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Abstract The Finger Lakes are a set of eleven elongate lakes in Western New York that were carved by
glaciers at the edge of the Laurentide Ice Sheet and are one of the most iconic glacial features in the world.
Despite their common genesis, the lakes vary greatly in their length and depth. This study investigates the
hypothesis that variation in the regional bedrock, rather than differences in ice flow patterns, may have been
responsible for this size variation, with the longest and deepest lakes occupying an optimal location in easily
erodible bedrock. To test this hypothesis, a simple one dimensional (1D) numerical model of glacier advance
and erosion was used to find that lithologic changes alone can explain first-order Finger Lakes size differences
using three lakes as case studies. Results also show that lithology can explain the observed bathymetric mor-
phology of the lakes, with the deepest points of each lake occurring approximately two-thirds of the way down
the trough from the northern shore. Regional lithology may thus provide an explanation for the dimensions
and profiles of the Finger Lakes with likely implications for other glacially carved landscapes.

Non-technical sSUMmMmary The Finger Lakes are a set of eleven elongate lakes in Western New York
that were carved by glaciers tens of thousands to millions of years ago. They are one of the most iconic glacial
features in the world. Despite their common origin, the lakes vary greatly in their length and depth. This study
investigates whether variation in underlying rock type, rather than differences in glacier ice flow patterns, may
have been responsible for this size variation, with the longest and deepest lakes occupying an optimal location
in easily erodible bedrock. To test this hypothesis, a simplified computer model of glacier erosion was used
using three lakes as case studies. Results show that rock type changes alone can explain Finger Lakes size dif-
ferences. Results also show that rock type can explain the observed shape of the lakes, with the deepest points
of each lake occurring approximately two-thirds of the way down from the northern shore. Regional rock type
may thus provide an explanation for the dimensions and profiles of the Finger Lakes with likely implications for

Received:
December 03, 2024
Accepted:

August 06, 2025
Published:
September 25,2025

Editor-in-Chief:
Alice Lefebvre
Associate Editors:
Shawn Chartrand
Anonymous AE2
Managing Editor:
Helen Dias
Production Editor:
Vittoria Vandelli

Reviewers:
Anonymous Reviewer 1
Anonymous Reviewer 2

The work is licensed
under CC BY 4.0
International.

other glacially carved landscapes.

1 Introduction

The Finger Lakes region in Western New York is
a paradigmatic example of a landscape sculpted by
glaciers. Bounded by Lake Ontario to the north and the
Allegheny Plateau to the south, the Finger Lakes region
houses numerous distinctive glacial landforms left be-
hind by the advances and retreats of the Laurentide Ice
Sheet over the region during the last Ice Age (Clayton,
1972; Batchelor et al., 2019; Dalton et al., 2020, 2023), the
latest of which occurred in the Late Wisconsin Glacia-
tion (roughly 10-30 ka) and wiped away much of the ev-
idence of earlier glaciations (Bloom, 2018). The Lauren-
tide Ice Sheet consisted of many individual ice lobes that
followed distinct flow routes (Margold et al., 2015). Of
these, it was the southwestward trending Ontario Lobe
that passed over the Finger Lakes region (Karig and
Isacks, 2019; Bloom, 2018). Individual outlet glaciers
stemming from the lobe filled in the various valleys,

*Corresponding author: rachel.glade@rochester.edu

forming a complex pattern of flow (Clayton, 1972). The
flow of the ice sheet over New York was influenced by
the pre-existing topographic relief; for example, in the
rugged terrain of intersecting low-standing valleys and
upland plateaus, with reliefs commonly reaching 300
m established by pre-existing river drainage systems,
the ice reached its peak thickness and flow speeds in
the valleys and thinned out and slowed down atop the
plateaus. Glacial denudation was thus preferentially
concentrated in the valleys, with little significant modi-
fication of the plateaus (Clayton, 1972; Nair, 2018). Atits
maximum extent, the Laurentide Ice Sheet would push
just beyond the southern border of New York into Penn-
sylvania (Karig and Isacks, 2019; Bloom, 2018).

The Finger Lakes, after which the region is named,
are a roughly parallel set of eleven thin, elongate
glacially-eroded lakes with a broader, more bulbous
north shore and a thinner south shore (Fig. 1a; Mullins
and Hinchey, 1989). The lakes are bounded on either
side by steep bedrock walls (Fig. 1b), with reliefs be-
tween the deepest parts of the Cayuga and Seneca lakes
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Figure1l Morphology and geology of the Finger Lakes. a) Google Earth image of the Finger Lakes within the broader context of the region. b) Photograph
of Hemlock Lake illustrating topographic setting. ¢) Google Earth image of each of the Finger Lakes with associated depth to bedrock (after Mullins et al.,
1996). d) Detailed stratigraphic column of rock layers present within the Finger Lakes illustrating eastward coarsening of layers. Colors correspond to map
in part e. e) Geologic map of the Finger Lakes (data from New York State Museum). See part d for legend.

trough and the highest bedrock ridges going over 900 m
(Bloom, 2018). These steep basins extend 70 km south-
wards into the Allegheny Plateau, and the drainage di-
vides at the southern ends of these basins that separate
the St. Lawrence River Basin to the north and Susque-
hanna River Basin to the south have been glacially
eroded to characteristically minimal reliefs, garnering
them the name of through valleys (Tarr, 1894, 1905;
Holmes, 1937; Muller, 1965; Muller and Prest, 1985;
Muller and Cadwell, 1985; Cadwell and Muller, 2004;
Bloom, 2018; Sookhan et al., 2021; Karig, 2022).

