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Abstract

Organized conduits of fast ice flow at the fringe of present and past ice sheets move the majority of ice from ice sheet interior to
periphery. These relatively narrow corridors play a critical role in feedbacks between landscape evolution and ice sheet dynamics.
Here we combine bedrock 10Be concentrations with distribution of lakes on Baffin Island, Arctic Canada, to constrain the pattern of
glacial modification at a fjord onset zone — the region of increasing relief from the continental interior to the fjord head. High lake
density and a lack of 10Be inheritance in the valley bottom indicate significant glacial scouring for some duration of the last glacial
cycle. In contrast, 10Be inheritance and a lack of lakes at higher elevations indicate a lack of glacial scour and only slight glacial
modification despite the entire region being covered by the Laurentide Ice Sheet during the last glaciation. This pattern of glacial
erosion at the fjord onset zone is similar to what is found in the outer fjords ∼100 km toward the last glacial maximum ice margin,
and indicates that ice flow becomes organized well inland from the fjorded coast. The relief-generating process of selective linear
erosion occurs at the fjord onset zone and was responsible for evolving Baffin Island fjords even in the late Quaternary.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Narrow corridors of fast ice flow play a critical role in
the overall behavior of ice sheets. Fast-flowing outlet
glaciers and ice streams move the bulk of ice from ice
sheet interior regions to ice sheet peripheries (Bentley,
1987; Bennett, 2003). Likewise, these organized conduits
of fast ice flow are the foci of glacial erosion, and therefore

of intense landscape modification (Sugden, 1978; Staiger
et al., 2005). Nowhere is this glacial impactmore dramatic
than along fjorded coastlines at the fringe of glaciated
continents. However, despite a general understanding of
several processes involved in the formation of fjords (e.g.,
Shoemaker, 1986; Harbor et al., 1988), empirically
derived spatial distributions of glacial erosion rates and
the patterns of fjord development through the Quaternary
ice age are largely non-existent.

Although the highest rates of glacial incision may have
occurred early during the Quaternary (e.g., Shuster et al.,
2005), recent cosmogenic radionuclide data indicate that
fjords are still evolving and relief is still being produced
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Fig. 1. A. Contoured shaded relief digital elevation map showing topographic setting of the fjord onset region of northeastern Baffin Island (location
shown in inset; NE BI = northeastern Baffin Island; HB = Home Bay; CS = Cumberland Sound). B. Transects A–A′ and B–B′ correspond to
topographic profiles in lower panel that show increasing entrenchment of valleys and an increase in overall relief that exemplifies “fjord onset”
topography. CI = Clyde Inlet.
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alongmany high-latitude continental margins (e.g., Staiger
et al., 2005;Briner et al., 2006). Avariety of applications of
cosmogenic radionuclides have constrained ice sheet
erosion along ice sheet interiors (Fabel et al., 2002;
Stroeven et al., 2002; Li et al., 2005; Harbor et al., 2006;
Staiger et al., 2006) and fjords (Briner et al., 2003;
Marquette et al., 2004; Staiger et al., 2005). On Baffin
Island, regions between the ice sheet interior and periphery
have yet to be explored with cosmogenic radionuclides,
but are important for understanding how inland ice flow
becomes organized to exploit the efficient conduits at
fjorded margins.

Here, we focus on the glacial erosion pattern at the
fjord onset zone— the region of increasing relief from the
continental interior to the fjord head. The fjord onset zone
is where fast ice flow initiates. Therefore, understanding
basal ice sheet processes in this zone is important for
modeling overall ice sheet behavior; in order to model ice
sheets properly, empirical data on bed conditions are
critical. And, because the rate of glacial erosion is
proportional to ice discharge (e.g., Paterson, 1994;
Anderson et al., 2006), understanding the pattern of
glacial erosion in the fjord onset zone is also important for
constraining the pattern and style of fjord landscape
evolution. Our goals are to 1) combine apparent 10Be ages
and patterns of ice-scoured bedrock to determine the
spatial pattern of glacial erosion at a fjord onset zone on
north-central Baffin Island (Fig. 1), 2) use these empirical
data as constraints in future ice sheetmodeling efforts, and
3) eventually elucidate the relationships and feedbacks
between ice sheet behavior and fjord landscape evolution.

