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ABSTRACT 19 

Accurate reconstruction of Laurentide Ice Sheet volume changes following the Last 20 

Glacial Maximum is critical for understanding ice sheet contribution to sea-level rise, the 21 

resulting influence of meltwater on ocean circulation, and the spatial and temporal patterns of 22 

deglaciation. Here, we provide empirical constraints on Laurentide Ice Sheet thinning during the 23 
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last deglaciation by measuring in-situ cosmogenic 10Be in 81 samples collected along vertical 24 

transects of nine mountains in the northeastern United States. In conjunction with 107 exposure 25 

age samples over five vertical transects from previous studies, we reconstruct ice sheet thinning 26 

history.  27 

At peripheral sites (within 200 km of the terminal moraine), we find evidence for ~600 m 28 

of thinning between 19.5 and 17.5 ka, coincident with the slow initial margin retreat indicated by 29 

varve records. Further up-ice (>400 km north of the terminal moraine), exposure ages above and 30 

below 1200 m a.s.l. exhibit different patterns. Ages above this elevation are variable and older, 31 

while lower elevation ages are indistinguishable over 800-1000 m elevation ranges, suggestive of 32 

a subglacial thermal boundary ~1200 m a.s.l. separating erosive, warm-based ice below and 33 

polythermal, minimally-erosive ice above. Low-elevation ages from up-ice mountains are 34 

between 15 and 13 ka, suggesting rapid thinning of ~1000 m coincident with Bølling-Allerød 35 

warming. This rapid paleo-ice thinning is comparable to rates from other vertical exposure age 36 

transects around the world and may have been faster than modern basin-wide thinning rates in 37 

Antarctica and Greenland, suggesting that the southeastern LIS was highly sensitive to a 38 

warming climate.  39 

INTRODUCTION 40 

 Thinning rates of major Northern Hemisphere ice sheets following the Last Glacial 41 

Maximum (LGM) are not well constrained and represent a key uncertainty in reconstructions of 42 

land-ice volume changes and the contribution of melting ice to global sea-level rise (SLR). Even 43 

as SLR reconstructions have become more sophisticated (Lin et al., 2021), the partitioning of 44 

SLR contribution from individual LGM ice sheets over time remains uncertain (Lambeck et al., 45 

2014). The volume and timing of ice loss from LGM ice sheets are essential data for simulations 46 
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of future ice sheet mass loss, which rely on ice sheet reconstructions to estimate climate 47 

sensitivity of modeled ice sheets (Stokes et al., 2015). Meltwater input to oceans from ablating 48 

ice sheets can also have an outsized effect on regional and global climates (Clark et al., 2001; 49 

Clark et al., 2012) so accurate estimates of meltwater inputs over time contribute to a more 50 

detailed understanding of deglacial paleoclimate dynamics (Tarasov and Peltier, 2005).  51 

Changes in ice sheet areal extent have been investigated using a variety of 52 

geochronological methods. Although some LGM ice sheets have hundreds to thousands of age 53 

constraints informing extent reconstructions (Stroeven et al., 2016; Clark et al., 2018; Dalton et 54 

al., 2020), data constraining ice sheet thickness changes over time remain sparse. The availability 55 

of minimum-limiting radiocarbon ages for deglacial chronologies is generally limited outside 56 

lowland areas (e.g., Dalton et al., 2020), precluding their use for constraining ice thinning rates. 57 

Using inversion techniques, ice thickness can be inferred from rates of glacial isostatic 58 

adjustment in regions formerly covered by ice sheets (e.g., Peltier et al., 2015; Lambeck et al., 59 

