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ABSTRACT: We present new 10Be surface exposure ages from boulders on bedrock to directly 15 

date northwest Laurentide ice-sheet deglaciation through a wide swath of the western Canadian 16 

Shield that had no previous reliable temporal constraints on ice-margin retreat. Uplift-corrected 17 

boulder 10Be surface exposure ages are 13.9±0.2 ka (n=6) at a site on the western edge of the 18 

Slave Craton and 12.4±0.2 ka (n=5, 1 outlier) at a second site ~110 km up-ice to the east. 19 

These direct 10Be ages for ice-margin retreat are ~2.4 kyr and ~1.6 kyr older, respectively, than 20 

the canonical deglacial chronology for the northwest Laurentide ice sheet that is based on 21 

minimum-limiting 14C dates. We infer an ice-margin retreat rate of 60-100 m yr-1 between the 22 

two sites over an interval spanning the transition from the Allerød warm period into the Younger 23 

Dryas cold period. This is significantly slower than the rapid >800 m yr-1 retreat rate for the 24 

northwest Laurentide ice sheet inferred from earlier deglacial chronologies, which has been 25 

hypothesized as a potential source of meltwater forcing for the Younger Dryas cold period. 26 
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These first direct ages on spatio-temporal patterns of deglaciation in this data-poor region 27 

suggest that additional refinement of the deglacial chronology is needed to test hypotheses on 28 

the relation between ice-sheet retreat, associated meltwater discharge, abrupt climate change, 29 

and rapid sea-level rise. 30 

Keywords: Pleistocene; glaciology; North America; cosmogenic isotopes; Laurentide Ice Sheet; 31 

last deglaciation; Canadian Shield 32 
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1. INTRODUCTION 34 

The Laurentide ice sheet was the largest of the boreal ice sheets during the last glaciation 35 

(Clark et al., 2009; Lambeck et al., 2017). Deglacial meltwater from the Laurentide ice sheet has 36 

been implicated as a potential cause for abrupt cooling at the onset of the Younger Dryas (e.g., 37 

Johnson & McClure, 1976; Rooth, 1982; Broecker et al., 1989; Smith and Fisher, 1993; Carlson 38 

et al., 2007a; Murton et al., 2010; Leydet et al., 2018). In particular, the northwest sector of the 39 

Laurentide ice sheet (Fig. 1A) is a key sector in evaluating sources and timelines of meltwater 40 

flux, with various hypotheses linking meltwater and proglacial-lake runoff into the Arctic Ocean 41 

to subsequent weakening of the Atlantic meridional overturning circulation and, in turn, the 42 

onset of Younger Dryas cooling (Tarasov & Peltier, 2005; 2006; Murton et al., 2010; Condron & 43 

Winsor, 2012; Keigwin et al., 2018; Love et al, 2021; Norris et al., 2021). 44 

Despite the importance of this sector in assessing the role of meltwater in abrupt climate 45 

change during the last deglaciation, a detailed chronological reconstruction for the deglaciation 46 

of the northwest Laurentide ice sheet is at best scant, and in most places is absent (Bryson et 47 

al., 1969; Dyke & Prest, 1987; Dyke, 2004; Dalton et al., 2020). Inland from the Arctic Ocean 48 

coastlines, where abundant 14C shell ages exist (albeit with substantial caveats related to 14C 49 

reservoir effects; e.g., Dyke, 2004; McNeely et al., 2006; Carlson & Clark, 2012), only about a 50 

dozen published 14C dates²all of which provide only minimum-limiting ages for deglaciation²51 

constrain the timing of northwest Laurentide ice-sheet margin retreat across the vast western 52 
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Canadian Shield (Figs. 1A, 1B; Dyke et al., 2003; Dalton et al., 2020). In this paper, we address 53 

the poorly constrained deglacial chronology for the northwest Laurentide ice-sheet deglaciation 54 

with new 10Be surface exposure ages from erratic boulders on bedrock at two sites on the 55 

westernmost Canadian Shield. 56 

2. METHODS 57 

Following prior methods used for 10Be surface exposure dating of Laurentide ice-sheet 58 

retreat on the eastern Canadian Shield (Carlson et al., 2007b; Ullman et al., 2016; Leydet et al., 59 