2. Baffin Island Fjords

The northeastern coast of Baffin Island (Fig. 1) is
dissected by dozens of long and deep fjords (up to 120 km
long and 800 m below sea level; total relief N2 km;
Sugden and John, 1976; Dowdeswell andAndrews, 1985;
Syvitski et al., 1987). Glacial erosion has progressed
through the coastal mountain range such that the heads of
Baffin Island fjords are presently 20 to 30 km inland from
the range crest. From their heads, fjords typically deepen
in steps, are deepest where the range is highest, shallow
toward their mouths, and then transition into N200-m-
deep troughs that cross the continental shelf (Fig. 1;
Løken and Hodgson, 1971). Inland from the fjord heads,
valleys become less deep and narrow toward the interior
Baffin Island plateau at ∼600 m above sea level (m asl).
This fjord onset region is characterized by moderate relief
with rounded summits between 800 and 1200 m asl.

Our study takes place inland from Clyde Inlet, a 120-
km-long fjord that was a major passageway for outlet

glaciers and ice streams that drained the northeastern
Laurentide Ice Sheet (LIS) during the last glacial
maximum (LGM; Briner et al., 2005, 2006). The
lowermost portion of the valley that feeds Clyde Inlet
holds a rich record of raised marine features (Briner et al.,
2007). Farther inland, the landscape is characterized by
glacially scoured bedrock at low elevations and mature
regolith (blockfield) at high elevations (Fig. 2); in places,
moraines separate the two landscape types (Dredge, 2004).

We have recently investigated the glacial history and
ice sheet dynamics in the Clyde Inlet region using
cosmogenic radionuclides in bedrock and erratic boulders
to define the style and extent of LateQuaternary glaciation
(Briner et al., 2003, 2005, 2006; Davis et al., 2006; Briner
et al., 2007). This work built on extensive field mapping
undertaken in the 1960s, when chronological control was
dominantly provided by 14C dates on marine shells in
raised marine deposits and coastal sediment exposures
(e.g., Ives, 1966; Løken, 1966; Miller et al., 1977;
Andrews and Ives, 1978). The terrain west of the
mountain range crest on eastern Baffin Island was
completely inundated by the LIS during the LGM (Briner
et al., 2005; 2006), and presumably during earlier Middle
and Late Quaternary glaciations. The terrain east of the
range crest was also largely overwhelmed by the LIS,
which terminated on the continental shelf of Baffin Bay
during the LGM (Briner et al., 2005). The exact margin of
the LIS along the continental shelf is not yet known.

Cosmogenic radionuclide concentrations in bedrock
along vertical profiles across Clyde Inlet indicate that
extensive LGM glacial erosion was limited to the primary
fjord conduits, and even there, bedrock was only eroded
N2 m in the lower ∼200 m of the fjords (Briner et al.,
2006). Away from the steep fjord confines, weathered
bedrock and tor-like forms have apparent cosmogenic
exposure ages N60 ka, but erratics resting on them have
ages b15 ka, indicating that cold-bedded LGM ice
invaded most of the upland regions, but performed little
landscape modification (Briner et al., 2006). Collectively,
this work points to a model of selective erosion of the
fjords by an overriding ice sheet with varying basal
thermal (and erosional) regimes that are largely controlled
by bed geometry (cf. Sugden, 1978). Thiswork resulted in
the need to understand the broader spatial distribution of
the selective erosion of fjord landscapes and its impact on
landscapes with varying topographic geometry.

3. Methods

Twelve samples for 10Be analysis collected along a
cross-valley transect were prepared at the University of
Colorado cosmogenic isotope laboratory following
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procedures modified from Kohl and Nishiizumi (1992).
BeO was mixed with Nb metal prior to determination of
the 10Be/9Be ratios, which were measured by accelerator
mass spectrometry at the Center for Accelerator Mass
Spectrometry at Lawrence Livermore National Labora-
tory. Apparent 10Be ages were calculated using a
production rate of 5.1 10Be atoms g−1 yr−1 (Stone,
2000; Gosse and Stone, 2001). Site-specific production
rates were corrected for topographic shielding and sample
thickness using standard protocols (e.g., Gosse and
Phillips, 2001). Because the samples are from high
latitude (∼70° N), 10Be production rates are not

influenced by time-dependent changes in the geomagnetic
field (Gosse and Phillips, 2001). We also consider the
effect of elevation change (hence production rate change)
resulting from landscape emergence following deglacia-
tion (∼70 m for sites ice-free ∼9 ka; Briner et al., 2007)
for the Holocene portion of sample exposure; the effect is
negligible for the valley-bottom samples, and b2% for the
upland samples. Ages reported here include only
accelerator mass spectrometry measurement uncertainty.
We report all ages assuming no significant surface erosion
or snow shielding. Rock weathering in the region is
negligible (Bierman et al., 1999), and all samples were

Fig. 2. Photographs of bedrock outcrops typical of warm-bedded erosive ice at low elevations (A) and cold-bedded non-erosive ice at high elevations (B).
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collected from snow-free sites in May, when snow depths
are typically greatest.

