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Abstract. To understand the erosivity of the eastern portion of the Laurentide Ice Sheet and the isotopic 12 
characteristics of the sediment it transported, we sampled buried sand from deglacial features (eskers and deltas) 13 
across eastern Canada (n=10), a landscape repeatedly covered by the Quebec-Labrador Ice Dome. We measured 14 
concentrations of 10Be and 26Al in quartz isolated from the sediment and, correcting for sub-surface cosmic-ray 15 
exposure after Holocene deglaciation, used these results to determine nuclide concentrations at the time the ice sheet 16 
deposited the sediment. To determine what percentage of sediment moving through streams and rivers currently 17 
draining the field area was derived from incision of thick glacial deposits as opposed to surface erosion, we used 18 
10Be and 26Al as tracers by collecting and analyzing modern river sand sourced from Holocene-exposed landscapes 19 
(n=11). 20 

We find that all ten deglacial sediment samples contain measurable concentrations of 10Be and 26Al 21 
equivalent on average to several thousand years of surface exposure––after correction, based on sampling depth, for 22 
post-deposition Holocene nuclide production. Error-weighted averages (1 standard deviation errors) of measured 23 
26Al/10Be ratios for both corrected deglacial (6.1±1.2) and modern sediment samples (6.6±0.5) are slightly lower 24 
than the production ratio at high latitudes (7.3±0.3) implying burial and preferential decay of 26Al, the shorter-lived 25 
nuclide. However, five deglacial samples collected closer to the center of the former Quebec-Labrador Ice Dome 26 
have much lower corrected 26Al/10Be ratios (5.2±0.8) than five samples collected closer to the former ice margins 27 
(7.0±0.7). Modern river sand contains on average about 1.75 times the concentration of both nuclides than deglacial 28 
sediment corrected for Holocene exposure. 29 

The ubiquitous presence of 10Be and 26Al in eastern Quebec deglacial sediment is consistent with many 30 
older-than-expected exposure ages, reported here and by others, for bedrock outcrops and boulders once covered by 31 
the Quebec-Labrador Ice Dome. Together, these data suggest that glacial erosion and sediment transport in eastern 32 
Canada were insufficient to remove material containing cosmogenic nuclides produced during prior interglacial 33 
periods both from at least some bedrock outcrops and from all glacially transported sediment we sampled. Near the 34 
center of the Quebec-Labrador Ice Dome, ratios of 26Al/10Be are consistently below those characteristic of surface 35 
production at high latitude. This suggests burial of the glacially transported sediment for at least many hundreds of 36 
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thousands of years and thus the possibility that ice at the center of the Quebec-Labrador Ice Dome survived many 37 
interglacials when more distal ice melted away. 38 
 39 
1. Introduction 40 
 Ice sheets are important geomorphic agents of high-latitude landscape change, and their activity reflects 41 
changes of climate on a global scale. During the Last Glacial Maximum (LGM), about 20-25 ka, the Laurentide Ice 42 
Sheet (LIS) was the largest body of ice in the Northern Hemisphere, covering most of Canada and the northern 43 
United States (Dalton et al., 2022). Its disappearance during the latest Pleistocene and early Holocene (characterized 44 
by collapse of northern Canadian ice domes) revealed a complicated paraglacial landscape: one in which cycles of 45 
advance and retreat left behind deglacial landforms (both bedrock and sedimentary) while overriding, altering, and 46 
eroding those created previously (Occhietti et al., 2011). Because of this, in most places it is difficult to ascertain 47 
from the landscape much about LIS behavior prior to the LGM although landscape analysis in far northern Canada 48 
suggests inheritance of some bedrock landscape features from prior times of glaciation (Rice et al., 2020). 49 

Understanding paleo ice sheet behavior is important because it indicates how and when prior ice sheets 50 
melted during warming periods and readvanced when the climate cooled. Sub-glacial erosion not only shapes 51 
landscapes, but it also generates sediment that is both deposited on land and in adjacent marine basins. Such 52 
glacially derived marine sediment records millions of years of ice history and when cored can be used to understand 53 
past climates and ice sheet response (e.g., Larsen et al., 1994). More recently, analyses of cosmogenic nuclides in 54 
marine sediment have been used to decipher the Pleistocene history of the Greenland Ice Sheet (Bierman et al., 55 
2016) and to suggest that the LIS did not completely melt away during some and perhaps many interglacials of the 56 
last million years (LeBlanc et al., 2023). 57 

In this paper, we use cosmogenic nuclide concentrations to study glacially derived sediment deposited 58 
beneath and adjacent to the now-vanished LIS. We present concentrations of 10Be and 26Al measured in quartz 59 
isolated from buried deglacial sediments and modern river sand in Labrador and Quebec, Canada. After correcting 60 
isotopic concentrations of deglacial sediment for Holocene nuclide production, we use these data and 26Al/10Be 61 
ratios to infer paleo ice sheet persistence, erosion, and sediment transport efficiency, as well as to constrain the 62 
source of sediment in modern rivers. These results allow us to infer LIS behavior and erosivity during the late 63 
Pleistocene and improve interpretation of cosmogenic analysis of glacially-derived sediment in marine sediment 64 
cores such as those of LeBlanc et al. (2023). 65 
 66 
2. Background 67 

We know little about the LIS’s erosion and sediment transport behavior prior to the LGM because, each 68 
time the ice sheet advanced, it overran and remobilized datable sedimentary and morphological evidence of previous 69 
glaciations such as moraines, eskers, and ice-contact deltas. Because of this, few terrestrial records remain of pre-70 
LGM LIS behavior. In Quebec and Labrador, abundant streamlined bedrock outcrops, scoured lake basins, and 71 
multiple sets of striations provide evidence for a once-erosive LIS with warm-based, fast-sliding ice (Kleman et al., 72 
1994; Roy et al., 2009; Dalton et al., 2019). However, models commonly suggest that this region featured some of 73 
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the most cold-based and slowest moving ice of the entire LIS during the last glaciation (Tarasov and Peltier, 2007; 74 
Stokes et al., 2012; Melanson et al., 2013). Because the advancing LIS destroyed evidence of its past deposits and 75 
ice margin positions, it is difficult to disentangle the timing of cross-cutting striation formation (Kleman et al., 76 
2010); thus, our knowledge about how erosive or extensive this sector of the LIS was prior to the LGM is limited 77 
(Dalton et al., 2019; Batchelor et al., 2019).  78 

 79 
2.1. Using Cosmogenic Nuclides to Study Complex Glacial and Post-Glacial Histories 80 

Cosmogenic nuclides provide a means to understand paleo ice sheet behavior. These nuclides are rare 81 
isotopes, such as 10Be and 26Al, created when cosmic radiation bombards minerals at and near Earth’s surface 82 
including weathering-resistant quartz (Gosse & Phillips, 2001). Most nuclide production occurs within several 83 
meters of the surface via spallation reactions between neutrons and target elements in rock. A small amount of 84 
nuclide production is caused by smaller particles, muons, but because muons have low reactivity with matter, they 85 
can penetrate far more deeply below the surface than neutrons (Braucher et al., 2011). At depths below several 86 
meters, muons are responsible for most subsurface production of cosmogenic nuclides (Braucher et al., 2003).  87 

Because 10Be and 26Al are created in both rock and glacially deposited sediment, we can analyze their 88 
concentrations to infer the depth of glacial erosion, the persistence of glacial sediment on the landscape, and set 89 
limits on the extent and timing of sediment and rock burial by ice sheets (e.g., Briner et al., 2016; Bierman et al., 90 
2016; Marsella et al., 2000; Corbett et al., 2016b; Stroeven et al., 2002; Staiger et al., 2006; Harbor et al., 2006). The 91 
half-lives of 10Be and 26Al differ by a factor of two (~1.36 and ~0.73 My, respectively) and hence they decay at 92 
different rates. This dual isotope approach allows for a more detailed understanding of glacial presence over time 93 
(burial during which time nuclide production ceases) and the persistence of surficial materials (exposure when 94 
nuclide production occurs) (e.g., Nishiizumi et al., 2007; Nishiizumi, 2004; Nishiizumi et al., 1991; Bierman et al., 95 
1999).  96 