The south ends of the lakes are also dammed by the
Valley Heads Moraine (VHM), a 280 km-long band of
sediment deposited by glacial meltwater (Yang, 1992).
The VHM, which has been dated to 17000 ka, was de-
posited during an intermittent glacial readvance on-
set by large-scale surge activity punctuating the gen-
eral trend of the retreat of the ice sheet from the Finger
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Lakes region (Fullerton, 1986; Muller and Calkin, 1993;
Ridge, 2003; Karig and Isacks, 2019; Karig, 2023). Retreat
of the ice exposed the lakes to more drainage outlets to
the north, which lowered lake levels until all that re-
mained were the thin, elongate Finger Lakes (Cadwell
and Muller, 2004; Bloom, 2018; Mullins et al., 1996; Ko-
zlowski and Graham, 2014).

Previous work on the origin of landforms in the Fin-
ger Lakes region has focused principally on the role
of pre-glacial river patterns and flow dynamics of the
ice sheet (Fenneman, 1938; Flint, 1958; Monnett, 1924;
Clayton, 1972; Ridky and Bindschadler, 1990; Cadwell
and Muller, 2004; Bloom, 2018). Yet despite their com-
mon genesis, the stark size variation of the lakes has
not yet been explained. The lakes range from the 5 km
long Canadice Lake up to the 61 km long Cayuga and
Seneca Lake (Fig. 1a; Mullins et al., 1996). The lake
bottoms are filled with unconsolidated sediments that
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were deposited in waves by pressurized subglacial wa-
ters as the glaciers receded (Mullins and Hinchey, 1989),
so that the bedrock elevation in Cayuga and Seneca
Lakes extends as deep as 242 m and 306 m below sea
level, respectively, making them far deeper than the
other lakes (Fig. 1a; Mullins et al., 1996; Sookhan et al.,
2021). Despite the size variation, the lakes share a com-
mon bathymetric pattern in that they all deepen south-
ward and reFig. 1a;n to the southern shore (Mullins and
Hinchey, 1989; Bloom, 2018). This study uses a 1D nu-
merical model of glacial erosion in the presence of Fin-
ger Lakes lithology (represented by rock layers with dif-
fering thickness and erodibility) to examine how lithol-
ogy might have affected the evolution and final shape of
the lakes.

2 Geologic Setting

The Finger Lakes are cut through gently southward-
dipping Devonian-age strata (Fig. 1b-c; Mullins and
Hinchey, 1989). The oldest of these is the resis-
tant Onondaga Limestone, which outcrops towards the
northern shores of the lakes. Overlying this unit are
two shale-rich groups, the Hamilton Group and Gene-
see Group, which sandwich the thin Tully Limestone.
Towards the southern shores of the lakes and in the
Allegheny Plateau, the silt- and sandstone-rich Sonyea
Group and West Falls Group outcrop. The full details of
the lithology of each of the strata are given in the Sup-
plementary Materials.

Notably, the Devonian-age bedrock units thicken and
coarsen, with the siliciclastic units becoming siltier and
sandier, and likewise less erodible, going west to east
(De Witt et al., 1993; Bloom, 2018). The Hamilton Group,
for example, is 760 m thick in Ulster and Greene County
towards the east but thins to just 75 m near Lake On-
tario (De Witt et al., 1993). In the Genesee Group there
is also the grading of the siltstone-rich Sherburne Flag-
stone and Ithaca Formations east of Seneca Lake (Fig. 1c
De Witt and Colton, 1978). This lateral variation results
from the depositional conditions of the bedrock layers.
Namely, the bedrock derives from sediments that were
shed from the Appalachian Mountains as they were up-
lifted by the Acadian Orogeny during the Middle De-
vonian Period (Williams and Hatcher, 1982; Ettensohn,
1985). These sediments accumulated in the Catskill
Delta, which prograded westward over the epicontinen-
tal sea that covered Western New York, depositing a
succession of thinner and finer sediment layers with
the reduction in depositional energy (Ettensohn, 1985;
Bloom, 2018). Additionally, at this time, a deep trough
formed in the region corresponding to the Cayuga and
Seneca Lake basins, allowing for a locally thicker ac-
cumulation of bedrock, especially shale, in this region
(Bloom, 2018).

