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Although drumlins and other subglacial bedforms are well-studied features, controls on their formation and
morphometry have remained elusive. Of current interest is the hypothesis that elongate bedforms (length:width
ratios]/10) indicate fast ice flow, and perhaps the location of past ice streams. This hypothesis is explored by
analysing drumlins from the New York State drumlin field. A subset of 548 drumlins between Oneida Lake and
Lake Ontario was digitized using 10-m grid cell digital elevation data. Because bedform elongation is greatest
along the axis of a reconstructed lobe and increases down flowline, elongate bedforms are best explained by fast
ice flow. The swath of elongate bedforms between lakes Ontario and Oneida, the boundaries of which do not
coincide with topography, may signify the location of an ice stream during deglaciation.
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Ice-sheet dynamics determine the response of ice sheets
to climate change and are therefore important topics in
today’s rapidly changing world (Oppenheimer 1998;
Zwally et al. 2002; De Angelis & Skvarca 2003). Our
understanding of ice-sheet behaviour in part relies on
reconstructions from former ice sheets, which rely
largely on subglacial landforms to provide information
on spatial and temporal patterns of palaeo-ice-sheet
flow dynamics (Boulton & Clark 1990; Clark 1993;
Kleman et al. 1997; Veillette et al. 1999), including the
operation of fast ice flow or ice streams (Stokes &
Clark 1999; Clark et al. 2003). The notion that elongate
subglacial bedforms indicate fast ice flow (e.g. Chorely
1959) has gained support recently (Clark 1993, 1994),
and Stokes & Clark (2002) suggest that the locations of
fast ice flow and/or ice streams can be identified on the
basis of elongate (length:width ratios ]/10) subglacial
bedforms.
The southern margin of the Laurentide Ice Sheet was
dynamically active with zones of fast ice flow. Largescale topography (e.g. Patterson 1998), deformable
sediment studies (e.g. Alley 1991; Clark 1991) and
subglacial landform assemblages like drumlin fields
(e.g. Hart 1999) point to spatially variable ice flow with
zones of ice streaming. The well-studied drumlin field
in New York State, USA (Fairchild 1905; Slater 1929;
Muller 1974) is one such place that contains information on spatial patterns of basal ice flow. Although
drumlins have been interpreted to have formed via a
variety of mechanisms (e.g. Smalley & Unwin 1968;
Boulton & Hindmarsh 1987; Shaw & Gilbert 1990;
Boyce & Eyles 1991), those relating to subglacial
sediment deformation are most widely accepted for
New York drumlins (Menzies 1997; Clarke et al. 2005).
Despite the fact that drumlins in New York represent a

detailed pattern of subglacial ice flow, extracting
information on basal ice-sheet dynamics has yet to be
fully explored.
This study examines drumlins and megaflutes in the
eastern portion of the New York drumlin field to test
the hypothesis that elongate subglacial bedforms
indicate fast ice flow. Unlike Francek’s (1991) morphometric analysis that mainly focused on the influence of
bedrock escarpments, or Stahman’s (1992) and Hart’s
(1999) study of the Lake Cayuga megaflute fan in the
central portion of the drumlin field, I measured
elongation parameters of bedforms in the eastern
portion of the field between lakes Ontario and Oneida
(Fig. 1) using digital elevation data. The bedforms,
which increase in elongation down flowline, most likely
represent a zone of fast ice flow during the deglaciation
of New York.

Methods
A subset of 548 bedforms between Oneida Lake and
Lake Ontario was digitized using 1/3 Arc Second
digital elevation data from the United States Geological Survey National Elevation Dataset (http://seamless.usgs.gov). A flowline was drawn parallel to bedform
orientation (Fig. 1) along the centre of a reconstructed
Oneida Lobe from which distance to bedform centre
(in direction of bedform width) was measured using
ImageJ (v. 1.32j; http://rsb.info.nih.gov/ij/). ImageJ was
also used to measure bedform width and length, and
elongation was subsequently calculated. The distance
from the Lake Ontario shoreline along a flowline was
measured on a subset (n/104) of the most elongate
bedforms. Bedforms were grouped into three zones
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Fig. 1. Shaded-relief digital elevation map of the area between lakes Ontario and Oneida where drumlins were analysed. Study area was
subdivided into three zones (A, B and C) outlined by black lines. The central flowline was drawn parallel to bedform orientations. Inset
showing northeastern United States, New York and the Last Glacial Maximum (LGM) limit of the Laurentide Ice Sheet (from Dyke & Prest
1987).