In situ ratios of 26Al/10Be at production are 7.3 ±0.3 (1σ) in high-latitude regions (Corbett et al., 2017). 97 
When a landscape is covered by a thick layer of ice such as the LIS, or if sediment is stored in deposits deep enough 98 
to prevent most cosmic ray penetration, production of in situ 26Al and 10Be slows or stops. As isotopes produced 99 
during initial exposure decay, the 26Al/10Be ratio falls (Klein et al., 1986; Bierman et al., 1999; Balco et al., 2005). 100 
This change becomes reliably measurable only after several hundred thousand years of burial. Re-exposure to 101 
cosmic rays at or near Earth’s surface will raise the 26Al/10Be ratio back toward that at production. However, if 102 
sediment is buried meters below the surface during interglacial periods (such as in deglacial deltas, coastal bluffs, or 103 
eskers), 26Al/10Be ratios depressed by LIS ice cover and/or storage in sedimentary deposits can be preserved (Corbett 104 
et al., 2016b; Bierman et al., 2016; Balco et al., 2005). Conversely, sediment, if it is sourced close to the surface, 105 
will have a higher 26Al/10Be ratio because of recent exposure to cosmic radiation (Nelson et al., 2014).  106 

Concentrations of 10Be and 26Al in glacial sediment reflect the history of that sediment and of the ice sheet 107 
that produced it over time. Long interglacial exposures, thin sediment cover, and bedrock that is resistant to erosion 108 
will allow high concentrations of nuclides to accumulate – for example, in central North America (Balco et al., 109 
2005). Persistent ice cover, high rates and depths of glacial erosion, and efficient sediment transport by ice will 110 
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lower nuclide concentrations in glacially derived sediment, such as in southern and western Greenland (Nelson et 111 
al., 2014). 112 
 113 
2.2. Laurentide Ice Sheet History and Deglaciation in Eastern Canada 114 
 For most of its recent inception (~118 ka) to final deglaciation (~8 ka), the LIS was characterized by three 115 
major ice domes, regions of especially thick, outflowing ice (~4 km in some places): Foxe Baffin Dome, Keewatin 116 
Dome, and the Quebec-Labrador Dome (Stokes et al., 2012; Dalton et al., 2022). Modeling suggests the formation 117 
of the Foxe Baffin Dome first (~118 ka), with ice growth then progressing southward to create the Keewatin Dome 118 
(~116 ka), and later the nucleus of the Quebec-Labrador Ice Dome (~114 ka) (Stokes et al., 2012). These domes 119 
coalesced into a single ice body and separated again as the LIS waxed and waned during its overall buildup through 120 
the last glacial cycle (Stokes et al., 2012; Dalton et al., 2022).  121 

Changes in LIS size are thought to have tracked the global marine oxygen isotope record, though 122 
uncertainties in ice volume and extent through time reflect the paucity of geologic constraints. For instance, the 123 
majority of Canada may have been ice-covered with the LIS reaching 70% of its LGM extent as early as Marine 124 
Oxygen Isotope (MIS) stage 5d (~110 ka) or not until MIS 4 (~60 ka) (Dalton et al., 2022). In contrast, the deglacial 125 
retreat of the LIS in eastern Quebec following the LGM is well constrained (Dalton et al., 2022; Ullman et al., 2016; 126 
Couette et al., 2023) (Figure 1).  127 
 It is debated how extensive and persistent the LIS was during Pleistocene interglacials (Zhou and 128 
McManus, 2023; LeBlanc et al. 2023). Cosmogenic nuclides in ice-rafted debris (IRD) from LIS icebergs 129 
discharged during the last glacial period have been used to infer the burial and exposure history of glacial sediment 130 
prior to its transport to the ocean (LeBlanc et al., 2023). These IRD 26Al/10Be ratios averaged 4.7±0.8 (LeBlanc et 131 
al., 2023), which is much lower than the high latitude production value of 7.3±0.3 (Corbett et al., 2017). Such 132 
depressed ratios require long (>million year) periods of burial (presumably by ice) throughout the Pleistocene, as 133 
interglacials with little to no ice would have yielded IRD with higher ratios from near-surface exposure (LeBlanc et 134 
al., 2023). LeBlanc et al.’s cosmogenic data challenge the commonly held assumption that all Pleistocene 135 
interglacials resulted in fully ice-free conditions in eastern Canada for at least thousands of years. 136 
 A similar debate concerns the magnitude of LIS retreat during interstadials within the last glacial period. A 137 
combination of luminescence dating, 14C dating, and cosmogenic nuclides (10Be and 26Al), along with evidence of a 138 
marine incursion into Hudson Bay, suggest that the portion of the LIS over Hudson Bay deglaciated during MIS 3 139 
(Dalton et al., 2019; Miller and Andrews, 2019). However, the reliability of these ages has been questioned and the 140 
timing of carbonate-rich Heinrich events H5 and H4 suggest that an intact Hudson Strait ice stream existed during 141 
MIS 3 (Miller & Andrews, 2019). With this debate unsettled, it remains uncertain how much the LIS ice margin 142 
retreated during interstadial periods.  143 
 Other studies have investigated LIS sensitivity to climate shifts on even finer time scales during the last 144 
deglaciation. For instance, there is evidence for ties between regional deglaciation and climate fluctuations based on 145 
37 10Be exposure ages in eastern Quebec and Labrador (Couette et al., 2023). These data are interpreted as 146 
indicating five still-stands or re-advances of the eastern LIS margin (~12.9 ka, ~11.5 ka, ~10.4 ka, ~9.3 ka, and 147 
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~8.4-8.2 ka) before its final collapse (Couette et al., 2023). These periods correspond with abrupt cooling events 148 
recorded in Greenland ice cores, likely triggered by meltwater discharge from the LIS (Couette et al., 2023). These 149 
recurring cold episodes may have helped delay final deglaciation of the Quebec-Labrador Ice Dome until ~4 ka after 150 
peak Holocene insolation and CO2 forcing (Ullman et al., 2016), making it a part of the LIS that lasted longer than 151 
most after the LGM (Dalton et al., 2020).  152 
 153 
2.3. Cosmogenic Nuclides as Tracers of Sediment Sourcing  154 

Cosmogenic nuclides have been used to identify sediment sources for both modern and paleo ice sheets. 155 
For example, Nelson et al., (2014) sampled rivers in the deglaciated areas of coastal Greenland. They found that 156 
10Be concentrations in Greenland sediment sourced from the ice sheet (6,500 ± 4,100 atoms g-1) were significantly 157 
lower than sediment sourced from deglaciated terrain (14,900 ± 8,600 atoms g-1, Nelson et al., 2014). This 158 
difference can be explained by contrasting exposure histories. Outboard of the ice margin 10Be concentrations in 159 
sediment increased when exposed to cosmic radiation since Holocene deglaciation while concentrations remained 160 
low under the ice sheet where production of 10Be is minimal. Sediments sourced from a mix of deglaciated and 161 
glaciated areas have 10Be concentrations that are much closer to those of the glacial than deglacial terrains. These 162 
results therefore suggest most sediment moving through river systems in glacial and paraglacial landscapes in 163 
Greenland comes from under the glacier as opposed to the adjacent deglaciated areas. 164 

In southwest Minnesota and eastern South Dakota, a similar approach was used to determine sediment 165 
sourcing in a deglaciated part of the midwestern United States (Balco et al., 2005). They inferred that modern river 166 
sediments were sourced primarily from rapid erosion of riverbanks that exposed glacial deposits because of similar 167 
10Be and 26Al concentrations (~60,000 and 270,000 atoms g-1, respectively) and much lower than production 168 
26Al/10Be in both (4.70 ± 0.29; n=9). If the modern sediment had come from slowly-eroding surfaces exposed to 169 
cosmic radiation after deglaciation, it would have had nuclide concentrations higher than deglacial sediment and 170 
higher 26Al/10Be. 171 
  172 
2.4. Assessing the Erosivity of Ice Sheets  173 
 Previously-published 10Be concentrations in bedrock and boulders within the historical range of the 174 
Quebec-Labrador Ice Dome reveal a varied pattern of erosion. Some areas were deeply eroded while others show 175 
evidence for inherited 10Be and less effective subglacial erosion (Ullman et al., 2016; Couette et al., 2023). For 176 
example, of the five boulders sampled by Couette et al. (2023) from the early Holocene Paradise Moraine in eastern 177 
Labrador, two have significant and obvious inheritance of nuclides from prior exposure with 10Be ages >20 ka, while 178 
the remaining three inaccurately date the moraine as older than a margin further from the center of the ice dome. 179 
Ullman et al. (2016) likewise found anomalously high 10Be concentrations in 10 out of 65 boulders along transects 180 
stretching eastward and southward from the center of the Quebec-Labrador Dome to the coast.  181 
 Comparable results have been found near the margin of other ice sheets. In western Norway, glacial erratic 182 
boulders on the island of Utsira, near the former margin of the Scandinavian Ice Sheet, have 10Be ages that are >10% 183 
too old (~20 ka) based on independent radiocarbon constraints on the timing of deglaciation (Briner et al., 2016). 184 
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The uniform concentration of inherited 10Be among all samples suggests that the elevated nuclide concentrations are 185 
the product of muon-induced production at depth rather than surface exposure where the sides and the bottom of 186 
boulders would have different concentrations than the top (Briner et al., 2016). Assuming brief ice cover only during 187 
maximum glacial phases, long interglacial exposure times at Utsira coupled with ineffective glacial erosion helped 188 
create and preserve this inherited muon-produced 10Be.  189 