This study investigates the hypothesis that the largest
lakes, Cayuga and Seneca Lake, fall within an oppor-
tune longitudinal band, since it is here that the bedrock,
particularly the Hamilton and Genesee Groups, is both
thick and fine-grained enough to allow substantial ero-
sion before reaching the resistant Onondaga Limestone
(Bloom, 2004, 2018). Where these bedrock layers are ei-
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ther too thin, as they are west of the two lakes, or too
coarse and resistant to erosion, as they are east of the
two lakes (De Witt and Colton, 1978; De Witt et al., 1993),
the lakes are not as deep. While the exact geographic ex-
tent of this lithologic “sweet spot” is not well known, this
study explores this hypothesis by implementing a 1D
numerical glacier model in the presence of bedrock lay-
ers spanning the lithologic gradients from east to west
representative of Canandaigua, Cayuga, and Skaneate-
les Lakes.

3 Methods

To explore the role of bedrock lithology in the forma-
tion of the Finger Lakes, this study uses a simple 1D fi-
nite difference model (using MATLAB) of glacier flow
along a north-south-oriented line over a region with
bedrock that mimics that of the Finger Lakes region.
This study does not attempt to accurately simulate large
scale ice sheet dynamics (e.g., Gowan et al., 2021) or
accurately reconstruct paleo landscape evolution (e.g.,
Naylor et al., 2021); rather, the aim of this simplified
“toy” model is to explore the possibility that lithologic
differences alone can explain the first-order morphol-
ogy and significant variation in size of glacially carved
lakes, using the bedrock lithology of the Finger Lakes as
a case study.

The simple numerical model follows many numeri-
cal flowline models for glacier flow and erosion (Har-
bor, 1992; Oerlemans, 1994; Jéhannesson, 1997; Mac-
Gregor etal., 2009; Anderson, 2014; Delaney et al., 2023).
The model includes an initial topography and bedrock
layers with distinct erodibility, accounts for mass bal-
ance by incorporating appropriate rules for glacier dy-
namics and ablation, and incorporates a simple erosion
rule. While it likely took several glacial occupations to
fully carve out the Finger Lakes (Bloom, 2018), for sim-
plicity only a single occupation occurs in this model.
This is accounted for by intentionally using erodibili-
ties for the bedrock layers in the erosion rule that are
much higher than estimates in real landscapes (e.g.,
Humphrey and Raymond, 1994), which is acceptable be-
cause the model aims to explore the effects of relative
differences in erodibility between rock units, not abso-
lute values of erodibility. This results in model times
that are much shorter than the estimated actual time it
took for the carving of the Finger Lakes. No attempt is
made to account for the deposition of the lakefill sedi-
ments or the Valley Heads Moraine; as such, the final
lake profiles represent the bedrock profiles in the ab-
sence of subsequent deposition.

This model explores several cases that include using
bedrock layer thicknesses and erodibilities that corre-
late with Cayuga Lake, which occupies the proposed
sweet spot of easily erodible rock, Canandaigua Lake,
which lies west of Cayuga and Seneca Lakes and has
thin, fine-grained bedrock layers, and Skaneateles Lake
which lies east of Cayuga and Seneca Lakes and has
thick, coarse-grained bedrock layers. Each part of the
model is described in the following sections. Complete
model scripts and a table of model parameters (Table
S1) can be found in Supplementary Materials.
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3.1 Spatial and Temporal Scale

The spatial domain includes an x-axis that represents
horizontal distance along a north-south oriented line
and a z-axis that represents elevation. The model runs
over a horizontal distance of 120 km, roughly double the
length of Cayuga and Seneca Lakes, and the grid spac-
ing, dzx, is set to 100 m. While the actual distance be-
tween the ice accumulation center in Hudson Bay and
the Finger Lakes is around 1000 km, including it would
lead to an unreasonably large spatial domain and model
runtime, hence the selection of the smaller domain.
The model runs for 4000 years, and, due to the nonlin-
ear nature of ice flow, a short time step of dt = 107 yr,

1 .
or about %= of a day, was selected to ensure numerical
stability.

3.2 Initial Topography

The initial topography starts at 1500 m, from which it
exponentially decays to 600 m over a distance of 35 km
(Fig. 2). Beyond this, the topography is linear and gen-
tly slopes down to 450 m at the end of the domain. The
gently sloping region is meant to represent the actual
Finger Lakes region, which has plateau elevations in the
same range, whereas the exponential region is a ficti-
tious region that acts as a horizontal contraction of the
massive distance between the ice-accumulation center
and the Finger Lakes. The selection of an elevation
profile that slopes downward to the south tallies with
the hypothesis that the pre-glacial rivers in the region
flowed southward (Clayton, 1972; Bloom, 2018), while
having the added benefit of improving model stabil-
ity by preventing the glacier from encountering a back
slope at the transition point from the exponential to the
linear region.