As a proxy for ice-scoured bedrock we measured lake
density of a study area that encompasses the cosmogenic
radionuclide transect (Sugden, 1978; Andrews et al.,
1985). Lakes were digitized from a composite image of
1:50,000-scale black and white aerial photos and

georeferenced in ArcGIS 9.1. Because our goal is to
use lake density as a proxy for glacially scoured
bedrock, we removed lakes that are clearly impounded
by glacial deposits (n=12, 4.8% of the lakes; see Fig. 3).
A 1 km square grid was generated in ArcGIS and placed
over the study region. Total lake surface area was
determined for each 1 km2 grid cell and overlaid onto

Fig. 3. A. Composite 1:50,000-scale black-and-white aerial photograph image of transect area shown in Fig. 1. Numbers refer to sample sites in Table 1.
Generally, ice flowed from the bottom (southwest) to top (northeast). Major moraines are shown to illustrate which lakes are moraine-dammed versus
confinedwithin bedrock basins. B. Contoured lake-area density per 1-km2 grid cells of the transect area showing highest lake-area density below the 500m
contour interval. C. Topographic profile across valley from A–A′ shown in B. Apparent 10Be ages are listed as ka; superscripts refer to sample sites;
triangles indicate apparent 10Be ages of erratics.
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contoured topography data from 90-m resolution digital
elevation data.

4. Results

Apparent 10Be ages were calculated from 10 bedrock
samples along a cross-valley transect 20 km inland from
the head of Clyde Inlet (Figs. 1 and 3) and ∼150 km
inland from the LGM ice margin. Four 10Be ages
between 3.5±0.3 and 5.0±0.2 ka are from ice-sculpted
bedrock in the bottom of the valley between 322 and
539 m asl (Fig. 3; Table 1). Six 10Be ages from frost-
riven bedrock slabs on summits between 908 and 1161m
asl range between 18.3±0.5 and 49.5±1.2 ka (Fig. 3;
Table 1). In addition, two erratics from a summit at 997m
asl have 10Be ages of 21.2±0.6 and 26.2±0.6 ka. These
erratics have noticeably different lithologies and are
smaller and more equant shaped than the blockfield
slabs, and they are conspicuously perched on top of flat-
lying blockfield slabs.

The density of lake area across the study region ranges
from 0 to 0.88 km2 (Fig. 3). Lake-area density is highest
between∼250 m asl (the valley bottom) and∼500 m asl;
Lakes are virtually absent above ∼500 m asl (Fig. 3).

5. Discussion

Bedrock surfaces in the bottom of the Clyde River
valley have 10Be ages that are consistent with deglaci-
ation during the middle Holocene. The 10Be ages are
significantly younger than the timing of deglaciation at
the fjord head ∼8 ka (Briner et al., 2007), and depict a
thinning lobe of ice that remained along middle Clyde
River until it retreated from ∼540 m asl at ∼5 ka, from

∼400 m asl ∼4.7 ka, and from the valley floor (320 m
asl) by 3.5 ka. These 10Be ages of deglaciation are
remarkably close in age to radiocarbon- and lichen-
determined ages from Andrews and Barnett (1979), who
defined the retreat of the Barnes Ice Cap through the
study site ∼4700 yr BP. Thus, it appears that sufficient
glacial erosion (N2–3m) occurred during a portion of the
last glacial cycle to remove 10Be radionuclides that
would have accumulated in bedrock surfaces prior to the
last glaciation. This erosion resulted from basal sliding
(see ice-sculpted bedrock in Fig. 2), and thus requires
warm-bedded conditions at the fjord onset zone of
sufficient duration over the last glacial cycle.

