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INTRODUCTION

The history and dynamics of the Laurentide Ice Sheet (LIS) 
have been the focus of research for over a century (e.g., Tyrrell, 
1898; Coleman, 1920; Flint, 1943). However, the maximum 

extent, basal ice dynamics, and pattern of retreat of the LIS dur-
ing the last glacial cycle have been debated along many of its sec-
tors, in particular in the eastern Arctic (e.g., Miller et al., 2002). 
The use of in situ–produced cosmogenic nuclides, in conjunction 
with radiocarbon dating, marine and lake coring efforts, and ice 
sheet modeling, has led to recent advances in understanding the 
history and dynamics of glaciers in general (e.g., Phillips et al., 
1986; Gosse et al., 1995a) and the LIS in particular (e.g., Gosse 
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et al., 1995b; Bierman et al., 1999; Balco et al., 2002; Briner et 
al., 2003).

Progress toward understanding the history of the LIS is ham-
pered by limited geochronological tools. Although many differ-
ent and innovative dating techniques have been applied, radio-
carbon dating traditionally has been the most useful and is the 
basis for much of our current understanding of LIS history during 
the Last Glacial Maximum (LGM) and deglaciation (Dyke et al., 
2002). However, the general scarcity of organic materials associ-
ated with glacial deposits, as well as the lag time for vegetation 
to become established after deglaciation, has limited the applica-
tion of radiocarbon dating in many areas. An added complication 
in many sectors of the LIS is the realization that cold-based ice 
can lead to the preservation of preglacial organic-rich surfi cial 
sediments (Davis et al., 2006). It is becoming increasingly clear 
that while some areas beneath the LIS experienced intense ero-
sion, some landscapes were only slightly modifi ed during the last 
glacial cycle (e.g., Kleman and Hättestrand, 1999; Bierman et al., 
2000; Dredge, 2000; Colgan et al., 2002; Jansson et al., 2003; 
Briner et al., 2003; Marquette et al., 2004; Staiger et al., 2005), 
complicating the interpretation of stratigraphic and geomorphic 
records of the last glaciation.

Cosmogenic exposure dating, based on the buildup of nuclides 
produced at and near Earth’s surface by cosmic-ray bombardment, 
has recently been added to the geochronological toolbox. Over the 
past 20 yr, cosmogenic nuclides have fi lled a niche by making it 
possible to date directly glacial landforms (Phillips et al., 1986; 
Nishiizumi et al., 1989; Lal, 1991; Gosse et al., 1995a; Bierman 
et al., 1999; Briner et al., 2005). Over the last decade, cosmogenic 

exposure dating has contributed to updated reconstructions of the 
LIS during the LGM (Dyke et al., 2002; Miller et al., 2002), espe-
cially in regions where LGM ice extents have been debated, and 
contributed to the most recent overall LIS reconstruction (Dyke 
et al., 2002) (Fig. 1). Dating earlier advances and retreats of the 
LIS is hampered by the overriding of older deposits by younger 
ice and the limit of radiocarbon dating to <40 ka. In some cases, 
marine records distal to the ice sheet record evidence of earlier 
advances (e.g., Andrews et al., 1998). Recently, cosmogenic 
nuclide analysis of multiple till sheets (Balco et al., 2005a, 2005b, 
2005c), as well as sampling of areas not covered by younger gla-
cial advances (Steig et al., 1998; Kaplan and Miller, 2003), have 
yielded important chronologic data. In addition, applications that 
focus on cosmogenic nuclide inheritance (the carryover of cos-
mogenically produced nuclides from periods of exposure prior to 
the most recent period of exposure) have been used to address 
LIS dynamics. Such studies have improved our understanding of 
ice sheet behavior both in low-relief mid-continent settings (e.g., 
Colgan et al., 2002) and in the differentially weathered mountain 
landscapes that fringe eastern Canada (e.g., Bierman et al., 1999; 
Davis et al., 1999; Briner et al., 2006).

In this paper, we review applications of cosmogenic nuclides 
that further the understanding of the history and dynamics of the 
LIS. Whereas Dyke et al. (2002) provide an up-to-date synthesis 
of the areal extent of the LIS during the LGM, we focus on how 
our understanding of both the process and history of the LIS has 
improved from cosmogenic nuclide studies. Although we do not 
provide a review of the extensive studies of marine records from 
the continental shelves and slopes, we show how cosmogenic 

Figure 1. Last Glacial Maximum 
reconstruction of the Laurentide 
Ice Sheet (LIS) by Dyke and Prest 
(1987; thin line) and Dyke et al. 
(2002; thick line). BI—Baffi n Is-
land; HCA—high Canadian Arctic; 
HS—Hudson Strait; L—Labrador. 
Numbers refer to sites of cosmogen-
ic nuclide applications on LIS stud-
ies. 1—Duk-Rodkin et al. (1996); 
2—Jackson et al. (1997, 1999); 
3—Balco et al. (2005b); 4—Colgan 
et al. (2002); 5—Balco et al. (2002); 
6— Gosse et al. (1995b, 2006); 
7—Clark et al. (2003), Marquette 
et al. (2004), Staiger et al. (2005); 
8—Steig et al. (1998), Bierman et 
al. (1999), Marsella et al. (2000), 
Kaplan et al. (2001), Miller et al. 
(2002), Kaplan and Miller (2003); 
9—Briner et al. (2003, 2005, 2006), 
Davis et al. (2006).
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nuclide research has complemented those studies and linked 
offshore and onshore deglacial chronologies. Following an over-
view of past and ongoing cosmogenic nuclide applications, we 
highlight the emerging strengths and challenges of using cosmo-
genic nuclides to understand ice sheets.