3.3 Bedrock Layers

Bedrock layers are set in the model by plotting the
line that represents the bottom of each bedrock layer
(Fig. 2). Due to the gentle dip of the layers in the Finger
Lakes region, this results in a series of lines with shal-
low, negative slopes. In determining the thicknesses
and depths for each bedrock layer, for Cayuga Lake, a
geologic cross-section of the lake based on seismic im-
agery was already available in Mullins et al. (1991). This
cross-section was used to determine the elevation of
the bottom of each of the bedrock layers at some dis-
tance along the length of the lake. For Canandaigua
and Skaneateles Lake, geologic cross sections are avail-
able, though they do not distinguish or show all the
bedrock layers that are needed for the initial settings of
the model. Instead, KML (Keyhole Markup Language)
files of bedrock geology data from New York State Mu-
seum (Fig. 1b) were used to determine the elevation of
bedrock outcrops and the extent of the outcrop at the
surface, which may be related to layer thickness due
to the dip in the region being known. The collection
of bedrock data was done along a north-south trend-
ing line in the vicinity of each lake, and the northern-
most position at which the bedrock layer outcrops along
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that north-south line was recorded. This northernmost
point is set to occur at x = 45km, in the linear topo-
graphic region of the model domain. While the transi-
tion from exponential to linear occurs at z = 35 km, an
additional runout distance of 10 km is allowed in order
to dampen the velocity buildup that the glacier has in
the high-slope exponential region.

For all the models, the bottom of the Onondaga Lime-
stone is not defined, and neither are the bottoms of the
sub-Onondaga layers. The reason for this is that none
of the real lakes in the study cut beyond the Onondaga
Limestone (Mullins et al., 1991, 1996), and, as is to be
shown in the model results in Section 3, none of the
model lakes cut too deep into the Onondaga Limestone
so as to warrant the need to assign another bedrock
layer underneath the Onondaga (Figs. 4,5,6). The exact
thicknesses and elevations of each of the bedrock lay-
ers that were used in the models are listed for each of
the cases in Supplementary Materials (Tables S2-4).

3.4 Climatic Conditions

The climatic conditions of the model are encapsulated
by the definition of an equilibrium line altitude (ELA),
an elevation at which, locally, there is no net accumula-
tion of ice. The ELA in the model is defined to be 1000
m based on cirque floor elevation data at the latitude of
New York (Pelto, 1992). When the ice in a cell is above
the ELA, there is net accumulation, while below there
is net melting, with the magnitude being determined by
the elevation differential between the ice and the ELA,
such that:
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Table1 (' rockerodibility values used in this study. Lakes are listed left to right from west to east.

Stratigraphic Unit Canandaigua C Cayuga C, Skaneateles C;
West Falls Group 0.45 N/A N/A
Sonyea Group 0.90 0.90 0.50
Genesee Group 1.50 1.10 0.50
Tully Limestone 0.50 0.50 0.50
Hamilton Group 1.70 1.50 0.80
Onandaga Limestone 0.20 0.20 0.20
Exponential Region 1.00 1.00 1.00
b= db »—ELA (1) discharge, Q, sums together the two velocity compo-
dz nents, such that:

Here, b refers to the local mass balance in metres of

db .
snow per year and = is the rate of change in the snow
V4

. . . db
balance with respect to elevation. For this model, -
z

was set to 0.01 and b was capped at 2 m yr. Sensitivity
testing with model runs with various other ELA eleva-
tions may be found in Supplementary Materials; differ-
ences in ELA do not change the major findings of this
study.

3.5 Glacier Dynamics

The motion of the glacier consists of two components:
an internal deformation component and a sliding com-
ponent. In regards to the first component, ice under-
goes plastic deformation when on a slope under the ac-
tion of its own weight. The basal shear stress ;, the com-
ponent of the ice weight that is parallel to the slope it is
on, is defined at the cell edges to be:

7o = pi9S Hedge (2)

Where ; is ice density, g is gravitational acceleration,
Sistheslope of theice surface, and H.qg. is the height of
the ice interpolated at the cell edges. This shear stress
is related with the strain of the ice with Glen’s Flow Law
(Glen, 1958) to yield the average deformational velocity
at the cell edges uqer, namely:

A
Udef = g(pl gS)SHgdge (3)

Here, A is the flow-law parameter, which has been
found empirically to vary with the temperature (van der
Veen and Whillans, 1990). For this study, however, it is
set to a constant value of 2.1107'6 Pa™3 yr~!. The slid-
ing component of the glacier velocity results from the
meltwater that accumulates and flows at the base of
the glacier. The sliding velocity uslide is related to the
basal shear stress (Weertman, 1957) and is defined at the
edges of the cells as:

Ustide = C173" (4)

C| is a sliding constant that is set to 5.110 m?2s%yr™!
in this study. For simplicity the exponent m is set to 1,
following previous research on subglacial erosion (De-
laney et al., 2023) that proposes a linear relationship be-
tween sliding velocity and basal shear stress. The ice

5

Q = (UdefHedge) + (UslideHedge) (5)

The boundary conditions set on the first and last cell
edges prevent ice from flowing into the domain, but
allow the ice to flow out of it. There is debate about
whether ice movement over the Finger Lakes region
was primarily driven by deformation or sliding. A con-
ceptual model for the deposition of lakefill sediments
seem suggest the presence of ice streams (Mullins and
Hinchey, 1989), which move primarily by sliding in-
duced by high-pressure subglacial waters, while an ice
sheet model to predict the position of moraines along
glacial flowlines in the Finger Lakes region suggests the
presence of outlet glaciers, which move primarily by de-
formation, due to higher basal shear stresses more ac-
curately reproducing the position of moraines seen in
the region (Ridky and Bindschadler, 1990). Because the
simple numerical formulation aims to explore relative
differences in glacial erosion between areas of differ-
ent lithology, differentiating between different models
of ice flow is beyond the scope of this study.