Above the valley bottom, somewhere between ∼550
and ∼900 m asl, the LIS apparently transitioned to
dominantly non-sliding conditions throughout the last
glacial cycle. Never during the last glacial cycle does it
appear that ice slid across these surfaces for any significant
period of time due to the lack of polish, striae, or ice-
sculpted features (Fig. 2). And, the 10Be concentration in
all bedrock samples is higher than would have accumu-
lated since the last deglaciation. Thus, these concentrations
require some component of 10Be to have been inherited
from prior to the last glaciation. However, the surfaces
likely have experienced some form of glacial disturbance
(e.g., rotated blocks in a basal shear zone; Atkins et al.,
2002) during the last glacial cycle because some samples
have concentrations significantly lower than highly
weathered tor-like forms on uplands along the outer fjords
(Briner et al., 2006). Miller et al. (2006) report companion
26Al data for the two samples reported here with the
highest 10Be concentration (CR04-10 and CR04-12);
these 26Al concentrations, when combined with the 10Be
concentrations, require N450 kyr of surface history. On the

Table 1
Apparent 10Be ages of Clyde Inlet fjord head region

Sample Latitude (N) Longitude (W) Elevation
(m asl)

Site #
(Fig. 2)

Sample type Thickness
(cm)

[10Be]
(105 atoms g−1)

Apparent
10Be age (ka)

CR04-1 69° 41.679′ 71° 10.858′ 322 1 Bedrock 1 0.273±0.030 3.5±0.3
CR04-2 69° 41.617′ 71° 17.272′ 539 2 Bedrock 1.5 0.474±0.044 5.0±0.2
CR04-3 69° 41.651′ 71° 14.485′ 399 3 Bedrock 3 0.384±0.036 4.7±0.2
CR04-4 69° 41.732′ 71° 72.666′ 355 4 Bedrock 1.5 0.289±0.035 3.6±0.3
CR04-5 69° 34.566′ 70° 44.735′ 997 5 Bedrock 1 3.048±0.257 21.1±0.5
CR04-6 69° 34.566′ 70° 44.735′ 997 5 Bedrock 4 3.784±0.318 26.9±0.6
CR04-7 69° 34.566′ 70° 44.735′ 997 5 Erratic 5 2.967±0.430 21.2±0.6
CR04-8 69° 34.566′ 70° 44.735′ 997 5 Erratic 2 3.748±0.316 26.2±0.6
CR04-9 69° 35.674′ 70° 47.202′ 1157 6 Bedrock 1 3.039±0.778 18.3±0.4
CR04-10 69° 35.661′ 70° 47.435′ 1161 6 Bedrock 4.5 7.964±0.669 49.5±1.2
CR04-11 69° 36.835′ 70° 48.117′ 908 7 Bedrock 2 3.405±0.286 25.7±0.6
CR04-12 69° 37.766′ 70° 52.825′ 939 8 Bedrock 1 6.103±0.513 44.7±1.1

10Be concentrations were measured at Lawrence Livermore National Laboratory and scaled to site-specific altitude using Stone (2000). Apparent ages
were calculated assuming zero erosion and sea level, high-latitude production rates of 5.1±0.3 10Be atoms g−1 yr−1. No sample required geometric
shield calculations. 10Be/9Be isotope ratios were compared to ICN 10Be standards prepared by K. Nishiizumi using a 10Be half-life of 1.5×106 yr.
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other hand, two additional companion 26Al measurements
on samples with lower 10Be concentrations (CR04-6 and
CR04-9) yield 26Al/10Be ratios that suggest b200 kyr of
surface history (Miller et al., 2006). The scatter in apparent
10Be ages (18 to 50 ka) at these high elevations (908 to
1161 m asl), which show no correlation to elevation
(Fig. 3; Table 1), may indicate that some sites are more
glacially modified than others, although the exact process
and timing of this seemingly stochastic modification is
unclear.

The two erratic samples have apparent 10Be ages that
are similar in age to two blockfield samples from the
same summit, and overlap with the age range of all the
samples from the upland blockfields. The apparent 10Be
ages of the erratics also pre-date deglaciation of the
summit (∼13 ka based on in-situ 14C exposure ages
from summit bedrock; Miller et al., 2006), and thus
either were deposited during the last glaciation with
inheritance or were emplaced during an earlier glacial
episode and subsequently overrun. Either explanation is
equally plausible. The erratics could have originated
from intermediately weathered terrain similar to the
summit upon which they rest. Or, they could have been
transported to the summit prior to the last glaciation, and
subsequently accumulated 10Be at their present location.
Both cases require widespread cold-bedded ice condi-
tions in this region during the late Quaternary. In
addition, these results warrant consideration of inheri-
tance when using exposure dating on upland erratics to
date deglaciation.