Along Greenland’s western ice margin, most subglacial cobbles (72 out of 86) sampled had an extremely 190 
low concentration of 10Be (median = 1.0 x 103 atoms g-1), indicative of deep subglacial erosion and/or minimal prior 191 
surface exposure (Corbett et al., 2021). But, a subset of samples had higher 10Be concentrations (> 3 x 103 atoms g-1, 192 
n = 14), suggesting sourcing from minimally erosive, cold-based regions where bedrock and sediment still contained 193 
10Be accumulated during prior ice-free periods (Corbett et al., 2021). Halsted et al. (2023) and Colgan et al. (2002) 194 
found similar inheritance of 10Be in boulders and bedrock sampled near the former LGM margin of the LIS and 195 
attributed higher than expected concentrations of 10Be to minimal erosion during the brief time the ice occupied the 196 
marginal position. 197 
 198 
3. Study Site 199 
 The Quebec-Labrador Ice Dome occupied the eastern subarctic Canadian Shield, where bedrock consists of 200 
mostly Proterozoic quartzofeldspathic gneisses and granites (Hynes & Rivers, 2010). Soils are thin and punctuated 201 
by prominent bedrock outcrops and large glacial erratics (Ullman et al., 2016). Central and southern Quebec-202 
Labrador also includes multiple moraine systems that track the final deglaciation of the ice dome into the early 203 
Holocene (Ullman et al. 2016). There are eskers and substantial ice contact deltas where the ice front during 204 
deglaciation met a body of standing water (Liverman, 1997; Storrar et al., 2013). The paraglacial landscape is still 205 
experiencing isostatic glacial rebound, with greater changes in elevation since deglaciation towards the former dome 206 
center (Andrews & Tyler, 1977). Prominent isostatic rebound has occurred near James Bay and southern Hudson 207 
Bay, with ~300 m of rebound compared to ~100 m along coastal eastern Labrador (Andrews & Tyler, 1977).  208 
 Notable geographic features of this region include the St. Lawrence River, the Churchill River, and the 209 
Manicouagan Reservoir, an annular lake north of the Gulf of St. Lawrence formed in a depression caused by a 210 
meteor impact (Spray et al., 1998). The St. Lawrence River flows from southwest to northeast and is located 211 
southeast of the Quebec-Labrador Ice Dome’s center (Süfke et al., 2022). During final LIS deglaciation, the St. 212 
Lawrence River served as one of the major meltwater drainage systems (Süfke et al., 2022). The Churchill River 213 
flows east from the former center of the Quebec-Labrador Dome, draining into Lake Melville and then the Atlantic 214 
Ocean (Canadian Geographic, n.d.).  215 
 Eastern Canada is dominated by boreal spruce forests, sedges, and muskegs (shallow bogs covered in moss) 216 
(Payette et al., 1989). This sub-arctic ecosystem is prone to burning during arid periods in the summer, with a 217 
recorded fire history stretching back to the 1950’s (Payette et al., 1989). Northern Quebec and Labrador are 218 
classified under the Dfc climate zone (cool continental climate/subarctic) according to the Koppen climate 219 
classification system (Amani et al., 2019; Beck et al., 2018). During winter, ground-based measurements record a 220 
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mean of ~158 millimeters (mm) of snow water equivalent (SWE) for eastern Canadian boreal forests (Larue et al., 221 
2017). 222 
 223 
4. Methods & Materials 224 
 225 
4.1. Study Design 226 

Our primary goal is to measure and understand the concentrations of cosmogenic nuclides in sediment 227 
moved by the LIS in eastern Canada along a 1000-km transect (Figure 1). To constrain nuclide concentrations in 228 
materials deposited by the LIS (Table 1), we sampled deglacial sediment deposits (n=10) including ice-contact 229 
deltas and eskers as well as contemporary river sediment (Figure 2). We also collected modern river sediment 230 
samples (n=11) from main river trunks (St. Lawrence and Churchill River) as well as smaller tributaries to compare 231 
their 10Be and 26Al concentrations and 26Al/10Be ratios to those of deglacial samples to determine the source of 232 
sediment moving through contemporary streams and rivers (Table 1). We collected one sample from a bedrock 233 
outcrop. Our data provide context for measurements made in sand-sized sediment of glacial and interglacial age 234 
present in marine sediment cores collected offshore (LeBlanc et al. 2023). 235 
 236 
4.2. Field Methods 237 
 We collected samples along a transect running westward from Goose Bay, Labrador through the former 238 
center of the Quebec-Labrador Ice Dome at Labrador City and then southward to the St. Lawrence River near 239 
Quebec City (Figure 1). We collected sediment from deltas and eskers on clean faces in gravel pits or along river 240 
bluffs from 2 to 30 meters (m) below the upper surface to reduce the effect nuclide production following 241 
deglaciation. We used shovels to dig ~0.3 m into the side of the landform before collecting ~500 g of sand. We 242 
collected one exposed bedrock sample (Table 1). Modern river sediment samples were collected along shorelines 243 
upstream of any nearby development.  244 
 245 
 Table 1. Sample Location and Type 246 

Sample Name Type a  Latitude b  

(°N) 
Longitude b 

 (°W) 
Sample Site Elevation b 

(m) 

CF-02 Deglacial 
Sediment 53.5077 -63.9545 167 

LC-02 Deglacial 
Sediment 52.2011 -67.8722 537 

LC-04 Deglacial 
Sediment 51.7102 -68.0719 440 

LC-05 Deglacial 
Sediment 51.4881 -68.2192 391 

MC-01 Deglacial 
Sediment 50.4748 -68.8101 500 
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MC-02 Deglacial 
Sediment 48.6452 -69.0854 10 

GB-03 Deglacial 
Sediment 53.2572 -60.7848 36 

GB-05 Deglacial 
Sediment 53.0922 -61.8920 402 

SS-01 Deglacial 
Sediment 48.1030 -69.7213 10 

SS-05 Deglacial 
Sediment 47.1669 -70.8047 307 

CF-01 Modern River 
Sediment 53.5060 -63.9585 126 

CF-05 Modern River 
Sediment 53.0595 -66.2555 527 

LC-01 Modern River 
Sediment 52.3365 -67.5671 533 

LC-03 Modern River 
Sediment 52.1107 -68.0073 645 

LC-06 Modern River 
Sediment 51.4882 -68.2229 401 

GB-02 Modern River 
Sediment 53.3934 -60.4229 2 

GB-04 Modern River 
Sediment 53.2201 -60.9549 210 

MC-03 Modern River 
Sediment 48.6779 -69.3045 61 

SS-02 Modern River 
Sediment 47.8942 -69.9368 128 

SS-03 Modern River 
Sediment 47.6665 -70.1589 3 

SS-04 Modern River 
Sediment 47.5157 -70.5066 25 

GB-06 Bedrock 53.3351 -62.9912 484 
           a Deglacial sediment is sand deposited from the LIS as it was retreating. Modern river sediment was collected 247 

from rivers and streams. 248 
          b Location and elevation were measured in the field using a Garmin eTrex 20 GPS 249 
 250 
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 251 

 252 
Figure 1. Map of field area. A. Overview of North America with field area demarcated by black outline. B. 253 
Sampling locations are color coded by type and with sample ID. The black star represents the center of the Quebec-254 
Labrador Ice Dome, estimated to be close to modern day Labrador City (Ullman et al., 2016). Dotted lines represent 255 
LIS margins provided by Dalton et al. (2020). Different colored lines each correspond to a retreat isochron with 256 
calibrated radiocarbon age in ka (see legend). 257 
 258 
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 259 
Figure 2. Photographs of representative field sites. A. Modern river sediment at MC-03. B. Deglacial sediment at 260 
SS-05. C. Bedrock outcrop at GB-06. D. Deglacial sediment at MC-01.  261 
 262 
4.3 Laboratory Methods  263 
 To isolate and purify quartz for cosmogenic nuclide analysis, we used a series of physical and chemical 264 
processes (Kohl & Nishiizumi, 1992). We sieved material to between 250 and 850 μm for further processing. For 265 
each sample, we performed two 24-hour 6 N hydrochloric acid etches in heated ultrasonic baths to remove grain 266 
coatings. We then used dilute (1%) hydrofluoric and nitric acid etches for three 24-hour periods after which we 267 
sonicated samples in 0.5% HF and HNO3 for a minimum of two weeks (Kohl & Nishiizumi, 1992). We evaluated 268 
the purity of etched samples using inductively coupled plasma spectrometry optical emission (ICP-OES) after which 269 
impure samples were re-etched until they were sufficiently pure.  270 

We extracted beryllium and aluminum from the purified quartz samples (17.3 –22.2 g, n =22) in the 271 
National Science Foundation/ University of Vermont Community Cosmogenic Facility using methods described in 272 
Corbett et al. (2016). Samples were prepared in two separate batches, each of which included a fully processed 273 
blank. We spiked the samples with ~250 µg 9Be using a beryl carrier made in the Community Cosmogenic Facility 274 
with a Be concentration of 348 µg mL-1 (Table 4a). We spiked samples with SPEX ICP Al standard (1000 ppm) as 275 
needed based on their quantity of native Al, ensuring at least 1500 µg of total Al in every sample. 276 

  

A B 

C D 

https://doi.org/10.5194/egusphere-2024-2233
Preprint. Discussion started: 29 July 2024
c© Author(s) 2024. CC BY 4.0 License.



