills and outwash, supporting an erosional origin for these bed-
forms (see Gravenor, 1953, 1957; White, 1985; Boyce and Eyles,

1991; Kerr and Eyles, 2007; �O Cofaigh et al., 2010, 2013; Sookhan
et al., 2018a, b). Furthermore, bedrock-cut mega-scale glacial line-
ations are in fact, very common in Southern Ontario and New York
State (White, 1985; Muller and Cadwell, 1986; Isachsen et al., 2000;
Eyles, 2012; Eyles and Doughty, 2016; Krabbendam et al., 2016;
Sookhan et al., 2018a, b; Bukhari et al., 2021). Alternatively, the
observed inverse relationship between bedform height and elon-
gation may be the result of changes in sediment volume available
for deposition. As such, the results of this study highlight the sig-
nificance of further exploring the relationship between the now
statistically determined bedform continuum and subglacially
streamlined bedform evolution to determine the relative roles of
erosion, deposition, or combinations of the two (e.g., Fowler, 2000,
2018; Stokes et al., 2013; Eyles et al., 2016; Iverson et al., 2017). This
needs to be combined with further analysis of the geology of these
bedforms though much work has already been accomplished in
this regard (see literature reviews in Stokes et al., 2013 and Eyles
et al., 2016).

Evidence of the predominance of erosion under the Seneca-
Cayuga Ice Stream is supported by seismic reflection data on the
glacial sedimentary fills of the Finger Lake basins throughwhich ice
flowed (Mullins et al., 1996). High resolution marine seismic
reflection data from these lakes show that any pre-existing sedi-
ment fill was entirely removed during southward ice flow to the
VHM and that each basin was subsequently backfilled during ice
retreat with as much as 250 m of glaciolacustrine sediment during
a single phase of sedimentation. The same history of deep erosion
of pre-existing sediment to bedrock followed by backfilling during
deglaciation is apparent from deep drilling at Canandaigua Lake
(Wellner et al., 1996) and appears to be typical of other deep ‘fiord
lakes’ in western North America where as much as 100 m of sedi-
ment was rapidly deposited following complete removal of pre-
existing sediment fills down to bedrock below fast flowing ice
(e.g., Eyles et al., 1990, 1991; Mullins et al., 1991; see also Smith
12
et al., 2012). The confined bedrock basins of the Finger Lake ba-
sins functioned essentially as subglacial tunnel valleys discharging
subglacial sediment and water south to the VHM (Bloom, 2018). In
this regard, the sedimentology and stratigraphy of VHM and its
overall depositional and paleoglaciological context, invites further
detailed comparison with large ice-proximal subaqueous-depos-
ited sediment accumulations (‘morainal banks’) built at the ter-
minus of marine-terminating ice streams (e.g., Dowdeswell et al.,
2012; 2015, 2016). The very large volume of this depositional sys-
tem and the limited time frame for fast ice flow in the Finger Lakes
region (see above) identifies accelerated subglacial erosion of rock
and sediment by glacial abrasion and subglacial meltwaters below
fast flowing which removed any pre-existing sediment fill and thus
exposed jointed, easily quarried Paleozoic carbonates and soft
shales to intense subglacial scouring.

A highly illustrative record of enhanced transport of subglacial
debris below the Seneca-Cayuga Ice Stream is retained in the
regional petrography of Finger Lake tills (Holmes, 1952). A narrow
west-east oriented outcrop belt of distinctive Silurian Oswego and
Albion (‘Medina’) sandstones extends west-east for some 60 km
along the Lake Ontario shoreline (Fig. 17). This belt acted as a well-
defined ‘line source’ of subglacially-eroded debris being trans-
ported southwards ice flowing out of the deep Rochester Basin into
the Finger Lakes. Red and green-colored quartzites of the Silurian
Grimsby Formation are a very conspicuous component of surface
tills within channeled drumlins andMSGLs as far south as the VHM
some 100 km south of the outcrop belt. Holmes (1952) identified a
progressive reduction from large locally derived bedding-plane
bedrock slabs of quartzite near Lake Ontario to granules near
VHM attributed to extended subglacial transport and comminution.
He also showed that the distance of transport of quartzites (spe-
cifically as clasts 6.3e12.6 mm in diameter) is markedly non-
uniform across the Finger Lakes region and surrounding parts of
the Allegheny Plateau and had been carried further in basins
compared to interfluve areas.