2018), we sampled the surfaces of boulder erratics resting on local bedrock highs above any 60 

potential proglacial lake limits (e.g., Lemmen et al., 1994) that could have initially covered the 61 

boulders (Fig. 1C, D). This approach minimizes the potential for boulder exhumation from a fine-62 

grained sediment matrix or for downhill rolling of the boulder after deposition, processes that 63 

would lead to exposure ages younger than ice retreat. We sampled six boulders at each of the 64 

two sites (Fig. 1A, B) along the reconstructed southeast-trending retreat path (Dyke, 2004) of 65 

the northwest Laurentide ice sheet across the Slave Craton of the western Canadian Shield. 66 

Bedrock geology in the region of both sites is dominated by Archean basement gneisses and 67 

granitoids with minimal Quaternary drift cover. The western site B16-1 (65.10 °N, 115.72 °W, 68 

470 m above sea level.) is adjacent to the 10.0 14C ka (~11.5 cal ka) isochrone of Dyke (2004) 69 

(Fig. 1B). The sampling site is an ~150x50 m low-relief summit of bare bedrock, standing ~70 m 70 

above the surrounding terrain and an unnamed lake (Fig. 1C), upon which rest dozens of large 71 

erratic boulders (Fig. S1). The eastern site B16-2, ~110 km further in the direction of ice retreat, 72 

is on an island in central Point Lake (65.27 °N, 113.27 °W, 400 m above sea level) and is just 73 

east of the 9.5 14C ka (~10.8 cal ka) isochrone of Dyke (2004) (Fig. 1B). Samples were collected 74 

from boulders spread over several hundred square meters on the crest of the highest hill on the 75 

island (Fig. S2).  76 

At University of Alberta, samples were crushed and sieved to obtain a 250-500 µm size-77 

fraction, followed by magnetic separations to reduce non-quartz minerals. At PRIME Lab of 78 
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Purdue University, a final quartz purification was done following Kohl & Nishiizumi (1992). 79 

Purified quartz was dissolved in the presence of a low background 9Be carrier (10Be/9Be<10-15), 80 

with the purified BeO loaded into stainless steel cathodes and analyzed by accelerator mass 81 

spectrometry following Sharma et al. (2000). Measured 10Be/9Be ratios were normalized to 82 

primary standards (10Be/9Be=2.85x10-12) prepared by K. Nishiizumi (Nishiizumi et al., 2007). 83 

Isotope ratios, samples masses, carrier amounts, and blank correction are shown in Table S1. 84 

Ages were calculated using the base Arctic 10Be production rate (Young et al., 2013) and 85 

the Lal/Stone time-varying scaling (Balco et al., 2008) (Table 1). Exposure ages calculated 86 

using the LSD scaling scheme (Lifton et al., 2014) are ~50-70 years older than those calculated 87 

using the Lal/Stone scheme (Table S1). Following Cuzzone et al. (2016) and Ullman et al. 88 

(2016), we calculated the mean-square weighted deviation (MSWD) to identify the appropriate 89 

method of calculating the sample mean and uncertainty, where a MSWD >1 prompts an 90 

arithmetic mean ± standard error while a MSWD <1 prompts an inverse-error-weighted mean ± 91 

uncertainty. All radiocarbon dates discussed here were calibrated with INTCAL 2020 (Reimer et 92 

al., 2020) and CALIB 8.2 (Stuiver et al., 2020), and presented as 1-ı�FDOLEUDWHG�DJH�UDQJHV�RU��93 

for the Dyke (2004) isochrones, as calendar years ago.  94 

The sampling sites have experienced significant (>400 m) post-glacial isostatic uplift 95 

(Peltier et al., 2015; Lambeck et al., 2017), which we account for when calculating surface 96 

exposure ages (Cuzzone et al., 2016; Ullman et al., 2016; Leydet et al., 2018; Jones et al., 97 

2019; Carlson, 2020). Here, we test multiple earth model viscosity parameters using the ice 98 

sheet model of Lambeck et al. (2017) to determine their impact on the resulting isostatic uplift 99 

correction (Fig. 2A, B). The earth model viscosity profiles are defined by three parameters: 100 

lithosphere thickness (LT; km), upper mantle viscosity (UMV; 1021 Paڄs) and lower mantle 101 

viscosity (LMV; 1021 Paڄs), with the upper-lower mantle boundary at a depth of 670 km. The 102 

nine models are defined and identified by these three values in the sequence LT-UMV-LMV:  103 