 

11 

We quantified total Al in the samples by ICP-OES immediately following sample digestion. Following 277 
standard procedures (Corbett et al., 2016), we removed replicate aliquots from the samples by mass (representing 278 
~2% and ~4% of the sample, respectively), added 25 μL H2SO4 to each, evaporated the HF, then diluted the residual 279 
H2SO4 droplets by mass with a 0.25% H2SO4 solution spiked with Y as an internal standard. Purdue Rare Isotope 280 
Measurement Laboratory performed accelerator mass spectrometry analysis. For 10Be/9Be, measured ratios were 281 
normalized to primary standard 07KNSTD3110 with a ratio of 2850 x 10-15 (Nishiizumi et al., 2007). For 26Al/27Al, 282 
analyses were normalized to primary standard KNSTD with a ratio of 1.818 x 10-12 (Nishiizumi et al., 2004).  283 
 284 
4.4. Data Reduction  285 
 We used the known concentration of 9Be added as carrier, along with the measured isotopic ratio and quartz 286 
mass to calculate the concentration of 10Be in each sample. Because of the native 27Al within the samples, the 287 
concentration of 27Al measured using ICP-OES after quartz dissolution was used to calculate the concentration of 288 
26Al. We subtracted the mean extraction process blank ratios of 10Be/9Be ((7.41 ± 2.81) x 10-16; n = 2) and 26Al/27Al 289 
((5.39 ± 0.71) x 10-16; n = 2) from the measured ratios and propagated the uncertainty in quadrature (Table 2). We 290 
used a 2-standard deviation (SD) threshold for detectability; that is, if twice the analytical uncertainty exceeded the 291 
measured ratio, then we considered the sample to be below detection limits. This provides a 95% confidence that the 292 
isotopic ratios and concentrations we report are finite. We use the same value (alpha = 0.05) for all statistical tests 293 
we perform. We used both Wilcoxon rank-sum tests (due to the non-normal distribution of nuclide concentrations in 294 
modern sediment samples) and Tukey HSD tests to investigate significant differences between sample groups. 295 
 296 
Table 2. Measured Blank Isotope Ratio  297 

Name Batch 
Number 

Al Cathode 
Number 

Be Cathode 
Number 

AMS 10Be/9Be 
Ratio 

AMS 
10Be/9Be 

Uncertainty 

AMS 
26Al/27Al 

Ratio 

AMS 26Al/27Al 
Uncertainty 

BLK 745 169457 169433 5.42 x 10-16 2.71 x 10-16 4.89 x 10-16 7.04 x 10-16 

BLK 746 169470 169446 9.39 x 10-16 5.77 x 10-16 5.89 x 10-16 8.49 x 10-16 

Both 26Al blanks had 1 rare isotope count accounting for the large uncertainty. 298 
 299 
4.5. Holocene Exposure Correction 300 
 For deglacial samples, we calculated the concentration of nuclides attributable to Holocene exposure. To do 301 
this, we used the online exposure age calculator formerly known as CRONUS (constant production rate model, 302 
version 3.0.2, constants 2020-08-26) to determine the surface production rate (atoms g-1 yr-1) of 10Be and 26Al for 303 
both muons (Pµ) and spallation (Ps) at each sample site (Balco et al., 2008). The production rate at depth was then 304 
estimated using an attenuation length of 165 g cm-2 for spallation (Λs) and 1400 g cm-2 for muons (Λµ). We assumed 305 
a sediment density (ρ) of 1.7 g/cm3. This allowed us to calculate the production of 10Be and 26Al (H in atoms g-1) at 306 
each sampling depth (D in cm) since deglaciation (A in yr) taking deglaciation age estimates for each sample site 307 
from Ullman et al.(2016) and Dalton et al.(2020) and using equation 1.  308 
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 309 

 𝐻 = 𝑃𝑠 ⋅ 1/𝑒𝑥𝑝⁡(
𝐷⋅𝜌

𝛬 𝑠
) ⋅ 𝐴 + 𝑃µ ⋅ 1/𝑒𝑥𝑝⁡(

𝐷⋅𝜌

𝛬 𝜇
) ⋅ 𝐴          (1) 310 

 311 
We checked how appropriate our apparent muonogenic attenuation factor was using the CRONUS 312 

implementation of Heisinger et al. (2002) (code P_mu_total.m) for sea level— yielding < 1% difference from our 313 
original calculations. We estimated 1σ uncertainties in the concentration of nuclides produced during the Holocene 314 
due to uncertainties in our sample depths (we use half our quoted uncertainty, which we consider a 95% confidence 315 
interval), and combined these in quadrature with measurement uncertainties (Table 3). To correct for Holocene 316 
exposure in our bedrock sample (GB-06), we multiplied the deglaciation age in this area (7.6 ka, from Ullman et 317 
al.’s CL3 transect) by the CRONUS-derived production rate at this site to estimate the concentration of nuclides 318 
produced following deglaciation. This concentration was subtracted from the sample’s 10Be concentration to 319 
calculate the concentration of inherited nuclides.  320 
 321 
Table 3. Calculations for Holocene Exposure-Corrected Concentrations  322 

Sample 
Name 

Deglaciation 
Age 
 (yr) 

Sample 
Depth (cm) 

Depth 
Uncertainty 

(cm) 

10Be Muon 
Production Rate 
(atoms g-1 y-1) 

26Al Muon 
Production 

Rate  
(atoms g-1 y-1) 

10Be 
Spallation 

Rate  
(atoms g-1 y-

1) 

26Al Spallation 
Rate  

(atoms g-1 y-1) 

Total 10Be 
production rate 

at depth  
(atoms g-1 y-1) 

Total 26Al 
production 

rate at depth 
(atoms g-1 y-

1) 

CF-02 7500 800 -200, +200 0.193 1.612 5.49 37.05 0.0745 0.6200 

LC-02 7700 250 -50, +50 0.220 1.838 7.80 52.63 0.7559 5.3617 

LC-04 7700 200 -50, +50 0.212 1.774 7.11 47.98 1.0719 7.5030 

LC-05 7700 250 -50, +50 0.209 1.743 6.78 45.76 0.6702 4.7688 

MC-01 8200 180  -30, +20 0.217 1.811 7.49 50.50 1.3468 9.3599 

MC-02 12800 2000 -200, +200 0.181 1.513 4.54 30.61 0.0160 0.1334 

GB-03 8000 700 -200, +200 0.185 1.540 4.82 32.52 0.0826 0.6822 

GB-05 8000 300 -100, +100 0.211 1.759 6.96 46.94 0.4630 3.3559 

SS-01 12800 550 -150, +50 0.181 1.511 4.50 30.39 0.1084 0.8800 

SS-05 12800 3000 -500, +500 0.201 1.681 5.99 40.44 0.0053 0.0440 

 323 
Deglaciation ages estimated based on proximity to dated moraine systems in Ullman et al., 2016 and Dalton et al., 2020 isochrons 324 
(see methods). Sample depth estimated in the field. Depth uncertainty estimated from photos and field journal and considered 325 
95% confidence interval. Muonogenic and spallation surface production rates estimated from CRONUS online calculator using 326 
sample location data. 327 
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 328 
5. Results 329 