3.6 Mass Balance

The mass balance combines together the local mass bal-
ance and discharge, such that the change in the height

H
of the ice in each cell per year, e is defined as:
dH dQ
a ©

As an additional condition, the height of the ice is
capped at 2000 m so as to more accurately reflect the
height of the ice over the Finger Lakes region (Bloom,
2018). If the ice in any cell goes beyond this cap, the ex-
cess height above 2000 m is subtracted from the glacier
height over its entire length.

3.7 Erosion Rule

Some studies suggest a nonlinear relationship between
erosion rate and sliding velocity, especially in abrasion
dominant systems (Herman et al., 2015). Due to uncer-
tainty of the dominant processes that formed the Fin-
ger Lakes, the model used here does not distinguish be-
tween abrasion and quarrying processes but rather sim-
ply scales erosion (¢) in each cell linearly with the slid-
ing velocity (MacGregor etal., 2009; Herman et al., 2021,
Delaney et al., 2023), such that:
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€= CQ“slide (7)

The constant C5 is a constant that represents the
erodibility of the bedrock. While abrasion and quar-
rying are distinct physical processes with their own
rates of denudation and dependencies (Bernard, 1979,
1996; Iverson, 1995; MacGregor et al., 2009; Anderson,
2014)—such as how reverse slopes obstruct quarrying
but enhance abrasion—the constants in their mathe-
matical definitions are no more well defined than Cs.
For the sake of simplicity, these additional degrees of
freedom are not included and a single constant erosion
model is used.

3.8 Selection of (', Values

Because the values of glacial erosion constants for the
Finger Lakes region are not well-defined, here they
are selected based on whether they produce reason-
able erosion patterns and on basic consideration of how
erodible different lithologies are relative to others (Ta-
ble 1).

For example, shale should necessarily have a higher
(5 than sandstone. The process of determining C5 val-
ues for the bedrock layers for this study was mainly
done by trial-and-error. Aninitial baseline for appropri-
ate C5 values for different lithologies was determined
in the first model case, the Cayuga Lake Case (Fig. 2;
Sec. 3.1), by seeing which C5 values allowed for the for-
mation of a lake with dimensions and bathymetric pro-
file matching Cayuga Lake under the simple model con-
ditions. For Cayuga, the Onondaga Limestone was as-
signed the lowest value at 0.2 due to its composition
of resistant, hard limestone, which generally has low
erodibility (Steinemann et al., 2020). The Tully Lime-
stone was given a higher value of 0.5 due to it also con-
taining calcareous shale layers (Baird et al., 2012). In
regards to the three siliciclastic layers, the Hamilton
Group was given the highest C, value at 1.5 due to it be-
ing the richest in shale. The Genesee Group in the vicin-
ity of Cayuga Lake has a facies change in its shale layers
to a composition rich in siltstone, silty shale, shaley silt-
stone, and fine-grained sandstone and also contains two
siltstone-rich layers, the Sherburne Flagstone Member
and Ithaca Member (De Witt and Colton, 1978). As a re-
sult, a lower value of 1.1 is given. The Sonyea Group is
yet coarser than the Genesee Group and is thus given
a value of 0.9. The exponential portion of the topogra-
phy, not actually being part of the Finger Lakes region,
is also given its own C5 value of 1, as seen in Fig. 2. From
there, these C; values were toggled up or down for the
models for Canandaigua and Skaneateles Lakes to rep-
resent the facies change of coarsening and thickening
from west to east (see Fig. 2 for Cs values used).

Sensitivity testing of Cs with additional model runs
with various C5 values may be found in Supplementary
Materials. C3 values were chosen not to be represen-
tative of realistic values, which are unknown, but to ex-
plore whether relative differences in lithology alone can
explain the size variation and morphology of the Fin-
ger Lakes. However, the range in values used in this
study can be quantitatively compared with an exten-
sive database of natural rock erodibility measurements
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(Haag and Schoenbohm, 2025). In our study, the maxi-
mum difference in C5 is just less than an order of mag-
nitude, where the Hamilton Group shale is 8 times more
erodible than the Onandaga Limestone. While there
is significant variability in erodibility within each type
of natural rock, the measured maximum difference be-
tween the most erodible shale and the least erodible
limestone is a factor of > 400 (Haag and Schoenbohm,
2025). Thus the range of our chosen C; values is well
within that of natural rock. Because they are calibrated
based on model results and not entirely determined a
priori, C; values are further discussed in the Results and
Discussion sections.