The pattern of highest lake density in the Clyde River
valley bottom coincides with the intense glacial scouring
revealed by the 10Be data. Lake density in glaciated
terrains has long been used as a proxy for glacial
scouring; Sugden (1978) calculated the density of lakes
per 400 km2 across the entire footprint of the LIS and
found that belts of high lake density coincided with his
simulation of LIS scouring (Sugden, 1977). Even at this
scale, the lake density pattern revealed intense glacial
scouring in several of the major topographic lows on
Baffin Island that would have funneled LIS outlets into
the adjacent seas (e.g., those that feed Cumberland
Sound and Home Bay; Fig. 1). Later, Andrews et al.
(1985) used lake density (lakes per 30' by 30' gridcells)
to examine the pattern of LIS erosion on Baffin Island,
focusing on southern and western Baffin Island. A large
range in lake density was used to reveal patterns of
glacial erosion (Andrews et al., 1985). These results
indicate that the density of lakes can reveal the onset of
glacial scour along the Baffin Island fjord zone.

These empirical data support the process of selective
linear erosion (Sugden, 1978) occurring at the Baffin

Island fjord onset zone, ∼150 km inland from the LGM
margin of the LIS (Briner et al., 2005). This study adds
to a growing body of recent literature that supports the
selective erosion of ice sheets related to basal thermal
conditions, which are in turn dictated by subglacial
topography (e.g., Kleman and Stroeven, 1997; Hall and
Glasser, 2003; Marquette et al., 2004; Li et al., 2005;
Staiger et al., 2005; Sugden et al., 2005; Briner et al.,
2006; Phillips et al., 2006). Although the pattern of
erosion in the fjord onset zone is similar to that in the
outer fjords (Briner et al., 2006), the dimension of the
scoured zone is smaller and bedrock weathering at high
elevations is less intense than in the outer fjords. The
absence of tors and lower amounts of 10Be inheritance
in the uplands of the fjord onset region versus on the
uplands surrounding the outer fjords implies that there is
more glacial modification of inter-valley surfaces in the
fjord onset zone. Thus, the rate of relief generation is
apparently greater in the outer fjords than the fjord onset
zone.

The presence of differential erosion at the fjord onset
zone implies that the organization of efficient ice flow
conduits along ice sheet peripheries initiates inland of
soft sediment-floored fjords where basal sliding is
promoted. Thus, sliding conditions and the onset of
fast ice flow may occur inland of fjord heads. However,
the 10Be inventory at the fjord onset zone reflects the
pattern of subglacial erosion integrated over the last
glacial cycle. Hence, it is difficult to know if sliding
conditions occur in the fjord onset zone during glacial
maxima or just during advance and retreat phases.
Regardless, this pattern of average differential ice sheet
erosion conditions inland of mountain landscapes is
likely due to an increase in ice discharge in this region of
converging topography (cf. Løken and Hodgson, 1971;
Shoemaker, 1986; MacGregor et al., 2000; Anderson
et al., 2006). This pattern leads to warm-bedded, sliding
(erosive) conditions focused in topographic lows and
cold-bedded conditions (non-erosive) at higher eleva-
tions. These findings imply that fjords are still evolving
along the fringe of the Canadian Shield, and that the
fjord onset zone likely plays a key role in feedbacks
between topography, ice sheet basal-thermal regime,
and glacial erosion.

6. Conclusion

The study of the relationship between ice sheet flow
and landscape evolution is benefited by cosmogenic
radionuclide techniques. The poorly vegetated, rocky
terrain of Baffin Island, with its highly dissected con-
tinental margin, is particularly well suited to studying
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ice sheet–landscape interactions. This study provides
empirical field data that reveal the process of selective
ice sheet erosion occurring where the LIS first
encounters continental edge topography on Baffin
Island. The results imply that ice sheet flow is highly
dictated by bed topography and begins to organize
peripheral conduit flow inland of major topographic
obstacles. The convergence of ice into established, but
evolving, conduits is likely part of a positive feedback
process between trough incision and ice flow, with the
partitioning of polythermal ice into warm-bedded
(erosive) and cold-bedded (protective) conditions
being an important component. The monitoring of
subglacial erosion (and hence, former basal thermal
conditions) with cosmogenic radionuclides, on Baffin
Island and elsewhere, can parameterize bed conditions
for numerical ice sheet modeling.
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