2017), although these models rely on assumed values for mantle viscosity that are uncertain, 60 

resulting in model disagreements (Clark and Tarasov, 2014). Likewise, physical ice sheet models 61 

attempt to reconstruct paleo-ice sheet thickness using areal extent constraints and extent-height 62 

relationships observed in modern ice sheets (e.g., Gowan et al., 2021), but there is significant 63 

uncertainty about the extent-height relationship in ablating ice sheets with a negative mass-64 

balance (Gregoire et al., 2012; Abe-Ouchi et al., 2015). 65 

 Cosmogenic-nuclide exposure age ‘dipsticks’ empirically constrain ice sheet thinning in 66 

areas with topographic relief and represent a way to address the lack of robust measures of ice 67 

thinning over time. These dipsticks use exposure ages from in situ cosmogenic nuclides 68 

measured along an elevation transect, allowing temporal reconstruction of a lowering paleo-ice 69 
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surface (e.g., Stone et al., 2003). Exposure age dipsticks have been used to constrain ice thinning 70 

histories of the Greenland (e.g., Winsor et al., 2015), Fennoscandian (e.g., Brook et al., 1996; 71 

Goehring et al., 2008), and Antarctic (e.g., Stone et al., 2003; Mackintosh et al., 2007; Johnson et 72 

al., 2014; Small et al., 2019) ice sheets. In this study, we collected samples along vertical 73 

transects of mountains in the northeastern United States (U.S.) and constructed eight new 74 

exposure age dipsticks (Fig 1) that date the thinning of the southeastern Laurentide Ice Sheet 75 

(LIS), which contributed the most volume to SLR of any ice sheet during the last deglaciation 76 

(Tarasov et al., 2012; Clark and Tarasov, 2014). This project is a continuation of ongoing efforts 77 

to reconstruct deglacial ice thickness changes in the northeastern U.S. (Table 1; Davis et al., 78 

2015; Koester et al., 2017; Barth et al., 2019; Corbett et al., 2019; Koester et al., 2020), which is 79 

the only region along the southern margin of the LIS with topography sufficient to make such 80 

measurements. We use these dipsticks to infer when and how rapidly thinning occurred and 81 

speculate about possible drivers of ice loss.  82 

BACKGROUND 83 

In situ Cosmogenic Nuclide Exposure Dating 84 

In situ cosmogenic nuclides, particularly 10Be in quartz, have been used extensively to 85 

define deglacial chronologies around the world (Balco, 2011). Warm-based, erosive ice that 86 

covers the landscape for thousands of years can effectively remove many meters of bedrock and 87 

thus nuclides produced mostly near the surface (≤2 m depth) during prior periods of exposure 88 

(e.g., Nishiizumi et al., 1989). Assuming that post-glacial erosion and cover by snow or till are 89 

negligible for sampled surfaces (Phillips et all, 1990; Ivy-Ochs and Kober, 2008), the duration of 90 

exposure following glacial retreat is estimated by measuring 10Be concentrations (Nishiizumi et 91 

al., 1991; Ivy-Ochs et al., 1995; Steig et al., 1998; Bierman et al., 1999). Short ice occupation 92 
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times and/or cover by non-erosive, cold-based ice can allow nuclides from prior periods of 93 

exposure to remain after ice retreats (Bierman et al., 1999; Briner et al., 2005), and the most 94 

recent postglacial exposure duration will be over-estimated (e.g., Bierman et al., 2015; Corbett et 95 

al., 2019; Koester et al., 2020). Post-glacial cover will partially or completely shield surfaces 96 

from cosmic radiation and result in under-estimation of exposure durations (Schildgen et al., 97 

2005; Heyman et al., 2011). 98 

Existing Deglacial Constraints in the Northeastern United States 99 

The northeastern U.S. has a long history of glacial chronology research, although the vast 100 

majority of this work has focused on the timing of ice margin retreat instead of ice thinning. The 101 

initial retreat of the LIS from its terminal moraines in the northeastern U.S. was slow and 102 

occurred during the early deglacial period (Stanford et al., 2020). Deglaciation constraints from 103 

bog- and lake-bottom sediment core radiocarbon ages and 10Be exposure ages disagree 104 

substantially at locations near (<150 km) the terminal moraine (Balco and Schaefer, 2006; Peteet 105 

et al., 2012). At these peripheral locations, ages from neither method are likely to reflect the true 106 

timing of deglaciation (Halsted et al., 2021). The timing and duration of the local glacial 107 

maximum in the northeastern U.S. is better constrained to approximately 26 to 24 ka on the basis 108 

of pre-LGM radiocarbon ages from sites outboard of the ice margin (Sirkin and Stuckenrath, 109 