4 Results

Overall, model results illustrate that differences in
lithology alone are enough to explain observed mor-
phology and relative differences in length and depth
among Cayuga, Canandaigua, and Skaneateles Lakes in
the face of identical glacial advances. Comparison with
a control case in which all layers have equal erodibility
shows that lithology is indeed needed to reproduce ob-
served lake morphologies. Comparison of lake length
and maximum depth eroded below sea level with the
measured dimensions of each lake (Mullins et al., 1991)
show general agreement. Additional model runs fur-
ther exploring the role of bedrock thickness and erodi-
bility are provided in Supplementary Material Section
II1.

4,1 Model Evolution

For all three cases, as the model runs (Fig. 3), the glacier
first accumulates in the exponential region, taking on
a lobate morphology. By 600 years, it has advanced to
the transition point from the exponential to the linear
region, at which point it comes into contact with the
Hamilton Group. Due to its high erodibility, the glacier
quickly burrows through this layer only to be stymied
from further deepening by the Onondaga Limestone be-
low. Since the erosion happens so quickly, the glacier
makes a steep cut into the bedrock on the down-glacier
end.

As the glacier continues to build and advance farther
down the domain, it contacts the more resistant Sonyea
and Genesee Groups. In the Cayuga and Skaneateles
case, the reduction in erosion rates here due to the re-
sistance of the layers and the more gradual topography
causes the steep cutin the bedrock to become more gen-
tly sloping as it propagates forward (Fig. 3 and S1). This
is because it takes more time for the bedrock to erode
down at any point, and during that time, the glacier can
advance and start eroding the bedrock farther down in
the domain. The result is that the lowest elevation that
the glacier erodes down to does not occur near the max-
imum advance of the glacier, as would be expected if
the trend at ¢ = 600 yr was to continue. Instead, the
point of the lowest elevation becomes more separated
in distance from the maximum advance of the glacier
with each snapshot in time, giving a profile that is rem-
iniscent of the Finger Lakes, which reach their max-

GEOMORPHICA | volume 2 | issue 1



GEOMORPHICA | RESEARCH ARTICLE | Patel and Glade 2025

a 0 years
2000
— 1500
E
& 1000
©
>
o 500
w
0
0 20 40 60 80 100 120
Horizontal Distance (km)
900 years
2000
E 1500
§ 1000
©
>
2 500
w

0 20 40 60 80 100 120
Horizontal Distance (km)
@ 1800 years

2000

)
-
(4]
[=}
(=]

1000

Elevation (m

500

y

0 20 40 60 80 100 120
Horizontal Distance (km)

g 3000 years
2000

N
(4]
[=]
o

1000

Elevation (m)

{

500

0 20 40 60 80 100 120
Horizontal Distance (km)

Elevation (m) Elevation (m) Elevation (m)

:

Elevation (m)

{

b 600 years
2000
1500
1ooo¥
500 |
0
0 20 40 60 80 100 120
Horizontal Distance (km)
1200 years
2000
1500
1000
500 |
0

0 20 40 60 80 100 120
Horizontal Distance (km)

f 2400 years
2000 |

-
(o)
[=]
o

1000

500

0 20 40 60 80 100 1

N

0

h Horizontal Distance (km)
4000 years

2000

1500

1000

500

0 20 40 60 80 100 120
Horizontal Distance (km)

Figure 3 Time-lapse of the glacier growing over and eroding the bedrock at select time-intervals in the Cayuga Lake Case. The cyan line is the top of the
glacier. For the bedrock layers, the blue line is the bottom of the Hamilton Group, the red line is the bottom of the Tully Limestone, the light green line is the
bottom of the Genesee Group, and the dark green line is the bottom of the Sonyea Group.

imum depth two-thirds of the way along their length
(Figs. 4,5,6). The Onondaga Limestone appears to be
critical to this southward deepening bathymetry. Its re-
sistance serves to cap erosion; its southward dip means
that the glacier can cut deeper before hitting the cap the
farther south it advances. In strong contrast, a control
case with uniform erodibility (C; = 1) results in a south-
ward shallowing bathymetry (Fig. 7). Together these
results imply the importance of the resistance of the
Onondaga Limestone for the overall bathymetric pat-
tern of the lakes.

4.2 General Morphology Results

Model results show that differences in lithology alone
can explain the first-order variation in lake morphol-
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ogy, with Cayuga Lake being the longest and deepest,
while Canandaigua and Skaneateles Lakes are shorter
and shallower (Figs. 4,5,6). Overall, the modeled lakes
compare well with the measured dimensions of the
real lakes derived from seismic reflection lines (Mullins
et al., 1991). To determine the final dimensions of the
model lakes, the assumption is made that = 45 km
represents the north shore of the lake since bedrock lay-
ers are set relative to this point. A horizontal line, repre-
senting the lake surface, is drawn from the bedrock sur-
face at z = 45 km up until where it once again intersects
the topography. The model Cayuga Lake is ~62 km long
and has a base elevation of ~221 m below sea level at its
deepest point, while the actual lake is ~61 km long and
has a base elevation of ~242 m below sea level (Fig. 4b).
Likewise, the model Skaneateles Lake is ~23.5 km long
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and has a base elevation of ~5 m above sea level, while
the real life lake is ~24 km long and has a base eleva-
tion of ~8 m above sea level (Fig. 5b). Finally, the model
Canandaigua Lake is ~25 km long and has a base eleva-
tion of 84 m below sea level, while the real life lake is ~25
km long and has a base elevation of ~50 meters below
sea level. Note that the relevant depth of the real lakes
for comparison is the total depth to bedrock at the bot-
tom of the lakefill, not the water depth. However, while
the lengths and depth below sea level generally agree
with measured dimensions, the absolute depth of the
modeled lakes is shallower than their real life counter-
parts (Figs. 4,5,6) due to increased erosion at the north-
ern shore, which is discussed in the following section.