96-0.3-10; 96-0.3-30; 96-0p5-10; 96-0.8-10; 96-0.8-30; 120-0.3-10; 120-0.3-30; 120-0.8-10; 104 
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120-0.8-30. These viscosity profiles were chosen based on the uncertainty ranges given in 105 

Lambeck et al. (2017). The ice-sheet loading history is intimately tied to the Dyke (2004) 106 

deglacial isochrones, so we also explore the impacts of loading history on isostatic rebound 107 

using a suite of North American ice-sheet model simulations from Tarasov et al. (2012) that 108 

force a single VM5a earth viscosity model (Fig. 2C, D). Because the Tarasov et al. (2012) 109 

simulations were partly forced with the isochrones of Dyke (2004), we take an iterative approach 110 

and first calculate 10Be ages using the Lambeck et al. (2017) and Tarasov et al. (2012) uplift 111 

corrections and then modify the isochrones of Dyke (2004) with the new chronology. This new 112 

regional chronology is subsequently used in two new ice-sheet model simulations that otherwise 113 

follow Tarasov et al. (2012). The resulting ice-sheet simulations are only applicable to the 114 

northwest Laurentide ice sheet and we assess their validity against modern-day uplift rates 115 

(Peltier et al., 2015) at Yellowknife, ~300 km south of the study sites. We average the isostatic 116 

uplift corrections, at 500-yr time slices, from these last two simulations as our best estimate of 117 

the time-averaged postglacial uplift at the sample sites (Fig. 2E, F).  118 

3. RESULTS 119 

The nine different earth viscosity parameter sets (Fig. 2A, B) and eight different ice-sheet 120 

histories, including the two new histories that are shown in red on Fig. 2C and D, yield isostatic 121 

uplift corrections that fall within a range of several tens of meters, with no large differences 122 

apparent when comparing variations associated with varying earth versus ice input parameters 123 

(Fig. 2E, F). At the western B16-1 site, corrections range from 76 m to 113 m (mean±s.d. = 124 

94±14 m) with the two new ice-sheet model simulations giving a mean correction of 111 m (Fig. 125 

2C, E). The correction is marginally smaller at the eastern B16-2 site due to its later 126 

deglaciation, ranging from 71 m to 109 m (mean±s.d. = 87±11 m) and a mean correction of 97 127 

m for the two new ice-sheet model simulations (Fig. 2D, F). Our uncertainty range in potential 128 

uplift corrections is similar in magnitude to typical uncertainties in GPS-based field elevation 129 

measurements at boulder sampling sites; neither uncertainty is included in the calculated 130 
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exposure age. The two new ice-sheet model simulations forced with revised, earlier ages for 131 

deglacial isochrones produce modern uplift rates of 4.9 and 4.6 mm yr-1 at Yellowknife (62.49 132 

°N, 114.48 °W), consistent with geodetic observations of uplift at that site (4.8 ± 1.5 mm yr-1, 133 

Argus et al., 2010; 6.1 ± 1.1 mm yr-1, Peltier et al., 2015). 134 

Uplift-corrected 10Be ages at the western B16-1 site range from 13.6r0.6 ka to 14.4r0.5 135 

ka (Fig. 3A) with a MSWD of 0.35, yielding an error-weighted mean and uncertainty of 13.9r0.2 136 

ka (n=6) (Fig. 3B). The eastern B16-2 site has uplift-corrected 10Be ages of 7.8r2.4 ka to 137 

12.8r0.5 ka (Table 1); the boulder sample with the ~7.8 ka 10Be age had low quartz recovery 138 

and poor AMS counting statistics (sample JR16-226; Table 1), and is rejected as both an 139 

analytical and geomorphic outlier. With the outlier removed, uplift-corrected ages at the eastern 140 