1980) and a calibrated varve chronology (Stanford et al., 2020). Ice margin retreat began after 24 110 

ka and continued at a slow rate of 10 to 30 m/yr (Ridge et al., 2012; Stanford et al., 2020) until 111 

18 ka, interrupted by several stand-stills or re-advances as indicated by recessional moraines 112 

(Balco and Schaefer, 2006). 113 

After 18 ka, when the LIS margin had retreated more than 150 km from the terminal 114 

moraine, abundant deglacial ages from multiple different dating methods agree well and indicate 115 
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continuous retreat through the northeastern U.S. with a brief stand-still or re-advance around 14 116 

ka (e.g., Ridge et al., 2012; Bromley et al., 2015; Thompson et al., 2017). The pace of ice margin 117 

retreat remained slow from 18 to 16 ka (30 to 40 m/yr), increased to ~90 m/yr from 16 to 14.6 118 

ka, and accelerated to 300 m/yr after 14.6 ka (Ridge et al., 2012). The LIS margin was north of 119 

the White Mountains in northern New Hampshire by 14 ka (Bromley, 2015; Thompson, 2017) 120 

and had retreated north across the modern U.S./Canada border by 13 ka (Fig 1; Ridge et al., 121 

2012; Dalton et al., 2020). 122 

 123 

Figure 1: Topography and deglacial constraints in the northeastern U.S. Thin dashed lines on main map 124 
show ice margin positions at times in ka during the deglacial period (based on Ridge et al., 2012, and 125 
Dalton et al., 2020). Inset shows the Laurentide Ice Sheet at its maximum extent, including its 126 
coalescence with the Cordilleran, Innuitian, and Greenland ice sheets with box on inset map showing 127 
extent of main map. Numbers in parentheses next to dipstick labels are the number of samples with data 128 
at each location. 129 
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Cosmogenic data constraining ice thinning in the northeastern U.S. have been previously 130 

collected at five widely separated sites once occupied by the LIS (Fig 1, Table 1). Ice thinning 131 

and retreat in coastal Maine occurred at 15.2 ± 0.7 ka (Koester et al., 2017), coincident with 132 

exposure ages from Katahdin in west-central Maine (16 to 15 ka; Davis et al., 2015). Exposure 133 

age dipsticks indicate similar timing for ice thinning on Mount Washington in northern New 134 

Hampshire (average age 14.1 ± 1.1 ka; Koester et al., 2020) and Mount Mansfield in northern 135 

Vermont (13.9 ± 0.6 ka; Corbett et al., 2019). Measured 10Be concentrations from the highest 136 

sampled elevations in New Hampshire (>1600 m a.s.l.) and Vermont (>1200 m a.s.l.) are 137 

variable and some are far higher than low-elevation samples, suggesting nuclide inheritance from 138 

earlier exposure. Geomorphic evidence of ice cover and analysis of short-lived in situ 14C in 139 

some of the high-elevation samples indicate that these high peaks were covered by minimally-140 

erosive ice at the LGM and were likely exposed before 18 ka (Bierman et al., 2015; Corbett et 141 

al., 2019; Koester et al., 2020). A dipstick constructed in the Adirondack Mountains of northern 142 

New York (Barth et al., 2019) relies on whole rock 36Cl exposure ages. The 36Cl ages suggest 143 

slow initial thinning of the upper peaks (>1300 m a.s.l.) from 20 to ~16 ka followed by rapid 144 

thinning over the remainder of sampled elevations from 16 to 13 ka (Barth et al., 2019).  145 

TABLE 1: PREVIOUSLY-PUBLISHED DIPSTICKS IN THE NORTHEASTERN U.S.* 146 
Location Number of 

samples 
Elevations 
(m a.s.l.) 

