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Last Glacial Maximum ice sheet dynamics in Arctic Canada inferred
from young erratics perched on ancient tors
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Abstract
A long-standing debate regarding the reconstruction of former ice sheets revolves around the use of relative weathering of
landscapes, i.e., the assumption that highly weathered landscapes have not been recently glaciated. New cosmogenic isotope
measurements from upland bedrock surfaces and erratics along the northeastern margin of the Laurentide Ice Sheet (LIS) shed light
on this debate. 10Be and 26Al concentrations from three perched erratics, yielding cosmogenic exposure ages of 17–11 ka, are much
lower than those measured in two unmodiﬁed, highly weathered tors upon which they lie, which yield cosmogenic exposure ages of
>60 ka. These ﬁndings suggest that non-erosive ice covered weathered upland surfaces along the northeastern margin of the LIS
during the last glacial maximum. These data challenge the use of relative weathering to deﬁne the margins of Pleistocene ice sheets.
The juxtaposition of non-erosive ice over upland plateaus and erosive ice in adjacent ﬁords requires strong gradients in basal thermal
regimes, suggestive of an ice-stream mode of glaciation.
r 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction
The extent, thickness, and internal ice dynamics of
Pleistocene ice sheets have been the focus of much recent
research, but ice sheet reconstructions remain controversial, ranging from models that depict relatively thick
and stable ice (e.g., Kleman et al., 1999) to those that
depict relatively thin and unstable ice (e.g., Alley and
MacAyeal, 1994; Clark, 1994). Furthermore, it is
uncertain how much ice existed in high-elevation interﬁord regions along ice sheet margins (e.g., Brook et al.,
1996; Miller et al., 2002). Geophysical modeling has
been used to reconstruct former ice sheets based on ice
physics and Earth rheology (e.g., Denton et al., 1981;
Peltier, 1994; Hughes, 1998), but ice sheet reconstructions, derived from ﬁeld-based mapping and dating of
glaciated landscapes, serve as an important validation
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for such modeling. One criterion widely used to deﬁne
the former location of ice sheet margins is relative
weathering of landscape surfaces (e.g., Boyer and
Pheasant, 1974; Sugden and Watts, 1977; Ives, 1978;
Sugden, 1978).
The weathering zone concept (e.g., Ives, 1978) implies
that in glaciated regions, highly weathered landscapes
took a long time to form and thus must have escaped
recent glaciation, whereas landscapes with fresh glacial
features were recently glaciated. This assumption has
been incorporated into reconstructions along the entire
eastern margin of the Laurentide Ice Sheet (LIS) (e.g.,
Boyer and Pheasant, 1974; Ives, 1978), around the
Greenland Ice Sheet (e.g., Landvik, 1994), and along the
western margin of the Fennoscandian Ice Sheet (e.g.,
Nesje and Dahl, 1990). In concert with the weathering
zone concept is the ‘‘nunatak hypothesis’’ (e.g., Fernald,
1925; Linton, 1950; Dahl, 1955, 1966; Ives, 1966), which
suggests that highly weathered mountain tops, presumably unglaciated, served as biologic refugia throughout
the Quaternary.
Some have argued against the nunatak hypothesis
and the weathering zone concept (e.g., Sugden, 1978;
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Denton et al., 1981; Bierman et al., 2001). Highly
weathered landscapes are preserved within the
limits of large Northern Hemisphere ice sheets (the
Fennoscandian, e.g., Kleman, 1994; the Laurentide, e.g.,
Dredge, 2000; the Innuitian, e.g., Dyke, 1993). Furthermore, the existence of ‘‘perched’’ or ‘‘anomalous’’
blocks, or ‘‘pseudo-erratics’’ (Ives, 1975), found on
many high-elevation weathered surfaces has fueled some
researchers’ beliefs (e.g., Sugden and Watts, 1977) that
large, all-inundating ice sheets were the dominant mode
of Late Pleistocene glaciation.
Landscapes in Labrador (e.g., Ives, 1978) and eastern
Bafﬁn Island (e.g., Boyer and Pheasant, 1974) have been
subdivided into three distinct weathering zones. The
boundaries between these elevational zones dip seaward,
and thus have been interpreted as former ice limits; the
lowest, freshest zone is associated with moraines and
marine deposits that date to the last glaciation, whereas
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higher, more weathered zones with penultimate or
earlier ice advances. Here, we present cosmogenic
nuclide data from the Clyde region of northeastern
Bafﬁn Island (Fig. 1) for fresh erratic blocks and
weathered upland surfaces upon which they are perched
that require non-erosive LGM glaciation of the weathered uplands.