10Be and 26Al were present above detection limits in 21 of 22 samples we analyzed, the one exception being 330 
the 26Al measurement for sample GB-04, a modern stream sample (Tables 4 and 5, Figure 3). There is no significant 331 
difference between the measured concentrations of 10Be for modern river sediment (mean and 1 SD = (3.31 ± 1.57) 332 
x 104 atoms g-1) and deglacial sediment ((2.25 ± 1.30) x 104 atoms g-1; Wilcoxon rank-sum test, p = 0.11). Similarly, 333 
there is no significant difference between the concentrations of 26Al for modern ((2.12 ± 1.18) x 105 atoms g-1) and 334 
deglacial sediment ((1.47 ± 0.94) x 105 atoms g-1, p = 0.13). The single bedrock sample (GB-06) had the highest 335 
concentration of 10Be ((7.33 ± 0.39) x 104 atoms g-1) and 26Al ((5.91 ± 0.29) x 105 atoms g-1) that we measured.  336 

 337 

 338 
Figure 3. Maps showing isotopic data. A. Concentration of 10Be. B. Concentration of 26Al. C. 26Al/10Be ratio. 339 
Measured concentration plotted for modern sediment and bedrock and Holocene exposure-corrected concentration 340 
plotted for deglacial sediment. Sample identification shown in Figure 1B. Data in Tables 4 and 5. Sample type 341 
shown in key by color. 342 
 343 
5.1. 10Be and 26Al Concentrations Corrected for Holocene Exposure 344 

Using Holocene exposure-corrected data changes the results of statistical tests. With 10Be, there was a 345 
significant difference between the concentrations of deglacial (mean and 1SD = (1.88 ± 1.40) x 104 atoms g-1) and 346 
modern ((3.31 ± 1.57) x 104 atoms g-1) samples (p = 0.02) (Figure 4A). For 26Al, the concentration of deglacial 347 
((1.21 ± 1.04) x 105 atoms g-1) and modern ((2.12 ± 1.18) x 105 atoms g-1) samples are also significantly different (p 348 
= 0.04) (Figure 4B). The modern samples have more 10Be concentration variability, with an interquartile range 349 
(IQR) of 27.6 x 103 atoms g-1 compared to the IQR of 8.2 x 103 atoms g-1 for Holocene exposure-corrected deglacial 350 
samples. The bedrock sample (GB-06) contains 2.17 x104 atoms g-1 of inherited 10Be and 2.40 x 105 atoms g-1 of 351 
inherited 26Al.  352 

 353 
5.2. 26Al/10Be Ratios 354 
 Using 10Be and 26Al concentrations from deglacial samples corrected for Holocene nuclide production, the 355 
error-weighted mean and standard deviation of 26Al/10Be ratios for deglacial and modern samples are 6.1 ± 1.2 and 356 
6.6 ± 0.5, respectively (Figure 4C). Both a Wilcoxon rank-sum test (p = 0.63) and a Tukey HSD test (p = 0.84) 357 
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confirm that there is no significant difference between modern and deglacial sample 26Al/10Be ratios (Holocene 358 
corrected). The mean value for both is lower than the nominal production ratio at high latitudes. The ratios for 359 
deglacial samples are more variable (IQR = 2.37) compared to modern samples (IQR = 0.78). There is a significant, 360 
positive linear trend for deglacial samples, with ratio values increasing with distance from the center of the Quebec-361 
Labrador Ice Dome (r2 = 0.45, p = 0.03) (Figure 5). The five samples closest to the center of the ice dome (5.2 ± 0.8) 362 
have lower error-weighted average 26Al/10Be ratios than samples farther away (7.0 ± 0.7, Table 6 and Figure 6C). 363 
Modern samples, in contrast, exhibit no spatial trend in 26Al/10Be ratios. Tukey HSD tests (one including and 364 
excluding sample LC-04) show a significant difference between 26Al/10Be ratios in deglacial samples closest to and 365 
further from the center of the ice dome (both tests: p = 0.00). 366 

 367 
 368 

Figure 4. Comparison of modern and Holocene-exposure-corrected deglacial samples. (A) 10Be concentrations, 369 
(B) 26Al concentrations, and (C) 26Al/10Be ratios for deglacial (Holocene-corrected) and modern samples. The 370 
dashed line in panel C indicates the nominal production ratio (7.3) at high latitudes from Corbett et al. (2017). Points 371 
represent individual samples with 1σ propagated errors for modern (green) and deglacial (pink) samples. Box and 372 
whisker plots are shown for each dataset with whiskers going to the smallest and highest values. The box extends 373 
from the 25th to the 75th percentiles. The line in the middle of each box is the median. 374 
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Table 4. Measured Isotopic Data for 10Be 375 

Sample Name Type  Quartz 
Mass (g) 

Be Carrier 
Solution 
Mass (g) 

Uncorrected 
10Be/9Be Ratio 

a 

Uncorrected 
10Be/9Be Ratio 
Uncertainty a 

Background 
Corrected 
10Be/9Be 

Ratio 

Background 
Corrected 10Be/9Be 
Ratio Uncertainty 

Measured 
10Be (atoms 

g-1) 

10Be 
Uncertainty 
(atoms g-1) 

Cathode 
# 

CF-02 Deglacial 20.46 0.7353 2.31 x 10-14 1.55 x 1015 2.23 x 10-14 1.58 x 1015 1.84 x 104 
1.30 x 103 

169432 

LC-02 Deglacial 21.95 0.7364 3.11 x 10-14 1.87 x 1015 3.04 x 10-14 1.89 x 1015 2.34 x 104 
1.45 x 103 

169436 

LC-04 Deglacial 19.74 0.7348 2.45 x 10-14 1.54 x 1015 2.38 x 10-14 1.57 x 1015 2.04 x 104 1.34 x 103 169438 

LC-05 Deglacial 19.29 0.7348 3.26 x 10-14 2.13 x 1015 3.18 x 10-14 2.15 x 1015 2.79 x 104 1.88 x 103 169439 

MC-01 Deglacial 19.60 0.7342 2.24 x 10-14 1.85 x 1015 2.17 x 10-14 1.88 x 1015 1.86 x 104 1.61 x 103 169441 

MC-02 Deglacial 18.75 0.7319 2.16 x 10-14 1.69 x 1015 2.09 x 10-14 1.71 x 1015 1.87 x 104 1.54 x 103 169442 

GB-03 Deglacial 9.38 0.7353 5.42 x 10-15 8.92E-16 4.68 x 10-15 9.35E-16 8.42 x 103 1.68 x 103 169444 

GB-05 Deglacial 20.10 0.7310 2.70 x 10-14 2.37 x 1015 2.62 x 10-14 2.39 x 1015 2.19 x 104 1.99 x 103 169447 

SS-01 Deglacial 19.70 0.7337 1.36 x 10-14 1.48 x 1015 1.28 x 10-14 1.50 x 1015 1.10 x 104 1.29 x 103 169450 

SS-05 Deglacial 20.88 0.7308 7.02 x 10-14 3.26 x 1015 6.95 x 10-14 3.28 x 1015 5.59 x 104 2.63 x 103 169454 

CF-01 Modern 18.52 0.7331 2.82 x 10-14 2.37 x 1015 2.75 x 10-14 2.39 x 1015 2.50 x 104 2.17 x 103 169431 

CF-05 Modern 20.92 0.7348 6.55 x 10-14 2.69 x 1015 6.48 x 10-14 2.71 x 1015 5.23 x 104 2.18 x 103 169434 

LC-01 Modern 20.41 0.7330 6.44 x 10-14 2.81 x 1015 6.37 x 10-14 2.83 x 1015 5.26 x 104 2.33 x 103 169435 

LC-03 Modern 20.50 0.7307 6.88 x 10-14 2.93 x 1015 6.81 x 10-14 2.94 x 1015 5.58 x 104 2.41 x 103 169437 

LC-06 Modern 19.44 0.7345 3.14 x 10-14 2.42 x 1015 3.07 x 10-14 2.44 x 1015 2.67 x 104 2.12 x 103 169440 

GB-02 Modern 19.96 0.7311 1.75 x 10-14 1.65 x 1015 1.68 x 10-14 1.67 x 1015 1.41 x 104 1.41 x 103 169443 

GB-04 Modern 17.34 0.7362 1.72 x 10-14 1.39 x 1015 1.65 x 10-14 1.42 x 1015 1.61 x 104 1.39 x 103 169445 

MC-03 Modern 20.73 0.7304 2.51 x 10-14 2.03 x 1015 2.44 x 10-14 2.05 x 1015 1.98 x 104 1.66 x 103 169449 

SS-02 Modern 20.37 0.7345 3.44 x 10-14 2.41 x 1015 3.37 x 10-14 2.43 x 1015 2.79 x 104 2.01 x 103 169451 