Time of ice 
thinning (ka) 

Source 

Acadia National Park, 
Me. (44.3, -68.2) 

24 81 - 460 15.2 ± 0.7 Koester et al. (2017) 

Katahdin, Me.  
  (45.9, -68.9) 

13 744 - 1598 15.5 ± 0.5 Davis et al. (2015) 

Mt. Mansfield, Vt.** 

(44.5, -72.8) 
20 409 - 1305 13.9 ± 0.6 Corbett et al. (2019) 

Mt. Washington, N.H.†  
   (41.3, -71.3) 

20 656 - 1907 14.1 ± 1.1 Koester et al. (2020) 
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Adirondacks N.Y.§ 
   (44.2, -73.9) 

21 403 - 1560 14.3 ± 0.7 Barth et al. (2019) 

   *Not included in this table, but included in our compilation of previously published exposure ages, are nine high-147 
elevation samples from Mt. Washington and Katahdin published in Bierman et al. (2015) 148 

   **Evidence of inherited 10Be above 1200 m a.s.l.. Time of ice thinning from n = 15 samples below 1200 m a.s.l. 149 
   †Evidence of inherited 10Be above 1600 m a.s.l.. Time of ice thinning from n = 9 samples below 1600 m a.s.l. 150 
   §Exposure ages from 36Cl. Time of ice thinning from n = 9 samples below 1300 m a.s.l. 151 
 152 

METHODS 153 

Experimental Design 154 

 We assume that mountains in the northeastern U.S. became exposed in a top-down pattern 155 

as the LIS thinned, becoming nunataks with bare summits (i.e., without remnant ice caps 156 

covering peaks) as the ice surface lowered around them. By calculating 10Be exposure ages along 157 

a vertical transect of a mountain, we aim to determine the progressive exposure of the land 158 

surface as the ice ablates and thins (Fig 2). 159 
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 160 

Figure 2: Conceptual illustration of the dipstick approach. Figure modified from (Bierman et al., 2021). 161 
In all panels, circles represent exposure ages of samples following the grayscale scheme in panel (D). 162 
Panels (A-C) show an ice sheet lowering around the mountains, progressively exposing lower elevations 163 
over time as ice thins. Panel D shows the expected pattern of in situ cosmogenic nuclide exposure ages, 164 
an increase in exposure age with elevation on the deglaciated mountains. Panel E schematically shows 165 
the typical depiction of these data: a plot of 10Be-based exposure age and uncertainty on the x-axis and 166 
sample elevation on the y-axis. Regressions of these elevation-exposure age data reveal trends that 167 
represent rates of ice sheet thinning over time. 168 

Field Methods 169 

 We sampled boulders with indications of glacial transport and bedrock outcrops with 170 

indication of glacial erosion for exposure age determination. We preferentially sampled boulders 171 

more than 1 m high because their top surfaces are less likely to have experienced post-glacial 172 

surficial cover than bedrock; exposure ages from large boulders may thus better reflect local 173 

deglaciation age (Heyman et al., 2016). To further maximize the likelihood that exposure ages 174 
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from sampled boulders reflect local deglaciation timing and not postglacial mass movement, we 175 

used sampling criteria including sub-angular to rounded shape (indicative of englacial transport 176 

and erosion), perched locations on local high points in the topography, and, when possible, we 177 

sampled lithologies differing from the local bedrock.  178 

 We sampled the top few centimeters of boulders and bedrock and recorded site and sample 179 

parameters (lithology, topographic shielding, surface strike/dip, sample thickness) for exposure 180 

age calculations. We recorded the strike and dip of the sampling surface using a Brunton 181 

compass and used a chisel and hammer to collect each sample. We used Garmin eTrex® 20 and 182 