Holmes' quantitative dataset and map were digitized in the
present study, georectified and superposed onto the LiDAR digital
elevation model of the Finger Lakes area. The resulting isopleth
map (Fig. 17) shows a very distinct finger-like dispersal train con-
sisting of ribbons of quartzite-bearing till. These occur in tills along
each flow unit of channeled drumlins and MSGLs left by flow units
within the composite Seneca-Cayuga Ice Stream. This pattern is
consistent with enhanced southward transport of debris and
included quartzite marker clasts across the bed of each individual
flow unit. Moreover, the considerable length of the dispersal train
in each flow unit (as much 110 km) contrasts greatly with the more
limited distance of transport (~70 km) of the same detrital quartzite
present in tills in ice stream interfluve areas on the surrounding
Allegheny Plateau where ice flow velocity was likely much reduced
(Fig. 10). It is noteworthy that Mesozoic diamond-bearing kimber-
lites occur in the Finger Lakes region (e.g., Van Fossen and Kent,
1993; Bailey and Lupulescu, 2015) and, more broadly, the paleo-
glaciology of the region and recognition of separate flow units
identified here is of much interest to mineral explorationists now
working with the implications of the emerging ‘ice stream para-
digm’ (e.g., Paulen et al., 2017; Boswell et al., 2018; McClenaghan
et al., 2018). The distinctive ‘finger-like’ distribution pattern of
quartzites in upper New York State tills (Figs. 16 and 17) confirms
the composite structure of the Seneca-Cayuga Ice Stream and is
markedly different from classical dispersal trains produced under
reduced ice flow velocities which typically, take the much simpler
form of a broad dispersal fans (see Brigham, 1894; DiLabio, 1990;
McClenaghan and Paulen, 2017; Boswell et al., 2018). The data
presented herein from the Finger Lakes in regard to debris trans-
port below a paleo ice stream, warrant further examination of the



Fig. 15. A and B: Examples of ‘channeled’ drumlins that are transitional from drumlins
to MSGLs. Vertical exaggeration x 5.
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beds of other paleo ice streams associated with areas of bedrock
mineralisation such as on the Canadian Shield to identify the role of
narrow subunits within the broader ice stream in moving debris
over enhanced distances of transport. This aspect begs the question
as to the time frame of fast flow and this is briefly examined in the
next section.

6. Duration of fast flow and rate of bedform evolution

The identification of well-defined statistically validated flow
units of drumlins-MSGL continuums in upper New York State is
unambiguous evidence of topographically controlled fast ice flow
southwards through the Finger Lake basins to the VHM. Notably,
MSGLs cannot be recognized to the south of the moraine system
indicating that VHM marks a major regional change in ice flow
dynamics within the eastern Great Lakes sector of LIS. VHM is
correlated with the Lake Escarpment Moraine in Pennsylvania
(Shepps et al., 1959; Braun, 2004), the Defiance Moraine in Ohio
(Eschman, 1985), the Paris and Galt Moraines in Southern Ontario
(Barnett, 1979) and the prominent Middleburg Readvance in the
Mohawk-Hudson river valleys and the Charleston Moraine,
considered to mark the position of the LIS margin sometime be-
tween ~14.8 and 13.6 ka (most likely ~14.4 ka; Ridge, 2003, 2004;
Ridge et al., 1991, 2012; Fullerton, 1986; Muller and Calkin, 1993;
Mullins et al., 1996; Millar, 2004; Franzi et al., 2016; Bloom, 2018). It
is thus evident that VHM records the change from regional flow of
the LIS to muchmore localized topographically-controlled fast flow
marked by topographically controlled ice streams. Ross et al. (2006)
recognized the geomorphic record of an abrupt change in ice flow
at the same time along the St. Lawrence Valley just east and north
of the present study area, involving the onset of fast flow both into
the Ontario Basin coeval with the onset of a large St. Lawrence
Valley Ice Stream flowing east to the Gulf of St. Lawrence (Carl,
1978; Occhietti et al., 2001; Ross et al., 2009, 2011). This marked
change in the glaciology andmode of flow of the LIS margin broadly
coincides with the abrupt beginning of the short-lived Bølling-
Allerød warming event sometime between 14,600 and 14,100 ka
(Clark et al., 2001; Rasmussen et al., 2006) which is associated with
Meltwater Pulse 1 A when global sea level rose ~ 20 m in less than
500 years (Anderson and Lewis, 1985; Deschamps et al., 2012). At
this time, LIS was undergoing rapid melting and thinning with a
large length of its margin terminating in deepwater. This phasewas
likely very short-lived.