2. Setting and glacial geology
Clyde Inlet, which dissects a high (1000–1500 m asl)
coast-parallel mountain range, stretching from an
inland plateau (600–700 m asl) to a wide coastal
foreland, is one of many ﬁords along northeastern Bafﬁn Island that drained the LIS (Fig. 1).
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Fig. 1. (A) The eastern Canadian Arctic and the extent of the Laurentide ice sheet (indicated by solid black line) during the LGM (from Dyke et al.,
2002). (B) The outer part of Clyde Inlet showing moraines (black lines) and sampled tor localities. BB=Black Bluff; CF=Clyde Foreland;
PB=Patricia Bay. Numbered localities refer to cosmogenic exposure age sites along the outermost Patrica Bay moraines (see Table 1). Location
shown in Fig. 1A. (C) Cross section of Clyde Inlet and adjacent mountains to the north. Bathymetry data for Clyde Inlet from Syvitski (unpublished
data).

J.P. Briner et al. / Quaternary Science Reviews 22 (2003) 437–444

characterize the lower slopes of the outer ﬁord walls, but
at B300–500 m give way to upland blockﬁelds dotted
with tors.
Tors on uplands above the highest lateral moraines in
outermost Clyde Inlet exhibit advanced bedrock weath-
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ering characteristics. The tors typically feature weathering pits (up to 30 cm deep and 60 cm in diameter;
Fig. 2), grus, and quartz veins displaying >10 cm of
relief; vertical faces on tors reveal deep differential
weathering (Fig. 3). Most summits have unweathered

Fig. 2. Large weathering pits observed on upland bedrock surface adjacent to outer Clyde Inlet. Shovel handle is 53 cm long. See Fig. 1B for
location.

Fig. 3. Fresh erratic boulder resting directly on weathered tor. Note the intense differential weathering on the sides of the tor and the fresh
appearance of the erratic. See Fig. 1B for location.

440

J.P. Briner et al. / Quaternary Science Reviews 22 (2003) 437–444

granitic and gneissic cobbles and boulders perched atop
much more weathered tors (Figs. 4 and 5). Many of the
cobbles and boulders are lithologies that are at least

locally erratic. In some cases, the boulders are perched
on smaller erratic cobbles (Fig. 4), or lie inside weathering pits (Fig. 2).

Fig. 4. Erratic boulder, perched on smaller erratic cobbles, resting on tor with well-developed weathering pits at site SIV8 (504 m asl). The erratic
boulder (SIV8-01-2) has a cosmogenic exposure age of 16.771.7 ka, and the bedrock has an age of >6777 ka (SIV8-01-1). See Fig. 1B for location.

Fig. 5. Erratic boulder resting directly on tor at site SIV7 (465 m asl). The erratic boulder (SIV7-01-3) has a cosmogenic exposure age of 10.571.1 ka,
and the bedrock has an age of >6074 ka (SIV7-00-1). See Fig. 1B for location.
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Table 1
Clyde inlet sample location information and cosmogenic exposure ages
Sample

Sample
type

Upland samples
SIV7-00-1 Tor
SIV7-00-2 Cobbleb
SIV7-01-3 Boulder
SIV8-01-1 Tor
SIV8-01-2 Boulder

Lat.
(N)
701
701
701
701
701

20.0010
19.9930
20.0000
20.1150
20.1150

Long.
(W)
681
681
681
681
681

48.0440
48.0150
48.0420
46.7980
46.7470

Clyde foreland samples (in order from site 1 to
PB5-01-2 Boulder 701 30.8250 681 43.1700
PB5-01-1 Boulder 701 30.8250 681 42.9970
PB4-00-1 Boulder 701 28.1680 681 45.8760
PB3-00-3 Boulder 701 26.9930 681 45.5110

26
10
Elevation 10Be
Al
Be agea
5
1
5
1
(m asl)
(10 atoms g ) (10 atoms g ) (ka)

465
462
464
503
504

4.9070.14
0.8570.04
0.8170.03
5.5470.17
1.4670.06

27.0270.77
6.3470.24
5.3370.30
32.1071.55
7.9770.44

4 in Fig. 1)
143
1.0670.10
149
0.9970.13
215
1.0970.11
192
1.0770.11

—
—
7.3470.94
6.6570.57

26

Al agea
(ka)

Weighted mean age and
1 S.D. uncertainty (ka)

>63.175.6 >57.375.9 >60.374.1
10.871.1
13.272.1
11.371.0
10.171.4
11.171.6
10.571.1
>67.578.9 >66.179.6 >66.977.0
17.572.4
16.072.3
16.771.7