LAURENTIDE ICE SHEET BACKGROUND

The LIS played a dominant role in the climate system dur-
ing the last glaciation (ca. 120–8 ka; Martinson et al., 1987). 
Gradually growing to the size of the present-day Antarctic Ice 
Sheet, perhaps in rapid spurts, and disappearing over a period of 
~10 k.y., the LIS increased Earth’s albedo, altered atmospheric 
circulation, sequestered 70–80 m of sea-level equivalent, and sig-
nifi cantly altered ocean circulation on millennial timescales (e.g., 
Imbrie and Imbrie, 1980). Our most complete understanding of 
the LIS confi guration is for the time period of the LGM (22–
18 ka) and the subsequent deglaciation (e.g., Dyke et al., 2002).

Reconstructions of the LIS over the past 100 yr have ranged 
signifi cantly, and often have been cast as minimum versus maxi-
mum paradigms. A paradigm shift occurred when Flint (1943) 
popularized an extensive LIS covering North America during the 
LGM. Flint’s reconstruction had ice extending from the conti-
nental shelves in the north to the continental United States in the 
south. Flint’s mode was conceptual, included a single ice dome 
over Hudson Bay during its maximum phase, and overlooked 
previous fi eld-based work that depicted relatively restricted ice 
extent at high latitudes (e.g., Tyrrell, 1898; Coleman, 1920).

The next paradigm shift occurred in the 1960s and 1970s, 
when the fi rst intensive fi eld-based research was carried out 
along LIS margins in the north (e.g., Ives and Andrews, 1963; 
Løken, 1966; Andrews et al., 1970; Grant, 1977). These investi-
gations supported a thinner and less extensive LIS than proposed 
in Flint’s model (Fig. 2), and suggested that the LIS contained 
multiple domes (Prest et al., 1968; Bryson et al., 1969; Miller 
and Dyke, 1974; Grant, 1977). These conclusions were based 
on old radiocarbon ages and the assumption that weathered bed-
rock terrain indicated ice-free conditions during the LGM. Well 
into the minimum ice paradigm, some researchers continued to 
favor a maximum ice model, relying on theoretical ideas based 
on lessons from Antarctica and the assumption that weathered 
bedrock terrain could have been covered by ice during the LGM 
(Fig. 2) (Hughes et al., 1977; Sugden and Watts, 1977; Denton 
and Hughes, 1981).

Throughout the 1980s, the majority of fi eld evidence con-
tinued to point toward relatively restricted ice margins (e.g., ice 
terminating at the heads of fi ords and sounds; Dyke and Prest, 
1987), and the controversy regarding the existence of an ice-free 
corridor between the LIS and the Cordilleran Ice Sheet (CIS) 
remained unresolved (e.g., Jackson, 1980; Liverman et al., 1989). 
In the eastern sector of the LIS, fi eld observations and the radio-
carbon chronology revealed a far more complicated history of 
ice cover than could be explained with LIS cover fl owing solely 
from the west (Brookes, 1977; Grant, 1977). With the addition of 

 subsequent offshore data (Stea et al., 1998; Piper and MacDon-
ald, 2001), it seemed clear that a multidomal LIS covered the 
entire Atlantic provinces and Maine, or that there were peripheral 
ice caps over the Atlantic provinces.

Meanwhile, evidence was increasing for a highly dynamic 
LIS (Andrews and Miller, 1979; Andrews et al., 1985). Research 
on the Antarctic ice streams revealed that high domes at the 

Figure 2. A: Map of eastern Canadian Arctic showing three Last Glacial 
Maximum reconstructions of the Laurentide Ice Sheet. 1—maximum 
extent representative of the Flint (1943) paradigm; 2—minimal extent 
from Dyke and Prest (1987); 3—most recent reconstruction of Dyke et 
al. (2002). B: Schematic cross section showing ice sheet profi les super-
posed on topographic profi le for the landscape near x–x′ line in A.
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center of ice sheets could be drained through low-gradient 
(~1–2 m/km), very fast-moving (~500 km/yr) ice streams that 
account for most of an ice sheet’s discharge into adjacent seas 
(Bentley, 1987). Based on the Antarctic Ice Sheet as an analogue 
(Hughes et al., 1985), research was carried out along the former 
bed of the LIS, and indicated that it also had low-gradient outlet 
glaciers and ice streams where it fl owed over soft sediments on 
land (e.g., Clark, 1994; Patterson, 1998) and in marine troughs 
(e.g., Alley and MacAyeal, 1994). In the North Atlantic deep 
sea, widespread layers of ice-rafted detritus (Heinrich layers) 
were found periodically throughout cores of marine sediments 
deposited during the last glacial cycle (Heinrich, 1988; Bond et 
al., 1992, 1993). Heinrich-type layers of detrital carbonate were 
also found in the Labrador Sea and in Baffi n Bay (e.g., Andrews 
et al., 1998), and were traced to Hudson Strait (Andrews and 
Tedesco, 1992; Andrews et al., 1998; Grousset et al., 2000; 
Andrews and MacLean, 2003; Hemming and Hajdas, 2003). 
The combination of terrestrial, marine, and ice sheet modeling 
studies led to a new understanding of LIS behavior that was 
far more dynamic than previously envisioned (e.g., Alley and 
MacAyeal, 1994; Kaplan et al., 1999).