4.3 Interpretation of lake morphology re-
sults

While the modeled Cayuga Lake closely matched the
length and depth of its real counterpart (Fig. 4), the ab-
solute depth of modeled Canandaigua and Skaneateles
Lakes is shallower than the real lakes (Figs. 5,6). This is
due to increased erosion on the north side of the lakes
in all model runs, which can be seen by comparing the
elevation of the bedrock at the north shore of the lake in
the models versus the real lakes (Figs. 4,5,6). This may
be due the simplified glacial erosion model used, as well
as the choice of Cy values and the nuances of the real
lithology; this and other caveats about model results
are discussed below for Canandaigua and Skaneateles
Lakes.

It should be noted that, in order for the model to
accurately generate Skaneateles Lake so that the final
dimensions are not too large, noticeably small values
of Cy needed to be used. Of course, Cy should be
lower for the Skaneateles Case than the Cayuga Case,
though the change in C5 going from Cayuga to Skaneate-
les is significantly greater than the change going from
Canandaigua to Cayuga, indicating a more intense fa-
cies change (Table 1). However, the opposite would
be the case in reality, as the facies of individual mem-
bers that constitute each of the layers show only mi-
nor coarsening between Cayuga and Skaneateles Lakes
(De Witt and Colton, 1978; De Witt et al., 1993), with
the more abrupt facies transition from a predominantly
shale-rich to siltstone-rich composition in the Genesee
Group occurring along streams tributary to Seneca Lake
(De Witt and Colton, 1978). What is more notable though
is that the proportion of the overall bedrock layer that
the members of the Genesee Group constitute does vary
rather substantially, since, while the siltstone-rich Sher-
burne and Ithaca members thicken going from Cayuga
Lake to Skaneateles Lake, the shale-rich Geneseo, Penn
Yan, and Renwick members thin down (De Witt and
Colton, 1978). This could give some justification to the
C5 of the Genesee Group as a whole being a fair bitlower
for the Skaneateles Case than for the Cayuga Case. Even
so, the large changes in C; may in part result from com-
pensating for the initial topography in all three cases be-
ing the same, even though the preglacial valley depths
prior to the glacier carving out the lakes were not nec-
essarily exactly the same.

Results show that while the Canandaigua case shows
a good match with the 25 km length of the actual lake,
at a depth of 84.23 m below sea level, the model lake
is 33 m too deep (Fig. 6). The lake trough that the mod-
eled Canandaigua Lake fills is noticeably longer than the
lake itself. As can be seen in the geologic cross section
of Canandaigua Lake, lakefill extends past the southern
shore of the lake (Fig. 6b, S2). The base of a substantial
length of the Valley Head Moraine also falls under the
water surface (Fig. 6b). Because subsequent deposition
of the lakefill and VHM are not modelled, the model lake
should thus be much longer than the real Canandaigua
Lake. This problem stems from the erosion being too in-
tense towards the northern shore, hence the bedrock el-
evation there for the model lake being much lower than
in the real Canandaigua Lake, and too minimal towards
the southern shore (Fig. 6b). Raising the C; of the West
Falls Group to allow more erosion there has the unfor-
tunate consequence of overdeepening the lake since it
allows the deepest point of the lake to continue propa-
gating southward, where it is able to reach lower eleva-
tions before coming into the proximity of the Onondaga
Limestone. The size of Canandaigua Lake is limited
more so by the presence of the high ridges of the VHM
at its southern shore (Fig. 6b), but even still, the shal-
lowing out of the base of the VHM does indicate the
reduction in magnitude of glacial erosion latitudes far
more north than in Cayuga Lake. The outcropping of
the resistive West Falls Group must have limited glacial
denudation so as to allow for a high elevation for the
top of the VHM in the region, allowing the VHM to ef-
fectively dam Canandaigua Lake, and to prevent south-
ward propagation of the deepest point in the lake. Asin
the model, the outcropping of resistive bedrock layers
south of Canandaigua Lake must have been crucial to
restricting its size.