SS-03 Modern 
20.81 

0.7349 3.31 x 10-14 2.17 x 1015 3.24 x 10-14 2.19 x 1015 2.63 x 104 1.78 x 103 169452 

SS-04 Modern 22.15 0.7349 6.31 x 10-14 2.82 x 1015 6.24 x 10-14 2.83 x 1015 4.76 x 104 2.16 x 103 169453 
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GB-06 Bedrock 15.35 0.7365 6.73 x 10-14 3.53 x 1015 6.65 x 10-14 3.54 x 1015 7.33 x 104 3.90 x 103 169448 

 376 
a Isotopic analysis conducted at PRIME Laboratory; ratios were normalized against standard 07KNSTD3110 with an assumed 377 
ratio of 2850 x 10-15 (Nishiizumi et al., 2007). 378 
All uncertainties are 1σ. 379 
 380 
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Table 5. Measured Isotopic Data for 26Al 381 

Sample 
Name Type  Quartz 

Mass (g) 

Total 27Al 
Quantified 

by ICP-OES 
(μg)a 

Uncorrected 
26Al/27Al 
Ratio b 

Uncorrected 
26Al/27Al Ratio 
Uncertainty b 

Background 
Corrected 
26Al/27Al 

Ratio 

Background 
Corrected 
26Al/27Al 

Ratio 
Uncertainty 

Measured 26Al 
(atoms g-1) 

26Al 
Uncertainty 
(atoms g-1) 

Measured 
26Al/10Be 

26Al/10Be 
Uncertainty 

Cathode 
# 

CF-02 Deglacial 20.46 3394 3.07 x 1014 2.91 x 1015 3.01 x 1014 2.91 x 1015 1.12 x 105 1.08 x 104 6.05 0.72 169432 

LC-02 Deglacial 21.95 1682 7.50 x 1014 6.25 x 1015 7.45 x 1014 6.25 x 1015 1.27 x 105 1.07 x 104 5.44 0.57 169436 

LC-04 Deglacial 19.74 1882 4.73 x 1014 4.80 x 1015 4.67 x 1014 4.80 x 1015 9.94 x 104 1.02 x 104 4.89 0.60 169438 

LC-05 Deglacial 19.29 3401 4.11 x 1014 4.24 x 1015 4.05 x 1014 4.24 x 1015 1.60 x 105 1.67 x 104 5.72 0.71 169439 

MC-01 Deglacial 19.60 5255 2.04 x 1014 2.39 x 1015 1.99 x 1014 2.39 x 1015 1.19 x 105 1.43 x 104 6.38 0.95 169441 

MC-02 Deglacial 18.75 1757 5.66 x 1014 4.57 x 1015 5.61 x 1014 4.57 x 1015 1.17 x 105 9.56 x 103 6.27 0.73 169442 

GB-03 Deglacial 9.38 7435 4.56 x 1015 1.83 x 1015 4.02 x 1015 1.83 x 1015 7.11 x 104 3.23 x 104 8.44 4.19 169444 

GB-05 Deglacial 20.10 5364 3.01 x 1014 3.74 x 1015 2.95 x 1014 3.74 x 1015 1.76 x 105 2.23 x 104 8.02 1.25 169447 

SS-01 Deglacial 19.70 1512 5.22 x 1014 4.66 x 1015 5.16 x 1014 4.66 x 1015 8.84 x 104 7.98 x 103 8.05 1.19 169450 

SS-05 Deglacial 20.88 3437 1.09 x 1013 7.64 x 1015 1.09 x 1013 7.64 x 1015 3.99 x 105 2.81 x 104 7.15 0.61 169454 

CF-01 Modern 18.52 2977 4.39 x 1014 4.56 x 1015 4.33 x 1014 4.56 x 1015 1.55 x 105 1.63 x 104 6.22 0.85 169431 

CF-05 Modern 20.92 3327 1.04 x 1013 6.54 x 1015 1.03 x 1013 6.54 x 1015 3.67 x 105 2.32 x 104 7.02 0.53 169434 

LC-01 Modern 20.41 2056 1.61 x 1013 8.24 x 1015 1.60 x 1013 8.24 x 1015 3.61 x 105 1.85 x 104 6.86 0.47 169435 

LC-03 Modern 20.50 2013 1.74 x 1013 1.09E-14 1.73 x 1013 1.09 x 1014 3.80 x 105 2.38 x 104 6.82 0.52 169437 

LC-06 Modern 19.44 2743 6.76 x 1014 5.83 x 1015 6.70 x 1014 5.83 x 1015 2.11 x 105 1.84 x 104 7.92 0.93 169440 

GB-02 Modern 19.96 20382 5.02 x 1015 1.52 x 1015 4.48x 1015 1.52  x 1015 1.02 x 105 3.46 x 104 7.24 2.56 169443 

GB-04 Modern 17.34 17148 1.80 x 1015 1.20 x 1015 1.26 x 1015 1.20 x 1015 
Below 

Detection 
Limit 

Below 
Detection 

Limit 
---- ---- 169445 

MC-03 Modern 20.73 1806 6.21 x 1014 6.10 x 1015 6.16 x 1014 6.10 x 1015 1.20 x 105 1.19 x 104 6.06 0.79 169449 

SS-02 Modern 
20.37 

1837 8.63 x 1014 6.19 x 1015 8.58 x 1014 6.19 x 1015 1.73 x 105 1.25 x 104 6.19 0.63 169451 

SS-03 Modern 20.81 3229 5.02 x 1014 3.79 x 1015 4.97 x 1014 3.80 x 1015 1.72 x 105 1.31 x 104 6.55 0.67 169452 

SS-04 Modern 22.15 8285 3.27 x 1014 4.20 x 1015 3.22 x 1014 4.21 x 1015 2.68 x 105 3.51 x 104 5.64 0.78 169453 
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GB-06 Bedrock 15.35 2509 1.62 x 1013 7.95 x 1015 1.62 x 1013 7.95 x 1015 5.91 x 105 2.90 x 104 8.05 0.58 169448 

 382 
a 27Al was added only to samples with insufficient total Al through commercial SPEX ICP standard with a concentration of 1000 383 
μg mL-1. The total here reflects the sum of Al added through carrier and native Al in quartz. 384 
b Isotopic analysis conducted at PRIME Laboratory; ratios were normalized against standard KNSTD with an assumed ratio of 385 
1.818 x 10-12 (Nishiizumi et al., 2004). 386 
All uncertainties are 1σ.387 
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 388 
Table 6. Holocene Corrected Concentrations for Deglacial Samples  389 

Sample 
Name 

Type of 
Deposit 

Distance from 
Labrador City 

(km) 

Inherited 
10Be 

(atoms g-1) 

10Be Uncertainty 
(atoms g-1) a 

Inherited 26Al 
(atoms g-1) 

26Al Uncertainty 
(atoms g-1) a 

26Al/10Be at 
Time of 

Deposition 

26Al/10Be 
Uncertainty a 

LC-02 
esker 109 

1.76 x 104 (-2.15, +1.74) x 103 8.61 x 104 (-1.51, +1.25) x 104 4.90 -0.88, +0.67 

LC-04 
ice contact 

fan 
162 

1.21 x 104 (-2.74, +1.97) x 103 4.17 x 104 (-1.91, +1.41) x 104 3.45 -1.79, +0.84 

LC-05 
outwash fan 188 

2.27 x 104 (-2.33, +2.06) x 103 1.23 x 105 (-1.91, +1.76) x 104 5.41 -0.97, +0.81 

CF-02 
glacial delta 221 

1.79 x 104 (-1.31, +1.30) x 103 1.07 x 105 (-1.08, +1.08) x 104 5.98 -0.75, +0.74 

MC-01 
esker or 

outwash fan 
309 

7.60 x 103 (-2.39, +1.85) x 103 4.23 x 104 (-1.86, +1.56) x 104 5.56 -3.98, +1.81 

GB-05 
esker 361 

1.82 x 104 (-3.09, +2.18) x 103 1.49 x 105 (-2.74, +2.31) x 104 8.18 -2.10, +1.38 

GB-03 
glacial delta 403 

7.76 x 103 (-1.69, +1.68) x 103 6.56 x 104 
(-3.23, +3.23) x 104 

8.46 -4.78, +4.45 

MC-02 
glacial delta 506 

1.85 x 104 (-1.54, +1.54) x 103 1.16 x 105 
(-9.56, +9.56) x 103 

6.24 -0.73, +0.73 

SS-01 glacial delta 580 9.59 x 103 (-1.37, +1.29) x 103 7.72 x 104 (-8.71, +8.00) x 103 8.04 -1.53, +1.34 

SS-05 
glacial delta 710 

5.58 x 104 (-2.63, +2.63) x 103 3.99 x 105 (-2.81, +2.81) x 104 7.15 -0.61, +0.61 