Continued examination of ice extent using new approaches 
and techniques gradually challenged the minimum LIS model and 
improved our understanding of ice dynamics (Fig. 2) (Jennings, 
1993; Bierman et al., 1999; Marsella et al., 2000; Kaplan et al., 
2001; Miller et al., 2002; Marquette et al., 2004). Between earlier 
(Dyke and Prest, 1987) and more recent compilations of LIS lim-
its during the LGM (Dyke et al., 2002), reconstructed ice margins 
were expanded in several regions in eastern Canada as a result of 
both terrestrial (lake sediment and cosmogenic nuclide exposure 
dating) and marine (coring, imaging) research (e.g., Josenhans 
et al., 1986; Clark and Josenhans, 1990; Jennings, 1993). Analy-
sis of remotely sensed data revealed mega-scale bedforms across 
the former footprint of the LIS, and indicated remarkable varia-
tion in past ice fl ow patterns (Boulton and Clark, 1990; Clark, 
1997; Veillette et al., 1999; Stokes and Clark, 2002). In Labra-
dor, Klassen’s (1994) interpretation of till geochemistry and clast 
provenance data revealed more than ten large-scale (>200 km) 
crosscutting fl ow directions, indicating complex paleoglacier 
dynamics over the region.

Much of the variation in the LIS ice fl ow record was thought 
to have occurred during the last glacial cycle, and its discovery 
led to three important conclusions: (1) LIS domes that persisted 
throughout the last glacial cycle were not only deglacial phe-
nomena, but existed and shifted their location throughout the 
last glacial cycle, (2) the shifting of domes was likely related to 
ice stream activity (e.g., Stokes and Clark, 2001; Jansson et al., 
2003), and (3) in some places erosion was not substantial enough 
to remove prior bedforms, indicating minimal glacial erosion 
and landscape preservation near ice sheet centers (Kleman and 
Hättestrand, 1999). Several studies showed that large portions of 
former ice sheets were frozen to the bed and preserved ancient 
(preglacial) terrain upon deglaciation (e.g., Shilts et al., 1979; 
Dyke, 1993; Kleman, 1994; Dredge, 2000).

COSMOGENIC NUCLIDE BACKGROUND

Isotopes produced in situ at Earth’s surface (e.g., the radionu-
clides 36Cl, 26Al, 14C, 10Be, and the noble gases 21Ne and 3He) via 
bombardment by cosmic rays are now used routinely in geomor-
phic studies, including ice sheet research. Because these isotopes 
are mostly produced in the upper several meters of Earth’s sur-
face (Lal and Peters, 1967), a thickness that is readily infl uenced 
by glacial erosion, ice sheet processes and their timing can be 
constrained. Readers are referred to recent comprehensive review 
papers on cosmogenic nuclide systematics and applications for 
information on the method (Gosse and Phillips, 2001; Cockburn 
and Summerfi eld, 2004).

Cosmogenic nuclides have been used to address LIS his-
tory and dynamics in three main ways. First, cosmogenic nuclide 
exposure dating (Gosse and Phillips, 2001, and references 
therein) is used to constrain the timing of deglaciation by dating 
the deposition of erratics and moraine boulders and the exposure 
of ice-sculpted bedrock surfaces. A second application involves 
comparing measured nuclide concentrations to independent ages. 
In this approach, the presence or absence of inheritance (e.g., Bri-
ner and Swanson, 1998) is used to address the effi ciency of gla-
cial erosion and to elucidate the spatial patterns of erosive versus 
nonerosive ice. A third application is based on measuring pairs of 
cosmogenic nuclides with different half-lives in shielded bedrock 
surfaces or buried sediments on long (>100 k.y.) timescales. This 
multiple-nuclide approach allows nonunique inferences about 
surface exposure, burial, and erosion histories over time.

APPLICATIONS

Chronology: Western and Southern LIS Margins

Several cosmogenic nuclide studies over the last decade 
have dated the timing of LIS deglaciation (Fig. 1). Most of these 
studies provide age information in areas with previously scant 
chronology and have made substantial contributions toward solv-
ing historical debates concerning the extent of the LIS during the 
LGM. At the northwestern margin of the LIS (Fig. 1), Duk-Rod-
kin et al. (1996) report four 36Cl ages that constrain the timing of 
deglaciation from the LGM advance to 20–28 ka, and two 36Cl 
ages from a recessional limit to ca. 19 ka. Along the southwest-
ern sector (Fig. 1), Jackson et al. (1997, 1999) provided 19 36Cl 
ages from erratics and moraine boulders in an area where the 
age of the most recent LIS and CIS convergence had remained 
controversial. All but one of the samples yielded ages between 
ca. 12 and ca. 18 ka (one anomalously old age is suspected to 
have resulted from inheritance), indicating an absence of an ice-
free corridor between the LIS and CIS during the LGM (Jackson 
et al., 1997, 1999). At the southeastern margin, where the LIS 
terminated along the present coast of the northeastern United 
States (Fig. 1), Balco et al. (2002) provide boulder 10Be and 26Al 
ages from a terminal moraine and a stratigraphically younger end 
moraine, respectively. The age of the terminal moraine is 23.2 
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± 0.5 ka (n = 13); the younger moraine is 18.8 ± 0.4 ka (n = 10). 
Farther north, Gosse et al. (2006) dated boulders to constrain the 
timing of deglaciation at 13.5 ± 0.4 ka (n = 4) on the Saint John’s 
Highlands, Great Northern Peninsula of Newfoundland, and 20.9 
± 3.0 ka on a boulder on the summit of Big Level. Both localities 
were previously believed to be ice-free “nunataks” during at least 
the last and penultimate glaciations, if not the entire Quaternary 
(Grant, 1977). These ages helped spawn new interpretations from 
other regions in western Newfoundland that were also thought to 
have been ice-free (Brookes, 1977).