GPSMap 60CSx GPS units with ≤3 m location accuracy to record latitude, longitude, and 183 

elevation and used an inclinometer to evaluate shielding due to topographic features surrounding 184 

the sampling site. We provide site information for all samples in the GSA Data Repository. 185 

Laboratory Methods and Isotopic Analysis 186 

We processed all but four samples for exposure dating at the University of Vermont using 187 

weak acid etching to isolate and purify quartz (Kohl and Nishiizumi, 1992) and established 188 

methods to extract Be (Corbett et al., 2016; see GSA Data Repository for analytical information 189 

related to sample processing). Four samples from Mount Monadnock, New Hampshire, were 190 

processed in the cosmogenic isotope clean lab at the University of New Hampshire following lab 191 

methods similar to those described above. We measured 10Be/9Be ratios by accelerated mass 192 

spectrometry (AMS) at the Purdue Rare Isotope Measurement Laboratory (PRIME; samples 193 

prepared at University of Vermont) and at the Center for Accelerator Mass Spectrometry at 194 

Lawrence Livermore National Laboratory (CAMS-LLNL; samples prepared at University of 195 

New Hampshire). 10Be AMS measurement precisions have a right-skewed distribution with most 196 

samples between 1.6 to 5.6% precision (median ± 1σ), but with a few high outliers including 8.9 197 
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and 10.0%. We corrected the measured sample 10Be/9Be ratios for backgrounds by subtracting 198 

the average 10Be/9Be blank ratio from all batches (treating the University of Vermont and 199 

University of New Hampshire samples separately), then propagated the uncertainties in 200 

quadrature (see GSA Data Repository).  201 

Age Calculations 202 

We calculated exposure ages using version 3 of the online exposure age calculator 203 

described by Balco et al. (2008), LSDn scaling (Lifton et al., 2014), and a regional 10Be 204 

production rate calibration data set for northeastern North America (Balco et al., 2009). We use 205 

the Balco et al. (2009) calibration data set to increase the precision of calculated exposure ages 206 

and because the regional calibration data set inherently accounts for changes in 10Be production 207 

rates over the Holocene due to postglacial isostatic uplift, as the calibration samples experienced 208 

grossly similar uplift histories as our exposure age samples. All samples were assigned densities 209 

between 2.6 to 2.8 g/cm3, values appropriate for the predominately granite, schist and quartzite 210 

sample lithologies. Calculated exposure ages assume no inherited 10Be from prior exposure, no 211 

post-exposure erosion, and no shielding due to snow or vegetation. 212 

We report two uncertainties with each exposure age in the GSA Data Repository: analytical 213 

uncertainties (‘internal’) and uncertainties due to both analytical processes and nuclide 214 

production estimation and scaling schemes (‘external’). We use internal uncertainty when 215 

comparing 10Be ages within the same dipstick (i.e., for interpreting thinning pace) because 216 

samples come from a relatively small geographic area so errors in production rate calibration or 217 

scaling are highly correlated between samples. We use external uncertainty when comparing our 218 

10Be exposure ages to previously-published deglacial chronologies. Incorporating 10Be 219 

production rate uncertainties is needed when comparing exposure ages across nuclides—such as 220 
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36Cl ages from the Adirondack Mountains (Barth et al., 2019)—or comparing exposure ages to 221 

deglacial constraints from different methods such as calibrated glacial varve chronologies and 222 

core-bottom radiocarbon ages. 223 

TRANSECT SITES AND SAMPLING STRATEGY 224 

 The northeastern U.S. is characterized by inland mountain ranges in which the highest 225 

elevations (>1200 m a.s.l.) exhibit signs of minimal glacial erosion due to cold-based ice cover 226 

during glacial periods, as informed by multiple-nuclide analyses and geomorphic evidence of 227 

preserved landscapes, while lowland valleys were deeply scoured by glaciation (Bierman et al., 228 