B16-2 site range from 12.1r0.6 ka to 12.8r0.5 ka (Fig. 3A) with a MSWD of 0.26, yielding an 141 

error-weighted mean and uncertainty of 12.4r0.2 ka (n=5, 1 outlier) (Fig. 3B). Including the 10Be 142 

production rate uncertainty of r3.8% (Young et al., 2013) yields propagated uncertainties of 143 

r0.6 and r0.5 kyr for, respectively, the site B16-1 and B16-2 weighted-mean exposure ages for 144 

deglaciation. Given site mean age uncertainties, we calculate a range in retreat rates over the 145 

~110 km between the two sites of 60 to 100 km kyr-1 (Fig. 3C).  146 

4. DISCUSSION & IMPLICATIONS 147 

There are only 12 published 14C dates pertaining to northwest Laurentide ice-sheet 148 

deglaciation within a 250 km radius of the B16-1 and B16-2 boulder sampling sites (Fig. 1). Of 149 

these, the nearest is a date of 7.5±8.2 cal ka BP on archeological charcoal at Acasta Lake, ~35 150 

km north of site B16-1. The only other nearby 14C-dated sites within 250 km provide minimum-151 

limiting ages from gyttja and plant macrofossils in lake sediment (Moser & MacDonald, 1990; 152 

McNeely & McCuaig, 1991; Upiter et al., 2014; Crann et al., 2015; Dalton et al., 2020), with the 153 

oldest age of 9.3±9.7 cal ka BP on degraded wood found on an esker surface (Dredge et al., 154 

1995). All these minimum-limiting calibrated 14C ages are at least ~3 kyrs younger than the 155 
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uplift-corrected deglaciation age for the eastern B16-2 site. This is similar to large temporal lags 156 

between 10Be ages and post-glacial 14C dates on the eastern Canadian Shield in Quebec and 157 

Labrador (Carlson et al., 2007b; Ullman et al., 2016) and the western Canadian Plains (Norris et 158 

al., in press), and illustrates the challenge of inferring deglacial ice-sheet chronologies from 159 

basal lake sediment dates.  160 

The 10Be ages for deglaciation at the two sampled sites are substantially older than the 161 

nearby Dyke (2004) isochrones (Fig. 1), which were not updated in the recent 14C-based 162 

Laurentide-Cordilleran deglacial compilation of Dalton et al. (2020). Site B16-1 is ~10 km west 163 

of the ~11.5 cal ka isochrone, but the 13.9r0.6 ka deglacial age from six 10Be-dated erratics is 164 

~2.4 kyr older. Similarly, the deglacial age of 12.4r0.5 ka from five 10Be-dated erratics at site 165 

B16-2 is ~1.6 kyr older than the Dyke (2004) ~10.8 cal ka BP isochrone, only 10 km to the west. 166 

Using a similar approach, Lowell et al. (2021) also found that direct 10Be dates for deglaciation 167 

RI� WKH� VRXWKZHVW� VHFWRU� RI� WKH� /DXUHQWLGH� ,FH� 6KHHW¶V� /DEUDGRU� 'RPH� DUH� XS� WR� VHYHUDO�168 

thousand years older than isochrones based on 14C dates (Dyke, 2004; Dalton et al., 2020). 169 

Similarly, Norris et al. (in press) suggested that the southwest Laurentide ice sheet retreated 170 

from the Cree Lake moraine in northwest Saskatchewan, ~900 km south-southeast of our study 171 

area (Fig. 1A), about one thousand years earlier than previously suggested (Dyke, 2004; Dalton 172 

et al., 2020). In his synthesis, Dyke (2004) cautioned that there was substantial (~1 kyr) 173 

uncertainty associated with the absolute geochronology of deglacial isochrones. Nevertheless, 174 

the large differences between our direct uplift-corrected 10Be ages for ice-free conditions and 175 

the canonical deglacial history (Bryson et al., 1969; Dyke & Prest, 1987; Dyke, 2004; Dalton et 176 

al., 2020) prompt us to consider two key potential sources of error in our analysis. 177 