Chronology: Northeastern Margins

Several studies have taken place along the northeastern 
sector of the LIS, an area with historically controversial LGM 
reconstructions. The glacial history of the Torngat Mountains, 
Labrador (Fig. 1) was intermittently studied over the past century 
(e.g., Daly, 1902; Coleman, 1920; Odell, 1933; Ives, 1957, 1978; 
Clark, 1988; Bell et al., 1989). Owing to the diffi culty of access 
and scale of the range, most studies concentrated in areas with 
the best-preserved record or where coastal inlets provided access. 
Most of this mountain range (and the Arctic regions discussed 
next) is above the tree line, and radiocarbon chronologies are 
mostly limited to sediments below the marine limit. The principal 
contributions in Labrador from cosmogenic nuclide studies are 
the dating of LGM and recessional moraines that could never be 
dated previously (Clark et al., 2003; Marquette et al., 2004). The 
prominent Saglek moraine system was shown to consist of two 
or more components, with an outer ridge dating in the range of 
25–18 ka (Marquette et al., 2004), and an inner ridge dating from 
13.5 to 11 ka (Clark et al., 2003; Marquette et al., 2004). This 
new dating built on the only previous age on the Saglek moraine, 
which was a basal lake sediment date at Square Pond along the 
outermost and highest moraine ridge (Clark et al., 1989). Younger 
moraines higher in the fi ord and in cirques have been dated to 
trace the deglacial history through the Holocene (Marquette et 
al., 2004). However, it was the ubiquitous lack of moraines (with 
some exceptions in the Nachvak Fiord region) (Bell et al., 1989) 
for the older glaciations that caused earlier workers to interpret 
the coastal highlands of the Torngat Mountains to be ice-free (e.g., 
Koroksoak Zone of Ives, 1957, 1978) and to interpret altitudinally 
separable zones of differential weathering as trimlines indicating 
the vertical limit of penultimate glaciations. In lieu of moraines, 
Marquette et al. (2004) dated boulders exposed on local promon-
tories. The selected boulders were often only subtly different from 
the underlying bedrock (e.g., in color, grain size, or mineralogy); 
however, in most instances the boulders were from the Archean 
gneisses of the Torngat Mountains, which led previous authors to 
preclude them as erratics. The majority of boulders dated to ca. 
11.7 ka (n = 14; Marquette et al., 2004) and were interpreted to 
indicate that ice persisted through the Younger Dryas chronozone 
even on the broad summits that were previously interpreted as 
nunataks. The lack of boulders on the highest steep peaks may 
indicate they projected through the LIS as nunataks.

Several cosmogenic nuclide studies have shown that glacial 
features on Cumberland Peninsula, Baffi n Island (Fig. 1), previ-
ously believed to be pre-LGM in age are in fact LGM features 
(Steig et al., 1998; Marsella et al., 2000; Kaplan et al., 2001; 
Miller et al., 2002; Kaplan and Miller, 2003). These studies favor 
a larger LGM ice extent than previously depicted in the mini-
mum ice model, supporting marine core fi ndings (e.g., Jennings, 
1993). On northern Cumberland Peninsula, Steig et al. (1998) 
provided six exposure ages from surface clasts from three lateral 
moraine segments. The ages increase on morphostratigraphically 
older moraines, from 13.4 ± 3.0 ka (n = 3) to 20.6 ± 0.6 ka (n 
= 1) to ca. 35.7 ± 1.1 ka (n = 2). In the uplands above the high-
est moraine, bedrock tors have ages of >50 and >65 ka, and lake 
basins have sediment preserved from prior to the LGM (Steig et 
al., 1998; Wolfe et al., 2001).