 390 
a Uncertainty for both nuclides was calculated by propagating error from AMS data reduction with depth estimation error (see 391 
methods). Depth estimate uncertainty and changing production rates with depth create asymmetrical uncertainty in both nuclide 392 
concentrations. All uncertainties are 1σ.393 
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 394 
Figure 5. 26Al/10Be ratios versus distance from center of the Quebec-Labrador Ice Dome at Labrador City. Deglacial 395 
data are corrected for Holocene nuclide production and fit with a trendline. Error bars are1σ. Dashed line shows 396 
production ratio at high latitudes (7.3) (Corbett et al., 2017).  397 
 398 
6. Discussion 399 

Measurements of in situ produced 10Be and 26Al in sediment and bedrock sampled in eastern Quebec and in 400 
Labrador indicate that LIS erosion and sediment transport during the last glacial period were not sufficient to 401 
remove all cosmogenic nuclides accumulated during previous periods of exposure (Figure 4A,B). Corrected for 402 
Holocene exposure, the error-weighted mean 26Al/10Be for both deglacial (6.1 ± 1.2) and modern fluvial sediments 403 
(6.6 ± 0.5) are lower than the production ratio of the two nuclides at high latitudes (7.3 ± 0.3) (Corbett et al., 2017) 404 
(Figure 6A-C), consistent with burial after initial exposure. A Tukey HSD test confirms a significant difference 405 
between our deglacial (Holocene corrected) 26Al/10Be ratios and the 7.3 ± 0.3 production ratio (p = 0.01). However, 406 
most of these terrestrial samples have 26Al/10Be ratios higher than those (4.7 ± 0.8) measured in North Atlantic 407 
quartz IRD thought to be sourced from northeastern Canada (LeBlanc et al., 2023) (Figure 6D). Together these data 408 
suggest that the IRD measured by LeBlanc et al. was either not sourced from much of eastern Quebec and Labrador 409 
that we sampled or was buried beyond the depth of cosmic-ray penetration for hundreds of thousands of years (in 410 
Hudson Bay or thick sediment deposits) before being transported as IRD. 411 
 412 
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 413 
Figure 6. Summed probability plots of 26Al/10Be ratios for Arctic samples. A. Samples with simple exposure 414 
histories in Greenland (Corbett et al., 2017). B. Modern stream sediment (this study). C. Deglacial samples corrected 415 
for Holocene exposure; black 5 samples most proximal to Labrador City (center of the dome); gray 5 samples are 416 
most distal (this study). D. IRD samples from North Atlantic (LeBlanc et al, 2023). Analytical error weighted mean 417 
and 1 SD uncertainty above each plot. 418 
 419 
6.1 Nuclide Concentrations in Deglacial Sediments Indicate Limited Erosion by Laurentide Ice 420 

After correcting for Holocene exposure, all deglacial sediment samples in our study (n = 10) contain 26Al 421 
and 10Be inherited from exposure during prior interglacials. The center of the Quebec-Labrador Ice Dome was 422 
covered by ice starting at least ~70 ka and as early as ~115 ka and did not deglaciate until 7 ka (Ullman et al., 2016; 423 
Dalton et al., 2022). Despite being buried for ~60-105 ka by the LIS during the last glacial period, nuclide 424 
concentrations in sediment (and at least some bedrock) have not been reset by erosion to zero. The average inherited 425 
10Be concentration (1.88 x 104 atoms g-1) is equivalent to ~3,000 years of surface production, assuming the average 426 
production rate across the sites (6.35 atoms g-1 yr-1). If these nuclides were produced during last interglacial exposure 427 
(poorly constrained to between 10 and 60 kyr in the center of our transect) the implied eroded depth would be a few 428 
meters over tens of thousands to perhaps one hundred thousand years – a low average rate of erosion. 429 

https://doi.org/10.5194/egusphere-2024-2233
Preprint. Discussion started: 29 July 2024
c© Author(s) 2024. CC BY 4.0 License.



 

22 

 430 
Subglacial process modeling over North America supports a minimally erosive LIS in portions of Quebec 431 

and Labrador during the last glacial cycle (Melanson et al., 2013) consistent with our findings. Specifically, 432 
Melanson et al.’s modeling of the Quebec-Labrador region exhibits minima for both basal sliding speed and total ice 433 
movement integrated over the last glacial cycle – both variables related to the efficacy of glacial erosion. Simulated 434 
ice sliding distances (the integrated basal velocity over the last glacial cycle in millions of meters (Mm)) are near 435 
zero in the center of our study area, 1 Mm near Goose Bay, and 3 Mm along the St. Lawrence estuary – an order of 436 
magnitude less than for the Hudson Strait ice stream and southern LIS lobes (Melanson et al., 2013). Total erosion 437 
predicted using empirical abrasion and quarrying laws ranges from near zero under the center of the Quebec-438 
Labrador dome to ≥10 m along parts of its Atlantic and St. Lawrence margin. Our data are consistent with a variably 439 
erosive LIS, which contained regions of slow ice movement and thus insignificant erosion where nuclides from prior 440 
periods of exposure are more likely to have been retained. This pattern may help explain the patchy and thin 441 
sediment cover present in Quebec and Labrador today (Pelletier et al., 2016).  442 

Our results agree with 10Be measurements made by others in bedrock and boulders sampled to date 443 
deglacial landforms in Quebec and Labrador. The bedrock sample we analyzed (GB-06), which contained 10Be 444 
inheritance equivalent to ~3.2 ka of surface exposure, was collected adjacent to samples CL3-10-01 (1.1 km from 445 
GB-06) and CL3-10-07 (0.7 km from GB-06) both along Ullman et al.’s (2016) CL3 transect. Ullman et al. 446 
excluded these boulder samples from their deglacial chronology because their estimated ages (14.2 and 12.4 ka) 447 
were deemed much too old. In total, 10 of 65 boulder samples from Ullman et al.’s (2016) southern and eastern 448 
transects, which overlap our transect, were regarded as outliers because of their unusually high concentration of 449 
10Be. Couette et al. (2023) similarly excluded 5 of 37 samples in eastern Labrador because of high 10Be 450 
concentrations. The results suggest inheritance from prior exposure is common in boulders and bedrock in the 451 
region. 452 

The concentrations of inherited nuclides we measured in LIS deglacial sediment (~19,000 10Be atoms g-1) 453 
are on average several times higher than those currently in sediment shed by the Greenland Ice Sheet (~6,500 10Be 454 
atoms g-1, Nelson et al., 2014) but much lower than those deposited by the LIS in the midwestern United States 455 
(~60,000 10Be atoms g-1, Balco et al., 2005). Nuclide concentrations in deglacial sediment must reflect a 456 
combination of interglacial exposure duration, glacial erosivity, and nuclide decay during burial. The low 457 
concentrations of 10Be in sediment issuing from the Greenland Ice Sheet (as well as low 26Al/10Be ratios ~4.5, 458 
Bierman et al., 2016) reflect continuous ice cover through most interglacials and erosive warm-based ice in areas 459 
from which sediment is sourced. In contrast, the high concentrations of 10Be in deglacial sediment originating from 460 
the southern margin of the Keewatin Ice Dome in Minnesota (Balco et al., 2005) suggest that ice there, although it 461 
lingered through many interglacials to provide low 26Al/10Be ratios (also ~4.5), was only weakly erosive and thus 462 
perhaps at least in part, cold-based. 463 

 464 
6.2 Implications for Cosmogenic Dating 465 
 466 
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Our findings of nuclide inheritance from prior periods of exposure, and thus limited glacial erosion, are 467 
consistent with studies conducted in other regions of the LIS, as well as glacial and deglacial landscapes in 468 
Fennoscandia and Greenland (e.g., Stroeven et al., 2002; Corbett et al., 2016; Briner & Swanson, 1998). Our data, as 469 
well as those of others, have implications for the use of in situ produced cosmogenic nuclides for both exposure and 470 
burial dating. 471 

 Measurements in several other parts of the LIS have shown that boulders, cobbles, and sand carried 472 
nuclides inherited from prior periods of surface exposure. For example, a cobble sampled from Baffin Island had 473 
concentrations of 10Be and 26Al that suggested nuclide inheritance equivalent to ~3 ka years of surface exposure 474 
(Davis et al., 1999). In the northeastern United States, Halsted et al. (2023) estimated that boulders on LIS terminal 475 
moraines contained concentrations of inherited 10Be equivalent to 2-6 ka of surface exposure. In the midwestern 476 
United States, the 26Al/10Be ratio was well below the production value in glacial outwash negating efforts to use 477 
older deposits for burial dating (Balco et al., 2005). In the Torngat Mountains of northern Labrador, measurements 478 
of 26Al and 10Be on bedrock sites and erratic boulders at mountain summits provide evidence of minimal erosion 479 
(<1.4 m Ma-1) where cold-based ice was predominant before deglaciation (Staiger et al., 2005). In south-central 480 
Wisconsin, three out of five bedrock outcrops sampled had concentrations of 10Be and 26Al eight times higher than 481 
predicted based on radiocarbon dating (Colgan et al., 2002).  482 