The St. Lawrence Ice Stream shut down between c.14.0 to 13.9 ka
(Occhietti et al., 2001) and the Ontario Basin was partially degla-
ciated by 13.3 ka duringwhat has in some quarters been termed the
Mackinaw Interstadial (Barnett, 1992) though a simple climatic
control on ice flow and ice margin positions is considered
extremely unlikely within the Great Lake basin given the consid-
erable influence of topography and deep ice marginal lakes on ice
margin form, behaviour and flow. A subsequent short-lived reor-
ganisation and resurgence of the LIS at c. 13.0 ka in the form of the
Halton Ice Stream out of the Ontario basin to abut the south-
flowing Simcoe Ice Stream (Taylor, 1913; Sookhan et al., 2019).
Thereafter, ice in the Ontario Basin retreated rapidly eastward out
of the basin by calving into glacial Lake Iroquois (Bukhari et al.,
2021). The basin was ice-free and glacial Lake Iroquois had
drained by at least 12.25 ka (Blewett et al., 1993; Dyke et al., 2002;
Dyke, 2004; Donnelly et al., 2005; Margold et al., 2018).

A muchmore detailed analysis of the timing and rate of bedform
evolution is in preparation but at this stage but at this point the
above synthesis of available age dates indicates that duration of fast
ice flow in New York State was very short and likely limited to a few
hundred years. In turn, this estimate provides valuable constraints
on the time available for the formation of morphotypes from
13
drumlins to channeled drumlins and MSGLs under fast flowing ice
(Figs. 13 and 15a,b). Rapid bedform evolution is suggested. It can be
speculated that parent drumlins evolved under a much longer time
frame under an earlier ice flow regime as the Laurentide Ice Sheet
expanded and entered New York State. The streamlined bed of the
Seneca-Cayuga Ice Stream immediately north of the Finger Lakes is
crossed obliquely by several till-cored end moraines (e.g.,
Goldthwait, 1922, Fairchild, 1932; Goldthwait et al., 1965; Miller,
1974; Krall, 1977; Ridky and Bindschadler, 1990; Millar, 2004,
Fig. 1). These record punctuated recession of the ice margin
involving short-lived still stands of the ice front the Seneca-Cayuga
Ice Streamwithdrew from deep lake bodies in each basin. It seems
likely that debris eroded from the bed to lower overall bed relief
(Figs. 13 and 15 ab) was advected toward the ice margin to accu-
mulate either as frontal moraines or wasmovedwithin the confines
of narrow lake basins to the ice margin to be deposited as sub-
aqueous outwash of the VHM. The repeated still stands recorded
north of the Finger Lakes are consistent with the termination of fast



Fig. 16. Simplified conceptual model showing the upstream propagation of MSGLs as ice streaming develops in the Finger Lakes region.

Fig. 17. Distribution and percentage of red and green quartzite clasts (6.3e12.6 mm in
diameter) of the Paleozoic Grimsby Formation in Finger Lake ice-stream tills derived
from linear west-east oriented outcrop area immediately south of Lake Ontario.
Original lithologic data from Holmes (1952) was georectified and placed on LiDAR-
generated geomorphic map of subglacial bedforms (Fig. 3). Note enhanced subglacial
transport of quartzite by ice streams occupying Finger Lake basins (same basin
numbering as in Fig. 2). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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flow as ice retreated northwards out of the Finger Lakes beyond the
14
destabilizing influence of deep water.
7. Discussion