between 0 and 18 km (zone A; n/269), 18 and 48 km
(zone B; n /201) and 48 and 88 km (zone C; n /78)
down flowline (Fig. 1). From these data, plots were
made of bedform elongation parallel and transverse to
the former ice-flow direction.

Results
The length of the measured bedforms ranges between
580 and 6320 m, and elongation ratios range between
1.3 and 34.8 (Fig. 2). The majority of the bedforms
classify as drumlins, although many classify as megaflutes (Benn & Evans 1998: p. 425). Eighty-one bedforms (15%) have elongation ratios /10, the ratio
suggested by Stokes & Clark (1999) to indicate
probable ice streaming. All three zones have a central
area comprised of more elongate bedforms than to
either side; I define the widths of these central areas as

enclosing bedforms with maximum elongation ratios /
10 (Fig. 3). The average elongation of bedforms within
the central areas increases down flowline from 8.19/3.7
(zone A) to 10.59/4.9 (zone B) to 12.89/5.9 (zone C),
whereas average elongation outside of the central areas
remains roughly constant (3.99/1.3 (A) to 4.39/2.2 (B)
to 3.59/1.2 (C); Fig. 3). Finally, the widths of the
central areas decrease down flowline from 18.3 (zone
A) to 14.1 (zone B) to 8.6 km (zone C; Fig. 3).

Discussion
The curvilinear path of bedforms depicts the Oneida
lobe flowing into the Oneida basin. There is evidence
that this eastward-flowing lobe coalesced with a
lobe flowing westward up the Mohawk River valley
(Mohawk lobe) during early deglaciation of New York
(18 to 16 kyr BP; Ridge et al. 1991). The coalescence of
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Fig. 2. Bedform elongation versus bedform length. Thick dashed line
separates drumlins from megaflutes. Elongation ratios /10 are those
hypothesized by Stokes & Clark (2001) to indicate fast ice flow or ice
streaming.

these two lobes took place c. 35 km beyond the eastern
shore of Oneida Lake. The Oneida lobe subsequently
reached a similar extent when it deposited a portion of
the Valley Heads moraine, a prominent ice-marginal
feature that can be traced 100s of km (Muller & Calkin
1993). The bedforms studied herein were most recently
shaped during this final advance of the Ontario lobe
into the Oneida basin that took place between the
deposition of the Valley Heads moraine c. 16 kyr BP
(Muller & Cadwell 1986; Mullins & Hinchey 1989;
Ridge et al. 1991; Muller & Calkin 1993) and the
inception of Lake Iroquois c. 14.5 kyr BP (Muller &
Prest 1985; Muller & Calkin 1993).
Several processes have been proposed that lead to
elongated subglacial bedforms. Menzies et al. (1997)
studied till microstructures of drumlins in the study
area and concluded that the New York drumlins were
formed via bed deformation during till emplacement.
Boyce & Eyles (1991) found that bedform elongation
decreases down a flowline on the north side of Lake
Ontario, and suggested that duration of ice flow was a
major factor leading to drumlin elongation. In contrast, the bedforms studied herein between lakes
Oneida and Ontario become more elongated down
flowline (Fig. 4); therefore, ice velocity, rather than
ice-flow duration, may be a better explanation for
the elongation of these particular bedforms. This
hypothesis is also supported by the pattern of more

Fig. 3. Each of the study zones has a central area with bedform
elongation ratios /10 bounded by areas on either side with
elongation ratios B/10. The width of these central zones decreases
down the flowline from 18.3 to 14.1 to 8.6 km. Panels A through C
correspond with zones A through C; their x-axis is shown on panel D,
which shows all bedforms.
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Fig. 4. Bedform elongation versus distance along the flowline shown
in Fig. 1.