On southern Cumberland Peninsula, the prominent Duval 
moraines, previously ascribed to pre-LGM based on radiocarbon 
ages and relative weathering criteria (Dyke, 1979), were part of a 
comprehensive exposure dating campaign (n = 47) that revealed 
their LGM age (Marsella et al., 2000). The age interpretation is 
not without complications, however, even considering the large 
sample set (n = 17) that was obtained on the Duval and associated 
recessional moraines. There is a clear bimodal distribution of the 
ages centered at ca. 22 and ca. 10 ka, which also exists outside of 
the Duval limit, suggesting that the outer LGM ice margin does 
not correspond to a moraine. In addition, the 25 ages that Kaplan 
et al. (2001) reported from scoured bedrock in adjacent Cum-
berland Sound support LGM ice occupation of the sound to the 
continental shelf with deglaciation occurring ca. 11–12 ka. How-
ever, many of the bedrock samples contain inheritance (Kaplan 
and Miller, 2003) indicating limited glacial erosion. Finally, six 
exposure ages from eastern Cumberland Peninsula were reported 
for the fi rst time in Miller et al.’s (2002) synthesis of the LIS on 
Baffi n Island. Similar to the Steig et al. (1998) study, fi ve of the 
ages come from a fl ight of three lateral moraine segments border-
ing Sunneshine Fiord, with ages of 7.6 ± 0.7 ka (n = 2) to 22.0 
± 2.3 ka (n = 1) to 35.4 ± 3.5 ka (n = 2). An upland bedrock sam-
ple is older than 77 ka. The youngest ages are in contradiction 
with an ocean sediment core taken within the moraines that has a 
basal age of ca. 14 ka, but appear to be generally compatible with 
the northern Cumberland Peninsula ages (Miller et al., 2002).

Briner et al. (2005) obtained exposure ages from 103 errat-
ics on the Clyde Foreland to determine the LGM ice limit on 
northeastern Baffi n Island. The foreland was subdivided into 
zones covered by erosive ice (dominated by moraines and an 
overall scoured appearance) and nonerosive ice (dominated by 
lateral meltwater channels and nonglacial topography). Exposure 
ages from both zones are consistent with LGM ice cover of the 
foreland, but only a subset of the ages from the unscoured zone 
fall within the LGM/deglacial period, indicating an overall high 
amount of inheritance. Davis et al. (2006) obtained 13 exposure 
ages on erratics on and beyond the raised Aston Delta (Løken, 
1966), ~50 km to the south of the Clyde Foreland. Because the 
intact delta is radiocarbon dated (>54 ka) to prior to the LGM, the 
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Aston Delta became a cornerstone for limiting LGM ice to fi ord 
and sound heads. The 14.1 ± 0.8 ka average exposure age based 
on seven erratics that constitute the youngest age cluster reveals 
that a nonerosive LIS overran the delta during the LGM (Davis et 
al., 2006). These studies on northeastern Baffi n Island, together 
with the exposure ages from Cumberland Peninsula, clearly illus-
trate the complicated nature of exposure dating in terrains cov-
ered by minimally erosive ice.

Cosmogenic nuclides have been used in other applications 
aimed at understanding the LIS with mixed success. Erratics from 
northernmost Baffi n Island have 10Be and 26Al ages consistent with 
restricted LGM ice, contradicting a growing body of evidence 
from elsewhere; however, the ages are diffi cult to place in context 
or evaluate as they have only appeared in one abstract (McCu-
aig et al., 1994). Raised shorelines provide important indications 
of the history of ice thickness and rate of deglaciation (Walcott, 
1970). Emergence curves reveal the half response time of  different 

regions, and provide insights into mantle rheology (Peltier, 1996). 
In arctic Canada, shoreline emergence curves have been recon-
structed from radiocarbon-dated driftwood and marine and land 
fauna (Dyke et al., 1992). Uncertainty in the marine radiocar-
bon reservoir effects and reworking of wood and shell material 
often limit the accuracy and precision of emergence curves. Cos-
mogenic nuclide dating of shorelines was done fi rst on Prescott 
Island in the central Arctic (Gosse et al., 1998). Ages on boulders 
(n = 6) that arose from the reworking of LIS till on beaches from 
modern to 120 masl allowed the construction of emergence curves 
indistinguishable from the radiocarbon-dated (n = 41) emergence 
history of Dyke et al. (1992) (Fig. 3). However, shoreline cosmo-
genic nuclide ages from cobbles, pebbles, and plucked bedrock 
surfaces (n = 16) typically yielded ages older than the radiocarbon 
data, probably due to nuclide inheritance.

Ice Sheet Dynamics

Cosmogenic nuclides are also used to reconstruct spatial pat-
terns of glacial erosion by the LIS. The origin of differentially 
weathered mountain landscapes has led to historically contrast-
ing views on ice sheet extent across the Northern Hemisphere. 
While some workers have argued that highly weathered uplands 
persisted as nunataks during the last glaciation (e.g., Ives, 1957, 
1978; Grant, 1977; Nesje and Dahl, 1990; Steig et al., 1998; Bal-
lantyne, 1998; Rae et al., 2004), others have suggested that dif-
ferent “weathering zones” (Pheasant and Andrews, 1973; Boyer 
and Pheasant, 1974; Ives, 1978) represent different basal ther-
mal regimes, hence differential glacial erosion by an overriding 
LGM ice sheet (Sugden, 1977; Sugden and Watts, 1977; Hall and 
Sugden, 1987; Bierman et al., 2001; Briner et al., 2003; Hall and 
Glasser, 2003; André, 2004; Marquette et al., 2004; Staiger et al., 
2005; Gosse et al., 2006). Until the application of cosmogenic 
nuclides to these landscapes, their history and relation to ice sheet 
extent remained enigmatic. Cosmogenic nuclide data from differ-
entially weathered mountain landscapes have several important 
implications for interpreting nunataks, trimlines, perched erratics, 
ice sheet thickness, ice sheet extent, spatial patterns of basal ther-
mal regimes and glacial erosion, and ultimately ice sheet dynam-
ics. Thus, all of these topics are covered in this section.