First, it is possible that uplift-correcting the 10Be exposure ages results in an 178 

overcorrection for the effects of decreasing atmospheric depth due to isostatic rebound since 179 

deglaciation, as our analysis does not account for potential offsetting atmospheric compression 180 
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during intervals of cold climate and/or persistent katabatic winds (Staiger et al., 2007; Young et 181 

al., 2020). However, the effect of atmospheric compression due to decreased temperature is 182 

thought to be minimal for low elevation sites like those considered here (Staiger et al., 2007); in 183 

all cases where atmospheric compression changes have been quantitatively and transiently 184 

assessed with a full general circulation model, the cumulative effects are minimal, having an 185 

impact equivalent to <10 m of elevation change over 10-15 kyrs (Cuzzone et al., 2016; Ullman 186 

et al., 2016; Leydet et al., 2018). It is also possible that modeled uplift histories underpinning the 187 

exposure age uplift correction are inaccurate and thus potentially over- or under-correct for this 188 

effect. However, we explored a reasonable range in earth viscosity parameters (Lambeck et al., 189 

2017) and ice-sheet loading histories. Furthermore, the new ice-sheet model simulations for the 190 

uplift correction yield modern uplift estimates that are consistent with geodetic measurements at 191 

the closest monitoring station at Yellowknife (Argus et al., 2010; Peltier et al., 2015). 192 

Second, it is also possible that our samples were affected by cosmogenic nuclide 193 

inheritance, which would skew the exposure ages older than the true timing of deglaciation. 194 

However, inheritance is usually denoted in a suite of surface exposure ages as a long tail 195 

towards older ages, which we do not observe in our dataset. Indeed, the sample sets at both 196 

sites have remarkably strong internal consistency: after removing one notably young outlier from 197 

site B16-2 that had poor AMS counting statistics (Table 1), the MSWD of the sample sets 198 

indicates that differences between individual ages at each site are smaller than mean analytical 199 

uncertainty.  200 

Consequently, we conclude that our uplift-corrected 10Be ages provide realistic constraints 201 

on the timing of northwest Laurentide ice-sheet retreat in the western Slave Craton field area. 202 

The ~13.9 ka mean 10Be age at the western site B16-1 shows that the nearby Dyke (2004) 203 

~11.5 cal ka isochrone was already ice-free well before the start of the Younger Dryas. In turn, 204 

this requires that the Dyke (2004) ~13.0 and ~12.6 cal ka isochrones further to the west must 205 

also be older, consistent with earlier suggestions (Smith, 1992) that the middle reach of the 206 
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Mackenzie River drainage system was ice-free prior to the Younger Dryas. Though our new 207 

10Be dates from the western Slave Craton sector of the northwest Laurentide ice sheet only 208 

provide a minimum age for opening of the middle Mackenzie River drainage system, the 209 

implication of older ages for the Dyke (2004) ~13.0 and ~12.6 cal ka isochrones does not 210 

conflict with 14C ages that underpin the chronology of those isochrones, which are, respectively, 211 

wood in deltaic sands (13.2±13.6 cal ka BP, I-15020; Smith et al., 1992) and basal gyttja (12.1±212 

12.7 cal ka BP, GSC-3524; MacDonald, 1987) (Fig. 1B). Similarly, our new chronology from the 213 

western Canadian Shield is consistent with boulder 10Be exposure dates of ~14.5 ka for 214 

deglaciation in the Franklin Mountains (Margold et al., 2019; ~400 km to west; Fig. 1A) and 215 

northwest Saskatchewan (Norris et al., in press; ~900 km to south-southeast; Fig. 1A), the latter 216 

of which provides important temporal constraints on the opening of a northwest outlet for 217 

drainage of Glacial Lake Agassiz (Smith and Fisher, 1993).  218 

The Dyke (2004) northwest Laurentide ice-sheet deglacial chronology includes an 219 

acceleration in ice-sheet retreat rate at the start of the Younger Dryas (Fig. 3D) between the 220 

13.0 and 12.6 cal ka isochrones (Fig. 3C) (Dyke, 2004). At the approximate latitude of our 10Be 221 

sample sites, this acceleration is expressed as 375 km of retreat in 400 years at a rate of ~830 222 

km kyr-1. In contrast, the direct 10Be deglaciation ages presented here yield an ice-margin retreat 223 

rate of 60-100 km kyr-1 over 110 km, from 13.9r0.2 ka to 12.4r0.2 ka (Fig. 3C). This time 224 

interval spans the Allerød warm period to the Younger Dryas cold period (Fig. 3D). Thus, we 225 

find no evidence for a retreat-rate acceleration for the northwest Laurentide ice sheet at the start 226 

of the Younger Dryas. Because this purported acceleration at least partly underlies arguments 227 

for a northwest Laurentide ice-sheet meltwater forcing of the Younger Dryas cold period 228 