2015; Corbett et al., 2019; Koester et al., 2020). LIS retreat chronologies in these inland 229 

locations predominately come from the lowlands, which contain abundant glacial-lacustrine 230 

sediment (Ridge et al., 2012), ice-contact deposits (Thompson et al., 1999), a few isolated 231 

recessional moraines (Davis, 1989; Bromley et al., 2015; Thompson et al., 2017; Bromley et al., 232 

2019), and dozens of ponds and bogs with basal 14C ages (Halsted et al., 2021).  233 

Eight new transects reported here are located on prominent mountains spread throughout 234 

the region (Fig 1, Table 2), maximizing spatial coverage. We provide descriptions of each 235 

transect site in the following sections, while location, site parameter information (sample type, 236 

topographic shielding, sample thickness), and field photos for each sample are provided in the 237 

GSA Data Repository. The steep flanks of Bigelow Mountain limit the availability of suitable 238 

boulder samples and we therefore construct a transect in northwestern Maine composed of 239 

samples from both Bigelow and Tumbledown Mountains (located ~40 km apart). LIS retreat 240 

chronologies suggest that these mountains were deglaciated within a century or two of each other 241 

(Fig 1; Dalton et al., 2020), well within the analytical uncertainty of exposure age measurements 242 

and therefore indistinguishable within the resolution of our deglacial chronometer. 243 
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TABLE 1: VERTICAL TRANSECT SUMMARIES AND RELATION TO TERMINAL MORAINE OF LIS 244 

Dipstick Location Number of 
Samples 

Sample Elevation Range (m 
a.s.l.) 

Distance to Terminal Moraine 
(km) 

Peekamoose Mtn., N.Y. 
  (41.953N, 74.398W) 

5 900 – 1170 145 

Wachusett Mtn, Mass. 
  (42.503N, 71.886W) 

3 370 – 560 180 

Mt. Greylock, Mass. 
  (42.638N, 73.166W) 

10 390 – 1060 210 

Mt. Monadnock, N.H. 
  (42.861N, 72.108W) 

11 420 – 960 220 

Killington Peak, Vt. 
  (43.605N, 72.820W) 

12 490 – 1290 315 

Franconia Notch, N.H. 
  (44.142N, 71.681W) 

19 590 - 1600 350 

Tumbledown Mtn., Me.* 
  (44.751N, 70.547W) 

8 850 - 1050 390 

Bigelow Mtn., Me.* 
  (45.147N, 70.289W) 

3 500 - 1250 430 

Jay Peak, Vt. 
  (44.965N, 72.460W) 

9 570 - 1170 460 

     *Samples from Tumbledown and Bigelow Mountains are combined into one transect for northwestern Maine 245 
 246 

Peekamoose Mountain (Catskill Mountains), New York 247 

The Catskill Mountains of southern New York are an uplifted, dissected plateau of 248 

primarily Devonian age siliciclastic sedimentary rocks (Ver Straeten, 2013). Our transect site is 249 

in the eastern Catskills, where glacially transported conglomerate boulders contain embedded 250 

quartz pebbles 2 to 6 cm in diameter. We collected five samples from Peekamoose Mountain. 251 

Three samples (CAT-01, 02, 03) were collected from the summit area, all with elevations greater 252 

than 1100 m a.s.l., and two samples (CAT-04, 05) were collected below the summit at ~900 m 253 

a.s.l. Each sample consisted of several quartz pebbles embedded at the surface of conglomerate 254 

boulders. We assume that each pebble had similar exposure histories to its neighbors on the 255 

surface of the boulders, and together they are treated as single samples. 256 
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Wachusett Mountain, Massachusetts  257 

Wachusett Mountain is part of the Fitchburg plutonic complex, a series of 258 

metamorphosed igneous sheets in central Massachusetts and southern New Hampshire (Zen et 259 

al., 1983). At 611 m a.s.l., Wachusett Mountain is the highest point in the Fitchburg complex, 260 

which is otherwise characterized by rolling hills reaching no more than ~400 m a.s.l.. With a 261 

vertical relief of 306 m, Wachusett Mountain captures only a brief window in the southeastern 262 