Differentially weathered mountain landscapes have been 
examined in several areas along the eastern LIS. Several sam-
ples from the Marsella et al. (2000) study address differentially 
weathered landscapes. For example, the exposure ages of errat-
ics both above and below the prominent trimline at the Duval 
moraines yield the same age distribution, suggesting that the 
trimline does not represent the LGM ice limit. In addition, Bier-
man et al. (2001) report a ca. 9 ka upland erratic resting adjacent 
to >100 ka highly weathered bedrock, indicating the emplace-
ment of the erratic by cold-based ice that did not erode the bed-
rock. Since the investigations on Cumberland Peninsula and in 
Newfoundland, more samples have been collected and analyzed 
both from Baffi n Island and from Labrador. On northeastern Baf-
fi n Island, Briner et al. (2003) reported three deglacial-aged errat-

Figure 3. 10Be ages on boulders on beaches of Prescott Island, central 
Arctic. Ages are not corrected for small effects of snow cover, erosion, 
or changes in production rate due to uplift. One age (14.2 ka) is not 
plotted and is considered an outlier based on the regional deglacial 
history according to Dyke et al. (1992). Errors are 1σ on AMS preci-
sions. Solid curve is exponential fi t to 10Be ages. Dashed curve is drift-
wood-based radiocarbon-dated shoreline emergence curve for adjacent 
Prince of Wales Island (Dyke et al., 1992).
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ics perched on bedrock surfaces (Fig. 4) that have much older 
exposure ages (older than 60 ka); these data mandate cold-based 
LIS ice cover on highly weathered interfi ord uplands during the 
LGM. Following their initial study, Briner et al. (2006) obtained 
cosmogenic nuclide measurements from 27 erratics perched in 
upland weathered terrain and 33 bedrock samples from three dif-
ferent weathering zones across four fi ords on northeastern Baffi n 
Island. These data confi rm earlier hypotheses of upland glacier-
ization during the LGM (e.g., Sugden and Watts, 1977; Sugden, 
1977), and provide new information on patterns of glacial ero-
sion of a fi ord landscape. For example, 10Be and 26Al concentra-
tions increase and their ratios decrease with elevation from fi ords 
to interfi ord uplands (Briner et al., 2006). The data indicate that 
signifi cant glacial erosion (>2 m) occurred in fi ords and valleys, 
between one and two meters of erosion occurred at intermedi-
ate elevations, and negligible erosion occurred at the highest 
elevations during the last glaciation. This pattern of erosion also 
existed prior to the LGM, as revealed by 26Al/10Be ratios, which 
provide information on long-term exposure, burial, and glacial 
erosion histories (see below).

Cosmogenic nuclide measurements on bedrock in the Torn-
gat Mountains, Labrador (Fig. 1), show an increasing trend in 
concentration with increasing elevation (Staiger et al., 2005). 
Bedrock in the valleys has cosmogenic nuclide concentrations 
equivalent to adjacent boulders, whereas bedrock ages are ca. 
20–90 ka in the intermediate weathering zone and ca. 80–300 ka 
in the highly weathered zone. Because ice covered all but the 
highest peaks, as recently as 11 ka, Staiger et al. (2005) pro-
posed that the ice eroded bedrock more deeply at low elevations 
than on higher summit plateaus, in accordance with changes in 
basal thermal regime. The interpretation that erosion rates vary 
beneath polythermal ice is supported by soils (Marquette et al., 
2004) and numerical model simulations of basal sliding and 
hydrology of the LIS and local ice caps in Labrador (Staiger et 

al., 2005). Measurements of 10Be inventories in middle Holocene 
 glaciolacustrine deltaic sediment in north-central Baffi n Island 
also reveal a large inheritance component (Gosse et al., 2005). 
If the deltaic sand 10Be concentrations were interpreted as ages, 
they would correspond to exposures older than 30 ka. This indi-
cates that even in the glaciofl uvial system that fed the delta, most 
of the sediment is not sourced from meters below the surface, 
but instead from till and bedrock that has not been signifi cantly 
eroded by the last ice cover.

A study from the southern margin of the LIS also indicates 
the spatial variability of glacial erosion. Colgan et al. (2002) 
provide cosmogenic nuclide measurements on 16 LIS-sculpted 
bedrock samples near the margin of the Green Bay lobe. A sig-
nifi cant amount of inheritance and sample-to-sample variability 
was found in samples (n = 7) that were collected from erosion-
resistant lithologies in low-lying areas close to the LGM mar-
gin. In contrast, samples collected farther from the ice margin 
gave tightly clustered model ages consistent with extensive, 
preexisting radiocarbon estimates for the age of deglaciation. 
Combined with studies from arctic terrains (e.g., Bierman et al., 
1999; Briner et al., 2003, 2005, 2006; Marquette et al., 2004; 
Davis et al., 2006), these data highlight the spatial variability of 
glacial erosion.

Cosmogenic Nuclide Ratios

In some cases, cosmogenic nuclides have been used to recon-
struct the long-term history of the LIS by exploiting the faster 
decay of 26Al (t

1/2
 = 700 k.y.) with respect to 10Be (t

1/2
 = 1.5 m.y.; 

Lal, 1991; Bierman et al., 1999; Fabel and Harbor, 1999). This 
isotopic disequilibrium can be used to detect periods of prolonged 
shielding from cosmic rays following initial exposure. Prolonged 
burial is implied when the measured ratio of 26Al/10Be is lower 
than that expected from the measured concentration of 10Be.