18.070.9
16.871.7
17.971.2
18.071.2

—
—
19.872.5
18.371.7

—
—
18.471.6
18.171.4

a

Ages include AMS uncertainty (1 S.D.), and ﬁxed
uncertainties
of 2% for Be carrier addition or 4% for stable Al measurement, 6% for
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
pP
production rate, and 5% for elevation scaling using
ðerror2 Þ (Gosse and Phillips, 2001). Ages are reported using 10Be and 26Al production rates
of 5.1 and 31.1 atoms g1 and yr1, respectively, and scaled for elevation using neutron scaling of Lal (1991). Ages were corrected for sample
thickness (max. 3% correction); no corrections were required for topographic shielding, sample geometry, or snow cover (sites are windswept
throughout year with only minor snow accumulation).
b
The entire cobble was crushed during sample processing, and its thickness accounted for, so its age is independent of post-depositional movement.

3. Cosmogenic exposure dating
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We are now able to test the weathering zone concept
and the signiﬁcance of perched erratics on upland
surfaces using cosmogenic nuclides. Cosmogenic exposure ages of perched erratics indicate when the uplands
were deglaciated, whereas cosmogenic nuclide data from
tors test whether the greater degree of rock weathering
reﬂects a much longer and possibly more complex
exposure history (cf. Bierman et al., 1999). The
advanced weathering of tors implies in situ surface
erosion, violating assumptions for calculating surface
exposure ages (Gosse and Phillips, 2001). Therefore, we
model tor nuclide activities as minimum age limits.
Samples for cosmogenic isotope analysis were collected from tors, erratic boulders and cobbles perched
on them, and from erratic boulders on the adjacent
Clyde Foreland (Fig. 1). Samples were processed following procedures modiﬁed from Kohl and Nishiizumi
(1992) at the University of Colorado Cosmogenic
Isotope Laboratory and at the University of Vermont
following procedures detailed in Bierman and Caffee
(2001). 10Be and 26Al measurements were made at the
Center for Accelerator Mass Spectrometry at Lawrence
Livermore National Laboratory. Ages were calculated
using sea-level and high-latitude 10Be and 26Al production rates of 5.1 and 31.1 atoms g1 yr1, respectively
(Stone, 2000; Gosse and Stone, 2001), with elevation
scaling considering only neutrons (Lal, 1991). Ages
reported here are the error-weighted means of individual
10
Be and 26Al ages for each sample (Table 1).
Tors on each of two nearby summits have minimum
model exposure ages of >6777 ka (tor SIV8 at 503 m
asl; Figs 1 and 6; Table 1) and >6074 ka (tor SIV7 at
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Fig. 6. Topographic transect from the upland tor sites to middle of
Clyde Inlet. Fiord depth from Syvitski (unpublished data), and above
sea level topography from 1:50 000-scale energy, mines, resources
Canada topographic map. Proposed boundary between erosive and
non-erosive ice is shown. Thick black line indicates where pre-LGM
surface is preserved. Plain text numbers are erratic ages; italicized
numbers are tor ages.

465 m asl; Figs 1 and 6; Table 1). An erratic boulder
perched on several cobbles resting on tor SIV8 (Fig. 4)
has a cosmogenic exposure age of 16.771.7 ka. An
erratic boulder (Fig. 5) and a faceted B5-cm-thick
cobble, both resting on tor SIV7, have ages of
10.571.1 and 11.371.0 ka, respectively. The spread in
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erratic ages may indicate different deglaciation ages for
the two summits, or it may reﬂect nuclide inheritance
(cf. Davis et al., 1999). Finally, the 26Al and 10Be
concentrations for the two tor samples are consistent
(71s) with continual exposure, indicating that the
uplands adjacent to outer Clyde Inlet were buried by
ice for no more B200 000 yr throughout the Quaternary.
An alternative explanation of alternating periods of
exposure, burial by cold-based ice, and glacial erosion
is difﬁcult to resolve with the advanced weathering of
the tors.
Four erratic boulders from moraines on the adjacent
Clyde Foreland (Fig. 1) yield an average cosmogenic
exposure age of 17.870.7 ka (Table 1). The samples
were collected from stable boulders with exposed
diameters >3 m on the outermost Patricia Bay moraine.
These ages indicate that ice reached the mouth of Clyde
Inlet during the LGM (Briner and Miller, 2002).