(Tarasov & Peltier, 2005), future ice-sheet model simulations should test the extent to which  229 

such a possible meltwater forcing would still exist using our new 10Be-based deglacial 230 

chronology.  231 
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We conclude that the existing deglacial chronology for the northwest sector of the 232 

Laurentide ice sheet requires major revision, with tightly clustered 10Be exposure ages showing 233 

that deglaciation on the western Slave Craton likely occurred at least 1.5 kyr earlier than 234 

suggested by existing compilations (Dyke, 2004; Dalton et al., 2020). Ongoing glacial 235 

geochronology research in the Slave Craton region and further to the east (e.g., Campbell et al., 236 

2019; Kelley et al., 2020) will further highlight the need for revision of deglacial chronology for 237 

the northwest sector of the Laurentide ice sheet. The strong internal consistency of 10Be boulder 238 

exposure ages at these two sites presented here suggests that additional, carefully targeted, 239 

10Be surface exposure dating in the broader Canadian Shield study area will substantially 240 

improve the deglacial chronology for this understudied portion of the Laurentide ice sheet and 241 

will assist efforts to understand potential linkages to abrupt climate change and global mean 242 

sea-level rise.  243 
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APPENDIX 261 

The following items appear in the Supplementary Data to this article: 262 

Fig. S1. Oblique aerial photo of site B16-1 (top), and photos of individual boulder erratic 263 

samples at site B16-1 annotated with uplift-corrected 10Be exposure ages. 264 

Fig. S2. Oblique aerial photo of site B16-2 (top), and photos of individual boulder erratic 265 

samples at site B16-2 annotated with uplift-corrected 10Be exposure ages. 266 

Table S1. Sample information and 10Be concentration data 267 
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FIGURE CAPTIONS 427 

Fig. 1. (A) Map of northern Canada with deglacial isochrones (Dyke, 2004; Dalton et al., 2020). 428 

Thick dashed lines mark the mapped ~13.4 cal ka BP (11.5 14C ka BP) isochrone for the 429 

Cordilleran and Laurentide ice sheets; thin dashed lines are deglacial isochrones for the 430 

Laurentide ice sheet at 500 14C-year intervals until 8.9 cal ka BP (8.0 14C ka BP). Labels are the 431 

approximate calendar age associated with each isochrone in cal ka BP. Boulder sampling sites, 432 

white dots; 14C-dated sites mentioned in text, squares; Franklin Mountains (FM) site of Margold 433 

et al., (2019) and Cree Lake moraine (CLM) site of Norris et al. (in press), diamonds; red line 434 

marked A-$¶��WUDQVHFW�IRU�WLPH-distance and retreat-rate plots in Fig. 3; dotted rectangle, extent 435 

of (B). (B) Regional shaded relief map with uplift-corrected 10Be boulder exposure ages at sites 436 



18 
 

B16-1 and B16-2 (circles). Error-weighted site mean ± internal (external) uncertainty is bolded; 437 

rejected outlier marked by asterisk. Also shown are Dyke (2004) 11.5 and 10.8 cal ka BP 438 

deglacial isochrones (dashed lines) and previously published 14C date at Acasta Lake. (C) 439 

Oblique aerial photograph of site B16-1 (arrow); view to east-northeast. (D) Representative 440 

10Be-dated boulder at site B16-1 (Table 1). Field photographs are provided in Figs. S1, S2.  441 

Fig. 2. Modeled uplift histories and time-averaged postglacial uplift for sites B16-1 (A, C, E) and 442 

B16-2 (B, D, F). (A, B) Uplift histories calculated using nine earth model parameter sets (black 443 

lines) and the Lambeck et al. (2017) ice model. (C, D) Uplift histories calculated using a single 444 

earth model forced by six North America ice sheet model simulations (thin black lines; Tarasov 445 

et al., 2012) and two new ice sheet model simulations (following Tarasov et al., 2012) based on 446 