Figure 4. Erratics perched on weathered bedrock from Labrador (A) and Baffi n Island (B).
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Gosse et al. (1993, 1995b) and Bierman et al. (1999) fi rst 
applied 26Al/10Be data in glacial terrains by sampling upland tors 
along the eastern margin of the LIS. In Newfoundland, tor samples 
recorded a minimum of ~100 k.y. of burial, indicating that they 
had been covered by glacier ice, perhaps intermittently, but not 
signifi cantly eroded, for that duration (Gosse et al., 1993, 1995b, 
2006). The 26Al/10Be ratio for the least weathered (lowest) zone 
is 5.9 ± 0.5 (n = 1), which is the same as the ratio expected for a 
continuously exposed surface in the late Pleistocene (~6.0 ± 0.1; 
Gosse and Phillips, 2001). On the other hand, the ratios of tor-like 
bedrock knobs in the most weathered (highest) zone are substan-
tially lower at 4.4 ± 0.4 and 5.1 ± 0.2. These ratios show that at 
least some of the bedrock surfaces within the highest weathering 
zone have an exposure history that was substantially interrupted by 
prolonged shielding. Seven tor samples from Cumberland Penin-
sula on Baffi n Island have 26Al and 10Be values consistent with at 
least 550 k.y. of surface history, including at least 420 k.y. of burial 
(Bierman et al., 1999). These were some of the fi rst data demon-
strating nonerosive cold-based ice cover of weathered uplands, 
and were suggestive of LGM ice cover, a hypothesis supported by 
later data from a nearby erratic (Bierman et al., 2001).

Marquette et al. (2004) and Briner et al. (2006) provide 
additional ratio data for Labrador and northeastern Baffi n Island, 
respectively. In Labrador, 26Al/10Be data from four bedrock samples 
representing all three weathering zones reveal a lack of long-term 
burial in the recently eroded zone (n = 1), and increasing burial 
with elevation from the intermediately weathered (~80 k.y.; n = 1) 
to highly weathered (~175 k.y.; n = 2) zones. Briner et al. (2006) 
found similar results, showing no long-term burial in recently 
sculpted (n = 6) or intermediately weathered (n = 7) bedrock, but 
an average of ~300 k.y. of burial in upland tors (n = 10).

In midwestern North America, Bierman et al. (1999) used 
the discordance of 26Al/10Be ratios to place limits of the age of 
four Sioux Quartzite outcrops exposed outside the LGM mar-
gin. The exceptionally hard, striated bedrock had 26Al/10Be ratios 
varying from 4.3 to 5.2. Although there is no unique interpre-
tation for these data, they allowed Bierman et al. (1999) to set 
limits on the exposure history and suggest that the bedrock was 
last covered by ice at least half a million years ago. Balco et al. 
(2005a, 2005b) have made recent progress toward extending the 
use of cosmogenic nuclides to LIS deposits farther back in time 
by developing a technique that utilizes 10Be and 26Al concentra-
tions and ratios in buried tills in the midwestern United States. 
The ages of several early and middle Pleistocene tills have been 
constrained (e.g., Balco et al., 2005b), and relatively abundant 
inheritance in some tills allowed Balco et al. (2005c) to constrain 
the timing of the oldest maximum ice sheet advances (ca. 2.4 Ma) 
that overran and reworked pre-Quaternary regolith that had high 
cosmogenic nuclide concentrations.

EMERGING STRENGTHS AND CHALLENGES

After a decade of cosmogenic nuclide applications to LIS 
research, we have an improved understanding of LIS chronology, 

LGM ice extent, and ice sheet dynamics. At the same time, we 
have a much better appreciation of the complexities associated 
with cosmogenic nuclide applications, especially those involved 
with using exposure dating in landscapes formerly covered by 
cold-based ice.

Because exposure dating studies are complicated by land-
form instability and inheritance, a relatively large number of 
samples has the potential to provide a more precise chronology 
and a more robust means by which to identify outliers. In land-
scapes covered by cold-based ice, inheritance is prevalent and 
spatially complicated (Fig. 5). Davis et al. (1999) and Colgan et 
al. (2002) explicitly deal with inheritance, and together provide 
some guidelines on minimizing its effects. Of 16 samples dated 
in the glacially scoured terrain at Cumberland Sound by Kaplan 
and Miller (2003), at least seven contain nuclides inherited from 
previous periods of surface or near-surface exposure. Both Mar-
sella et al. (2000) and Briner et al. (2005) report large numbers 
of moraine and erratic boulders that appear to contain inherited 
nuclides (50% of Duval moraine boulders, 60% of Clyde Fore-
land erratics); these studies took place in terrains partially cov-
ered by cold-based ice. Boulders with inherited nuclides were 
either deposited during the most recent ice sheet advance already 
carrying that inheritance, or deposited on the landscape during a 
prior advance, then received exposure that was subsequently pre-
served beneath cold-based ice of the youngest advance. Although 
it is diffi cult to separate these scenarios, a cluster of samples with 
similar inheritance has been interpreted to indicate that boulders 
can survive beneath younger advances (Marsella et al., 2000; Bri-
ner et al., 2005). Davis et al. (2006) report the preservation of a 
pre-LGM delta (the Aston Delta), along with associated beaches 
and meltwater channels, beneath cold-based LGM ice on Baf-
fi n Island. This fi nding supports the notion that cold-based ice 
can overrun preexisting moraines, erratics, and unconsolidated 
deposits with minimal disturbance. Similarly, clasts isolated 
from tills in interior Baffi n Island contain abundant inheritance, 
supporting minimal glacial erosion there (Staiger et al., 2004). 
Inheritance is clearly present and even prevalent within the LGM 
extent of the LIS (Fig. 5).