This paper presents a systematic approach for the statistical
examination of subglacial streamlined bedforms left by former
mid-latitude ice sheets from LiDAR-based high-resolution topo-
graphic data. This exercise demonstrates that significant paleo-
glaciological information on the structure and mode of flow of
ancient ice lobes can be determined from the spatial distribution of
changing bedforms both perpendicular and parallel to ice flow. The
analysis outlined herein reveals a much richer assemblage of sub-
glacial bedforms than hitherto recognized in the literature and thus
questions the practice of using a simple binary division of lineation
populations into drumlins and mega-scale glacial lineations based
on an arbitrary value of elongation ratio. Several authors have
suggested the presence of subglacial continuums in subglacial
bedforms (e.g., Aario, 1977; Rose, 1987; Ely et al., 2016) and Eyles
et al. (2016) illustrated intermediate morphotypes between
drumlins and MSGLs. The present paper takes this analysis further
by showing how statistically determined clusters in bedform
morphological data identifies the presence and shapes of inter-
mediate streamlined morphotypes such as previously recognized
‘channeled drumlins.’ The key step in this progress has been having
access to high resolution LiDAR topographic data sets (Figs. 3, 12
and 13). The quantitative methodology presented here now pro-
vides an objective approach to subdividing streamlined bedforms
into statistically similar clusters of morphotypes using multivariate
or unsupervised clustering and is a necessary first step towards
ultimately adopting a machine learning approach for quantifying
paleo ice sheet behaviour from analysis of their beds.

The structure of the composite Seneca-Cayuga Ice Stream that
flowed into the glacially-overdeepened Finger Lakes basins of Up-
per New York State sometime after c. 14.5 ka is recorded geo-
morphologically by statistically significant flow units of drumlins
and mega-scale glacial lineations and transitional ‘channelled
drumlin’ morphotypes. This structure is the product of regional ice
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flow that was severely constrained by the topography of over-
deepened lake basins cut into the northern edge of the Allegheny
Plateau. The same analysis also identifies faster axial flow and slow
flow along the margins of each flow unit recording frictional
retardation along their margins as is well known in modern com-
posite glaciers (Fig. 10). At this point in time, it is unclear whether
each stage in the bedform continuum (drumlins, channeled
drumlins, MSGLs) is the geomorphic response to a uniform increase
in ice flow velocity from steady state (<~250 m yr?) to streaming
flow (>1000 m yr) or may record incremental jumps in velocity
akin to those seen in fluvial systems. Enhanced subglacial transport
of debris at the base of each flow unit is expressed as narrow
plumes of till containing detrital quartzite sourced from a narrow
west-east oriented outcrop belt of Paleozoic strata. A dominantly
erosional subglacial regime below Finger Lakes ice streams is
supported by the absence of any pre-existing sediment fill in the
lake basins, the depth of their bedrock floors below mean sea level
and the deposition of a large high-volume morainal system (VHM)
at the southern end of each trough. The role of fast flow and rapid
glacial excavation of soft rock by ice streams in excavating the
Finger Lake basins as suggested byMullins and Hinchey (1989) now
looks very likely, perhaps solving long standing questions as to the
origin of these intriguing basins.
8. Conclusions

Deriving paleoglaciological information from the geo-
morphology of ancient ice sheets beds is a key objective of much
current research by glacial geologists. To this end, the present study
has outlined a quantitative objective methodology for describing
the shape of subglacially-streamlined bedforms from high resolu-
tion LIDAR-based data sets on the bed of ancient ice sheets.

Specifically, this paper has

1: Identified the importance of bedrock topography in control-
ling the number of flow units within an ancient ice stream and
the key role played by deep ice marginal water bodies in trig-
gering fast ice flow that propagated upglacier resulting in rapid
alteration of pre-existing streamlined bedforms.
2: Revealed the existence of statistically validated transitional
morphotypes between drumlin and mega-scale glacial lineation
‘end members’. Previous workers have broadly suggested the
existence of such continuums but this is the first study to clearly
and specifically identify their shape and form which is a sig-
nificant step forward. It must be stressed however, that future
work may well expand the number of morphotypes and also
needs to integrate such work with the formation of non-
streamlined subglacial beds (e.g., ‘till plains’) together with the
geology and composition of each morphotype. The bedform
continuum recognized herein is provisionally linked to erosion
and lowering of an originally drumlinized bed in response to an
increase in ice flow velocity, though other explanations need to
be explored.
3: Shown that morphotype mapping using the methodology
presented here, provides a valuable tool for determining the
overall paleoglaciological structure of ancient ice lobes and with
further work and analysis, will eventually allow reconstruction
of paleo ice flow velocities and inferred basal drag conditions
along and across component ice flow units.
4: Provided a provisional time frame for the evolution of sub-
glacial bedforms that suggests that mega-scale glacial lineations
evolve from parent drumlins in a few hundred years, with major
implications for quantifying subglacial debris fluxes and for
mineral exploration studies.
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