LIS thinning history. Wachusett’s value is in its location; it is the highest peak in central 263 

Massachusetts and is surrounded by mostly low relief terrain, making it the only location to 264 

construct a dipstick in southeastern New England. Three samples were collected from Wachusett 265 

Mountain in roughly 60 m elevation increments. Two samples are from large boulders composed 266 

of local gneiss (WSP-02, 05), and the other sample is a smoothed bedrock outcrop (WSP-04). 267 

We did not collect a summit sample from Wachusett Mountain because of human landscape 268 

disturbance. 269 

Mount Greylock (Taconic Mountains), Massachusetts 270 

Mount Greylock is part of the Taconic Mountains of southwestern Vermont but is located 271 

near, and typically associated with, the Berkshire Mountains of northwestern Massachusetts. 272 

Greylock is the tallest mountain in the state, with a summit elevation of 1064 m a.s.l. and a 273 

vertical relief of 751 m. Mount Greylock is composed of Ordovician schist and phyllite of the 274 

Taconic allochthon which was thrust over lower Cambrian schist during the Taconic orogeny 275 

(Ratcliffe et al., 1993). Nine samples were collected from Mount Greylock. MG-01 and -02 are 276 

from boulders near the summit composed of the Ordovician phyllite characteristic of the upper 277 

reaches of the mountain. MG-03, -04 (Fig 3), and -06 are from bedrock quartz veins near the 278 

summit. MG-05 and -07 are from boulders midway down the mountain and are also composed of 279 
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local phyllite. MG-08 and -09 are from large quartzite boulders located to the north of Mount 280 

Greylock, at around 400 m a.s.l. These boulders were probably sourced from quartzite outcrop 281 

located more than 100 m away across flat terrain, suggesting that the boulders were quarried and 282 

transported by glaciers rather than rolling downslope during the Holocene. 283 

Mount Monadnock, New Hampshire 284 

Mount Monadnock is the tallest peak in southern New Hampshire, with a summit 285 

elevation of 965 m a.s.l. and a vertical relief of 650 m. The bedrock is schist and quartzite of the 286 

Devonian Littleton Formation (Lyons et al., 1997). We collected 11 samples along a vertical 287 

transect of Mount Monadnock. MON-01, 02, and 03 are from a boulder-rich area on rolling, low-288 

slope topography near the base of the mountain (~400 m a.s.l.), suggesting an eroded till 289 

landscape rather than a landslide deposit. MON-04 (420 m a.s.l.) and 08 (520 m a.s.l.) are 290 

isolated boulder samples away from the basal boulder-rich area. All boulder samples are 291 

composed of native schist lithology. MON-05 and 06 are bedrock samples located higher on the 292 

mountain (794 and 710 m a.s.l., respectively). NH15-16, 17, 18, and 19 were collected from ice-293 

scoured bedrock at ~960 m a.s.l. near the summit of Mount Monadnock (Hodgdon, 2016). All 294 

four bedrock samples collected near the summit are from quartz veins that exhibit abundant 295 

striae. 296 

Killington Peak (Green Mountains), Vermont 297 

Killington is the tallest mountain in southern Vermont, with a summit elevation of 1288 298 

m a.s.l., and is part of the Green Mountain range, which runs north-south for the entire length of 299 

Vermont. The bedrock of Killington Peak is part of the Mount Holly Complex, a middle 300 

Proterozoic paragneiss unit intruded by late Proterozoic pegmatites (Walsh and Ratcliffe, 1994). 301 