Cosmogenic nuclide studies that have taken place in differ-
entially weathered mountain landscapes explicitly address his-
torically debated LGM ice sheet reconstructions. Nuclide con-
centrations measured in bedrock confi rm that weathering zones 
represent different surface exposure durations, supporting relative 
weathering studies. The interpretation that differential ice sheet 
erosion (Fig. 6) gave rise to differentially weathered mountain 
landscapes is supported by the abundance of bedrock surfaces 
within the LGM ice limit that have pre-LGM cosmogenic nuclide 
concentrations and the presence of perched erratics on weathered 
uplands (Fig. 4). Because 10Be and 26Al half-lives are too long 
to detect recent burial, 26Al/10Be data only provide information 
on long-term ice sheet burial history. On the other hand, expo-
sure ages from perched erratics can constrain the age of the most 
recent period of upland glacierization. Dating upland erratics has 
the highest potential to address LGM ice sheet  reconstructions 
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Figure 5. Erratic and moraine boulder (A) and bedrock (B) cosmogenic nuclide ages from the published literature from Labrador and Baffi n 
Island. All ages have been recalculated using the same production rate (5.1 g atoms–1 yr–1). A: All samples are interpreted to be from within the 
LGM ice limit. Samples from above and below regional trimlines have pre-LGM cosmogenic nuclide ages, indicating the abundance of inheri-
tance. B: Cosmogenic nuclide ages are subdivided into sculpted, intermediately weathered, and tor samples, revealing increasing inheritance with 
surface type/elevation. Because the boundaries (trimlines) between surface type dip seaward, absolute elevation has only a moderate correlation 
with cosmogenic nuclide age.
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in differentially weathered mountain landscapes, but because 
nuclides from prior exposure periods remain in many of these 
boulders, reliably identifying LGM ice presence requires dating 
many upland erratics.

In most cases, it has been the combination of cosmogenic 
nuclide data with other information that has provided new infor-
mation on LIS history and dynamics. For example, relative 
weathering parameters (soils and bedrock characteristics) from 
different elevations in mountain landscapes provide an essen-
tial context for interpreting the complex pattern of cosmogenic 

nuclide concentrations. In other cases, the preservation of pre-
LGM lake sediments in lake basins (e.g., Wolfe et al., 2000) or 
lateral meltwater channels has provided independent evidence 
for cold-based ice (e.g., Briner et al., 2005; Davis et al., 2006). 
Studies in other parts of the world have documented the glacial 
modifi cation of highly weathered features (e.g., Hall and Glasser, 
2003; André, 2004) and glacial erosion by cold-based ice (e.g., 
Cuffey et al., 2000; Atkins et al., 2002). Combining this type of 
detailed research with cosmogenic nuclide measurements will 
add to our growing understanding of ice sheet dynamics.

CONCLUSIONS

The application of cosmogenic nuclides has made substantial 
contributions toward LIS extent and dynamics. Exposure dating 
has constrained the age of LIS marginal deposits that previously 
lacked chronologic control, and has contributed to the resolution of 
long-standing debates in the Cordillera, eastern Canadian Arctic, 
and the Maritime provinces. Sediment burial dating has allowed 
us to date ice sheet deposits much farther back in time than surface 
exposure techniques. Cosmogenic nuclide studies have proven to 
be useful in studying LIS dynamics, leading to reinterpretations 
of trimlines, weathering zones, and enigmatic perched erratics, as 
well as the subsequent reconstruction of spatial patterns of basal 
thermal regimes and subglacial erosion. However, many questions 
remain. For example, although there is now general understand-
ing of LIS dynamics in fi ord landscapes, studies have taken place 
in relatively few regions and it is uncertain whether cosmogenic 
nuclide results to date can be extrapolated to less-studied regions. 
Our understanding of glacial erosion processes will likely improve 
as cosmogenic nuclide concentrations are measured in more sam-
ples. In particular, more data should help constrain the frequency 
and spatial distribution of inheritance from prior exposure periods, 
at both the local and regional scales. Cosmogenic nuclides also 
have potential to add to our understanding of ice sheet dynamics 
in interior regions of the LIS. With the future application of cos-
mogenic 14C in quartz, diffi culties associated with inheritance will 
be minimized. Continuing improvements in reducing the effect of 
other sources of error (e.g., snow cover, production rates, moraine 
erosion) should result in a signifi cantly improved history of the 
LIS over the past half million years.
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Figure 6. Northeastern sector (Foxe Dome) of the Laurentide Ice Sheet 
showing the most recently reconstructed Last Glacial Maximum ice 
limit (thick black line) from Dyke et al. (2002) and hypothesized Last 
Glacial Maximum ice limit (dashed lines) from Briner et al. (2006). 
The thin black lines represent ice fl ow, and the gray areas represent the 
hypothesized locations of ice streams, whose fl ow pattern gave rise to 
differentially weathered mountain landscapes.
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