Minimal erosion and significant inheritance of cosmogenic nuclides have been observed in areas once 483 
occupied by other Northern Hemisphere ice sheets as well. On the historical periphery of the Scandinavian Ice Sheet 484 
(southwestern Norway), glacial erratic boulders had the surface equivalent of ~2 ka years of inherited muonogenic 485 
10Be (Briner et al., 2016). Towards the center of that ice sheet (northeastern Sweden) there is evidence that bedrock 486 
outcrops and boulder fields have been preserved through many glacial cycles since the late Cenozoic (Stroeven et 487 
al., 2002). There is also evidence of minimal erosion near the margin of the Cordilleran Ice Sheet, with 8 out of 23 488 
bedrock samples on Whitbey Island having 36Cl/Cl ratios suggesting inheritance of nuclides produced from prior 489 
interglacials (Briner & Swanson, 1998). In northwest Greenland, 8 of 28 sampled boulders had high concentrations 490 
of 10Be and 26Al along with low 26Al/10Be ratios indicative of burial, providing evidence of minimal subglacial 491 
erosion over multiple interglacial and glacial periods where the ice was predominantly cold-based (Corbett et al., 492 
2016).  493 

The inheritance of nuclides from prior periods of exposure has implications for cosmogenic exposure 494 
dating of bedrock outcrops, boulders, and sediment deposits, because nuclide concentrations are biased too high. For 495 
example, Ullman et al. (2016) noted that their 10Be-based deglacial chronology in our study area leads radiocarbon-496 
based estimates of local deglaciation by centuries (see their Figure 7). While radiocarbon lags are frequently 497 
attributed to delayed colonization of the landscape by vegetation following deglaciation (e.g., Peteet et al., 2012), 498 
the widespread nuclide inheritance we find in Quebec-Labrador suggests that, at least in this case, it is the 10Be ages 499 
that may be too old. Practical solutions include larger sample sizes to facilitate outlier identification, sampling 500 
shielded material as we have done to quantify the magnitude of nuclide inheritance, and the application of short-501 
lived nuclides such as in situ 14C which, because of its half-life (5730 years) does not retain nuclides from prior 502 
interglaciations (e.g., Hippe, 2017). 503 
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 504 
6.3 The Quebec-Labrador Ice Dome Center Persisted During Some Interglacials 505 
 Finding 26Al/10Be ratios below production in quartz IRD from North Atlantic Heinrich layers, LeBlanc et 506 
al. (2023) concluded that ice sheet remnants must have lingered in parts of eastern Canada for the majority of 507 
Pleistocene interglacials. While Heinrich layer sediment was predominantly delivered to the ocean by the Hudson 508 
Strait ice stream, the quartz IRD LeBlanc et al. (2023) analyzed most likely came from interior areas of the LIS 509 
feeding the ice stream because Hudson Strait is underlain primarily by carbonate rocks (Bond et al., 1992).  510 

Data we present in this paper suggest that the quartz analyzed by LeBlanc et al. (2023) could have been 511 
sourced from parts our field area near Labrador City because only there are 26Al/10Be ratios of the Holocene-512 
corrected deglacial sediment like those in the IRD (Figure 6C, D). Alternatively, it is possible that IRD was sourced 513 
from a wider area (the Keewatin Dome and/or Baffin Island) where samples of sediment (Balco et al., 2005)  and 514 
taken from outcrops (Marsella et al., 2002) have low 26Al/10Be ratios. It is also possible that sediment was  stored in 515 
Hudson Bay for ~1 Ma, where 26Al and 10Be decayed, before being transported to the deep sea.  516 

Sediment could have also been recycled multiple times on land and shielded from interglacial exposure in 517 
thick deposits (e.g., deltas) before eventually making it to the ocean as IRD. This lag between initial deposition, 518 
either in Hudson Bay or in thick sedimentary sequences on land, and final transport by ice into the Atlantic Ocean 519 
allows for the sediment to have initially had higher ratios of 26Al/10Be (like the range of ratios in our deglacial data). 520 
The low rates of glacial erosion and ice sliding in this region suggested by our data as well as models (Melanson et 521 
al., 2013) could help account for such long residence times of terrestrial sediment in Quebec-Labrador; yet, the 522 
absence of lower than production 26Al/10Be ratios in deglacial sediment closer to the ice sheet margin remains 523 
inconsistent with long term burial. Perhaps incorporation of IRD occurred primarily toward the center of the ice 524 
sheet and not closer to the margins. 525 

Although we cannot say during which interglacials the Quebec-Labrador Ice Dome remained in a reduced 526 
state and during which it completely melted like it has today, the inverse relationship between 26Al/10Be sample 527 
ratios and distance from the center of the dome at present-day Labrador City provides strong evidence that ice 528 
lingered in that area for at least some interglacial periods shielding rock and sediment below from cosmic rays. In 529 
contrast, the higher 26Al/10Be ratios in deglacial sediment further from the center of the ice dome are consistent with 530 
repeated exposure during interglacials. More extensive sampling of eastern Canada, including Quebec-Labrador, and 531 
further north near Hudson Bay and Baffin Island, would provide further evidence on how persistent different sectors 532 
of the eastern LIS was during Pleistocene interglacials.  533 
 534 
6.3 Sediment Sourcing in Modern Rivers 535 

We can estimate the percentage of sediment derived from erosion of deglacial materials using a two 536 
component, linear mixing model based on the measured concentrations of 10Be in both river and deglacial sediment 537 
and assumptions about nuclide production since deglaciation. One component is deglacial deposits which, based on 538 
our sampling today, contain an average of 22.5 x 103 10Be atoms g-1 and enter rivers by bank incision (Figure 4A). 539 
The second component is surficial materials which, when eroded, enter the drainage network. Since we did not 540 
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sample these surficial materials directly, we calculate their 10Be concentration by assuming that at the time of 541 
deglaciation (the beginning of exposure) surface sediment contained the average Holocene exposure-corrected 542 
concentration of 10Be for deglacial sediment (18.7 x 103 10Be atoms g-1). We then use the average deglacial age of 543 
9.32 ka for our field area and the average 10Be surface production rate (7.82 atoms y-1 g-1) to calculate that surface 544 
material gained about 7.3 x 104 10Be atoms g-1 since deglaciation. The surface-exposed end member therefore 545 
contains 91.6 x103 10Be atoms g-1. 546 

 Knowing that modern sediment contains on average 33.1 x 103 10Be atoms g-1, the two-component mixing 547 
model suggests that about 85% of sediment in eastern Quebec rivers today is derived from incision of glacial 548 
deposits and only about 15% comes from erosion of surficial sediment and bedrock. Our findings for eastern Quebec 549 
are like those of Balco et al. (2005) in Minnesota. In that previously glaciated region, they suggest most sediment 550 
carried by rivers comes from incision of glacial deposits. Our finding is also consistent with the low sediment yield 551 
of forested upland terrains in other glaciated areas of the LIS (e.g., Dethier et al., 2018). 552 
 553 
Conclusions 554 

Analysis of cosmogenic 10Be and 26Al in deglacial (n=10) and modern (n=11) sediment samples indicates 555 
that the Quebec-Labrador Ice Dome was minimally erosive during the last glacial period, allowing preservation of 556 
nuclides created during prior interglacial exposures. Nuclide concentrations in modern sediments are only slightly 557 
higher than those in deglacial sediments on average, implying most sediment transported by rivers today is sourced 558 
from rapidly eroding banks composed of glacial deposits rather than surrounding slowly-eroding surfaces. Holocene 559 
exposure-corrected ratios of 26Al/10Be in deglacial samples are below the production ratio of those nuclides at high 560 
latitudes near the center of the ice dome but not the margins, implying interior ice survived during at least some 561 
interglacials but peripheral ice did not. Further sampling of this region and northward near the Foxe-Baffin and 562 
Keewatin Domes may provide more evidence of minimal erosion and show if and where ice persisted during 563 
Pleistocene interglacials. Such data are important both for understanding the lower than production 26Al/10Be ratios 564 
measured in IRD from eastern LIS discharge and for determining the interglacial history of the LIS. 565 
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