Dyke (2004) isochrones modified with the updated 10Be chronology (thick red lines). (E, F) 447 

Time-averaged postglacial uplift adjustment for the Lambeck et al. (2017) model results 448 

(circles), and the Tarasov et al. (2012) ice sheet simulations (black squares) and Dyke (2004) 449 

isochrones modified with the updated 10Be chronology (red squares with outline). 450 

Fig. 3. (A) Uplift-corrected boulder 10Be exposure ages for sites B16-1 (circles) and B16-2 451 

�GLDPRQGV���%DUV� DUH� �ı� H[WHUQDO� XQFHUWDLQW\� HQYHORSHV� �LQWHUQDO� XQFHUWDLQW\� SOXV� SURSDJDWHG�452 

production rate uncertainty). (B, C) Time-distance diagram (B) and inferred ice margin retreat 453 

rate (C) for deglaciation of the northwestern sector of the Laurentide ice sheet along the 454 

transect in Fig. 1A, based on direct 10Be deglaciation ages. Purple dots in (B) are error-weighted 455 

mean of 10Be ages at each site with internal and external uncertainty errors bars, and the purple 456 

bar in (C) represents the range of retreat rates between the two sites. Deglacial isochrones 457 

along the transect, following Dyke (2004), are marked by dashed blue lines in (B) and (C). (D) 458 

Summit Greenland mean summer air temperature reconstructed from Dye-�� LFH� FRUH� į18O 459 

(Rasmussen et al., 2006). 460 

 461 
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Table 1. 10Be sample information.a         
Sample Elevation 

(m)b 
Uplift 

correction 
(m)c 

Sample 
thickness 

(cm) 

10Be 
(atoms 

g-1) 

10Be 
uncertainty 
(atoms g-1) 

Uncorrected 
exposure 
age (ka)d 

Uplift-
corrected 
exposure 
age (ka)d 

  

Site B16-1 (65.10 °N, 115.72 °W)  
AVR16-

04 
470 -111 3 83213 3026 12.8 ± 0.5 14.4 ± 0.5 

AVR16-
05 

470 -111 2 80022 2940 12.2 ± 0.4 13.7 ± 0.5 

AVR16-
06 

470 -111 3.5 78565 3627 12.1 ± 0.6 13.6 ± 0.6 

AVR16-
07 

470 -111 4 81852 3660 12.6 ± 0.6 14.3 ± 0.6 

AVR16-
08 

470 -111 3.5 78799 2521 12.1 ± 0.4 13.7 ± 0.4 

AVR16-
09 

470 -111 3 80852 3728 12.4 ± 0.6 14.0 ± 0.6 

      site meane 13.9 ± 0.2 (0.6) 
Site B16-2 (65.27 °N, 113.27 °W)  
JR16-224 400 -97 0.5 71323 2755 11.5 ± 0.4 12.8 ± 0.5 
JR16-225 400 -97 2 67875 2532 11.1 ± 0.4 12.3 ± 0.5 
JR16-226 400 -97 3 42854 12908 7.0 ± 2.1 7.8 ± 2.4 
JR16-227 400 -97 4 67600 3453 11.2 ± 0.6 12.5 ± 0.6 
JR16-228 400 -97 4 65467 3033 10.8 ± 0.4 12.1 ± 0.6 
JR16-229 400 -97 3 67393 1595 11.1 ± 0.3 12.3 ± 0.3 

      site meane 12.4 ± 0.2 (0.5) 
a Precise sample locations and full mass spectrometry results in Table S1.  
b Elevation measured in field, m above sea level.    
c Correction for time-averaged uplift since deglaciation applied to elevation measured in field; see main 
text. 

 

d Lal/Stone age ± internal uncertainty. Ages calculated with: 2.65 g cm-3 density; zero erosion rate; and 
no snow or topographic shielding.  

 

e Inverse-error-weighted mean ± internal (external) uncertainty of uplift-corrected exposure ages. Sample 
JR16-226 is excluded from the Site B16-2 mean. External uncertainty includes propagated production 
rate uncertainty but not uncertainty related to field elevation measurement, uplift correction, or mean 
sample thickness. 
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