5 Discussion

While these simple model runs cannot precisely simu-
late the formation of the Finger Lakes, the fact that the
general pattern of bathymetry and length can be found
by changing lithology alone under identical glacial con-
ditions gives confidence that lithology may control real
lake dimensions. Further, comparison to a control
case with uniform erodibility shows that lithologic dif-
ferences are needed to produce realistic lake shapes
and dimensions; with uniform erodibility the deepest
point occurs toward the upglacier end of the lake. It is
also interesting that a model of a single glacial advance
produces a lake basin that resembles real observations
without modeling any moraine or lakefill deposition.
This indicates that simple interactions between ice flow,
erosion, and lithology can produce glacial lakes with-
out the effect of moraine damming, though moraine
damming remains an important control on lake mor-
phology in many cases, as evidenced by catastrophic
flooding when moraine dams are compromised (e.g.,
Westoby et al., 2014).

While results clearly show that lithology alone can al-
ter lake morphology in a simple glacial erosion model,
such simple models should not be used to predict spe-
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Figure 4 a) Model results for the lake that would fill the final trough in the Cayuga Lake Case. b) The geologic cross section and bathymetric profile of the
real Cayuga Lake (adapted from Mullins et al., 1991).
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the real Skaneateles Lake (adapted from Mullins et al., 1991).
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runs and a control run with uniform erodibility

cific erosional conditions or simulate realistic glacial
history in the Finger Lakes region. Recent advanced
simulations of Laurentide ice sheet flow (Batchelor
et al., 2019) along with improved dating methods (Dal-
ton et al., 2020) show the path forward for high fidelity
reconstructions of erosional history. Future simula-
tions of glacial erosion in this region could combine ad-
vanced ice flow models with lithology dependent ero-
sion rules that acknowledge the role of rock type.

The present study adds another dimension of anal-
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ysis to the geomorphology of the Finger Lakes region
by focusing on lithology instead of postglacial rebound
(Miller and Douglas, 2006) or the flow patterns of the
glaciers and pre-glacial rivers. While lithology may ex-
plain otherwise enigmatic features like the size varia-
tion and bathymetry of the Finger Lakes, it may also
complement existing explanations for other features in
the region that are based more on the flow dynamics of
the glacier. For example, the lack of erosion south in the
Allegheny Plateau has been explained as resulting from
the thinning and slowing down of the ice sheet over the
high plateau (Clayton, 1972). However, this may also
be explained by the sandstone composition of the Al-
legheny Plateau, as it was seen that in the Canandaigua
case that the West Falls Group experienced little de-
nudation, despite the glacier not thinning over it, due
to its low erodibility. On the Allegheny Plateau, the
bedrock is primarily highly resistant sandstone that
may act similarly to the highly resistant limestone in
this study. In this way, the consideration of lithology
can readily and harmoniously enter into a number of
pre-existing conversations in Finger Lakes and glacial
geomorphology.

These findings from a simple, generalized 1D model
of glacial erosion suggest that lithology may exert a
strong control on glacial erosion and postglacial land-
scapes around the world, beyond the Finger Lakes. In
addition to the main effect of changing erodbility, lithol-
ogy may influence glacial evolution in various ways.
Lithology has been found to impact the distribution of
rock glaciers in the western US (Johnson et al., 2007) by
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controlling clast size—which determines the insulating
properties of the debris layer—and permeability of the
bedrock, which controls the ability for surface water to
persist. Resistant lithologies have also been observed to
control glacier size in China due to orographic precipi-
tation effects near high peaks (Schoenbohm etal., 2014).
However, very few studies have explicitly explored the
role of lithology in glacial evolution; this study suggests
that future work in this area is warranted, with implica-
tions for our understanding of glacial erosion processes
and rates, postglacial geomorphology, and lake geomor-
phology specifically.

6 Conclusions

The key findings of the study may be stated as fivefold:

1. The eastward thickening and coarsening of strati-
graphic layers in the Finger Lakes region can ac-
count for their size variation. Lakes west of Cayuga
and Seneca Lake (though not modeled in this study,
Seneca has similar lithology and dimensions to
Cayuga), such as Canandaigua Lake, are limited in
their growth due to the thinness of the highly erodi-
ble, shale-rich bedrock, while lakes east of Cayuga
and Seneca Lake, such as Skaneateles Lake, are lim-
ited in their growth due to the coarseness of the
bedrocklayers. The central longitudinal position of
Cayuga and Seneca Lake in the Finger Lakes region
provides an optimal middle ground in which the
bedrock layers are both relatively thick and fine-
grained (hence more erodible).

2. The Onondaga Limestone acts as a resistive under-
pinning that prevents much glacial erosion into it.
The southward dip of the Onondaga Limestone gov-
erns the southward deepening of the lakes.

3. The deepest point in the lake occurs around two-
thirds of the way down the lake from the northern
shore because, as the glacier encounters the more
resistant, younger bedrock layers that outcrop to-
wards the south, the rate of erosion declines, allow-
ing the lake to lengthen faster than it deepens.

4. The West Falls Group capped the southward length-
ening of Canandaigua Lake and, moreover, limited
the rate of erosion such that it dampened the en-
hancement in erosion potential in the region that
was furnished by the finer facies of the underlying
layers.

5. Glaciers may form a lake due simply to the spa-
tial pattern of erodibility governed by the lithology.
Deposition of a moraine to dam the lake is not re-
quired, though certainly aids in preservation of the
lakes.
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