elongate bedforms along the axis of the reconstructed
lobe, where ice would have been flowing fastest
(cf. Hart 1999). Based on these two patterns of
bedform elongation, velocity is the best explanation
for elongating the bedforms in the study area.
Additional factors that control bedform elongation,
such as substrate materials or post-depositional modification, also need to be considered. One possibility is
that bedforms are more elongate where subglacial
sediment has a lower shear strength and thus is more
deformable. Indeed, the surficial deposits vary across
the study area. For example, lacustrine silt and clay are
widespread near the central axis of zones B and C,
whereas variably textured till is the dominant surficial
deposit closer to Lake Ontario and zone A (Muller &
Cadwell 1986). If the lacustrine sediments were deposited by Lake Iroquois (Muller & Prest 1985), then they
post-date bedform formation; however, pre-Iroquois
lacustrine sediments may also have existed in this
location, and may have served to lubricate the bed.
An additional complicating factor is the erosion of
bedforms by glacial Lake Iroquois, a large glacial lake
in the Ontario basin that partially covered the New
York drumlin field (e.g. Muller & Prest 1985). Drumlins that were near the former Lake Iroquois shoreline
have been removed by wave action (e.g. Francek 1991).
Bedforms below this elevation, although largely intact,
have been partially buried and thus may appear
narrower and shorter than they actually are. Although
this generally would not affect bedform elongation
ratios, their measured lengths may be underestimates.
The swath of elongate bedforms between lakes
Ontario and Oneida likely represents a zone of fast
ice flow during the deglaciation of New York.
Although this lobe of the Laurentide Ice Sheet likely
was funnelled by topography into the Oneida Basin,
the sharp transition of highly elongate bedforms in the
central swath of zone 3 (average elongation 12.89/5.9)
to bedforms on either side with much lower elongation
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ratios (3.59/1.2) does not coincide with the valley walls
(Fig. 3). This suggests that a zone of fast flowing ice
may have existed directly adjacent to a zone of much
slower moving ice, behaviour typical of ice streaming.
Similarly, that a central swath of elongate bedforms
exists in zone 1, with no constraining topography to
either side, is also suggestive of streaming ice.
The notion that fast ice flow attenuates subglacial
bedforms has been widely documented. Because remotely sensed data are being gathered at higher
resolution, from above and below sea level, the
quantification of bedform geometry is increasingly
accessible. Several studies have suggested that elongate
subglacial bedforms beneath the former Laurentide Ice
Sheet represent areas of former ice streams (Dyke &
Morris 1988; Clark 1993; Hart 1999; Stokes & Clark
1999, 2001, 2002). In particular, Hart (1999), building
on Stahman (1992), analysed bedforms near Lake
Cayuga (c. 10 km west of this study area) and found
a similar pattern of increasing bedform elongation
down a flowline and toward a central axis. Patterns of
subglacial bedforms beneath the Fennoscandian Ice
Sheet have also been associated with the locations
of former ice streams (Kleman et al. 1997; Boulton
et al. 2001; Jørgensen & Piotrowski 2003; Rattas &
Piotrowski 2003; Sejrup et al. 2003; Landvik et al.
2005). In addition, elongate subglacial bedforms exist
on the sea floor beyond contemporary ice streams in
Antarctica (e.g. Canals et al. 2000; Anderson et al.
2001). Thus, the data presented here join a growing
body of literature that supports a link between elongate
drumlins/megaflutes and fast ice flow.

Conclusion
Despite our lack of a complete understanding of the
depositional regime of subglacial bedforms, like drumlins, their orientation and elongation provide a wealth
of information on past ice-sheet dynamics. Bedform
variability recorded in the New York drumlin field
provides insights about the dynamics and deglaciation
style of the Laurentide Ice Sheet. Because bedform
elongation increases down a flowline between lakes
Ontario and Oneida and increases toward the axis of
the reconstructed lobe, elongation is best explained by
fast ice flow in this location. Thus, this study supports
the hypothesis that the attenuated bedforms in the New
York drumlin field indicate fast ice flow. The swath of
elongate bedforms in the study area may signify the
location of an ice stream during deglaciation, and
attests to dynamic ice-sheet behaviour on deformable
substrates.
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