4. Discussion
Although our dataset is relatively small it is robust.
Erratic blocks perched on tors could have only been
emplaced by the LIS because the source material
available for transportation by upland ice is weathered
blockﬁeld boulders, not the subrounded, relatively fresh
erratics that are observed. The erratics rest directly on
windswept, stable tor surfaces, hence have experienced
minimal post-depositional shielding or movement.
Consequently, their ages date deglaciation of the
upland.
Our data suggest that LGM ice was more extensive
than previous ﬁeld-based reconstructions for the region
(L^ken, 1966; Miller et al., 1977; Dyke et al., 2002;
Miller et al., 2002). Dates on high-elevation erratics
within a few kilometers of the ﬁord mouth, combined
with LGM cosmogenic exposure ages from low-elevation samples collected from the Clyde Foreland, indicate
that relatively thick Laurentide ice terminated on the
continental shelf during the LGM.
Our results indicate that cold-based, non-erosive
Laurentide ice covered the uplands immediately adjacent to Clyde Inlet during the LGM. Melt-water
channels on the plateau near the sampled tors further
support the presence of cold-based ice. At lower
elevations, striated bedrock indicates that erosive,
warm-based ice occupied the ﬁord. Accommodating
erosive ice in the ﬁords and non-erosive ice on adjacent
uplands and coastal forelands requires a sharp (o1 km
wide) boundary between cold-based and warm-based
zones (Fig. 6). Hence, we suggest that an ice stream
occupied Clyde Inlet during the LGM.
The preservation of ancient landscapes beneath ice
sheet centers is widely recognized (e.g., Dyke, 1993;
Kleman, 1994; Kleman and Stroeven, 1997; Kleman

et al., 1999; Dredge, 2000; Fabel et al., 2002;
H.attestrand et al., 2002; Stroeven et al., 2002). Some
of these preserved landscapes are probably pre-Quaternary, indicating that they have been covered by coldbased ice during repeated glacial cycles (e.g., Kleman,
1994; Fabel et al., 2002; Stroeven et al., 2002). The
preservation of pre-glacial upland surfaces close to the
former LIS margin is only recently gaining recognition.
Bierman et al. (2001) report an LGM cosmogenic
exposure age for an erratic adjacent to a pre-LGMaged tor along on southern Bafﬁn Island, and suggest
that cold-based ice existed there. Similarly, research in
the Torngat Mountains of Labrador has revealed
evidence for the preservation of weathered terrain within
LGM ice limits (e.g., Gosse and Willenbring, 2002).
Our ﬁnding of cold-based, non-erosive Laurentide ice
on the upland plateaus in outer Clyde Inlet complements
the work of Bierman et al. (2001) and Gosse and
Willenbring (2002), and suggests that an ice-stream
mode of glaciation dominated ﬁord landscapes on
Bafﬁn Island. Ice streams are currently thought to have
occupied Hudson Strait and Cumberland Sound on
southern Bafﬁn Island (Andrews et al., 1985; Kaplan
et al., 2001), but have only been theoretically postulated
for ﬁords of northeastern Bafﬁn Island (e.g., Hughes,
1998). Our reconstruction is consistent with the selective
linear erosion model of LIS dynamics along northeastern Bafﬁn Island (Sugden, 1978), which places
warm-based erosive ice in the ﬁords, and cold-based,
non-erosive ice over the highlands. In addition, our
model is consistent with a recent ‘‘just right’’ model of
ice dynamics that invokes highly variable basal thermal
regimes between ﬁords and inter-ﬁord plateaus (Miller
et al., 2002). We speculate that ice was cold-based on
uplands because it was relatively thin and ﬂowed over
crystalline bedrock, whereas in ﬁords, ice was thick,
constrained, and ﬂowed over water-saturated unconsolidated sediments. Additionally, Clyde Inlet, like most
ﬁords along northeastern Bafﬁn Island, extends through
the coastal mountain range into the interior of the ice
sheet (Fig. 1). This geometry provides highly convergent
topography in the ice stream onset zone (Stokes and
Clark, 2001).

5. Conclusions
Cosmogenic nuclide measurements demonstrate that
upland blockﬁelds and tors in northeastern Bafﬁn Island
were glacierized during the LGM. Despite advanced
weathering characteristics, they cannot be used to argue
for the absence of LGM ice (refugia). The contrast in
basal thermal regimes across short distances supports
the concept of an ice stream in Clyde Inlet during the
LGM. We propose that this style of glaciation
dominated the ﬁord coastlines of Bafﬁn Island where
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the topography and glacial geology are similar to the
Clyde Region. Ice-stream-dominated ice sheet margins
are dynamic and unstable, and consequently, the
northeastern margin of the LIS was likely sensitive to
abrupt reorganization that may include the coupling of
ice sheets, ocean circulation and climate that produce
Heinrich and D/O events.
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