We collected 12 samples along a vertical transect of Killington Peak. Four of the samples (KM-302 
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01 through-04) are from prominent bedrock quartz veins near the exposed summit, while five 303 

samples collected along the flank of Killington (KM-05 through -09) come from boulders of 304 

native lithology. Samples KM-05 and KM-06 were collected from the steep (15-20°) upper 305 

slopes, whereas samples KM-07 and -08 came from lower elevations, where the slope is gentler 306 

(5-10°). Sample KM-09 was taken from a boulder located in a flat area at the base of Killington. 307 

Sample KM-10 (Fig 3) is a bedrock sample from the top of a hill (Deer Leap Lookout) ~1 km 308 

away from the Killington base. Samples KM-11 and -12 are two samples from erratic boulders 309 

about 2 km distal from Killington. 310 

Franconia Notch (White Mountains), New Hampshire 311 

Franconia Notch is a glacially-carved valley in the western White Mountains of New 312 

Hampshire. The bedrock of the deeply-scoured lower elevations of Franconia Notch is middle 313 

Jurassic Conway granite, a coarse-grained unit with a characteristic pink color (Lyons et al., 314 

1997). The high mountain ridge on the eastern side of the notch is composed of early Jurassic 315 

Lafayette granite porphyry that is part of a remnant ring dike (Allen et al., 2001), and the western 316 

ridge of the notch is underlain by the early Devonian Kinsman granodiorite. We collected 16 317 

samples in Franconia Notch at an elevation range between 590 m and 1600 m a.s.l.. The 318 

Franconia samples come from several locations in the notch, including Mount Lafayette (LFT 319 

and PTD; Fig 3), Mount Lincoln (FW and FR), Artist’s Bluff (AB), Lonesome Lake (LL), and 320 

the valley floor (FN). Most of the samples are from boulders but a few were collected from 321 

bedrock outcrops (LFT-17, LFT-14, and LFT-13).  322 

Tumbledown Mountain, Maine 323 

 Tumbledown Mountain in western Maine has three distinct, rounded peaks at elevations 324 

between 875 and 1060 m a.s.l. surrounding an alpine pond. The bedrock is primarily greenschist 325 
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and other fine-grained metasedimentary units of the Silurian Perry Mountain formation (Osberg 326 

et al., 1985; Moench and Pankiwskyj, 1988). Stoss/lee features, grooves, and glacially-molded 327 

bedrock are abundant on the exposed summit of Tumbledown Mountain. We collected eight 328 

samples from Tumbledown Mountain. Two boulder samples are from the base of the mountain 329 

(TM-07 and 08), and three other boulder samples (TM-04, 05, 06; Fig 3) come from different 330 

elevations up the mountain slope to the summit. TM-01, 02, and 03 are from glacially-molded 331 

bedrock around the alpine pond at 820 m a.s.l. 332 

Bigelow Mountain, Maine 333 

Bigelow Mountain is a large east-west oriented ridgeline with several prominent peaks at 334 

an elevation range between 1160 m and 1260 m a.sl. in northwestern Maine. The ridgeline is 335 

composed primarily of Devonian-age pelites of varying chemical composition affected by 336 

folding in the Acadian orogeny (Osberg et al., 1985). Bigelow Mountain is characterized by 337 

steep flanks, limiting the availability of suitable boulder samples not located on steep slopes at 338 

mid-elevations. Thus, we sampled bedrock (BP-02) and a boulder (BP-03) on the ridgeline and 339 

one boulder near the base (BP-06). All boulders appear to be composed of the underlying pelitic 340 

lithology. Because we only collected three samples from Bigelow, we combine these with 341 

samples from Tumbledown Mountain (~40 km southwest) to construct a single vertical transect 342 

from northwestern Maine. 343 

Jay Peak, Vermont 344 

Jay Peak is a prominent peak at an elevation of 1210 m a.s.l. in northern Vermont 345 

surrounded primarily by low rolling hills, making it a useful sampling location to capture large-346 

scale ice sheet thinning. Jay Peak was formed by Devonian thrust faulting, which placed a fine-347 

grained, quartz-chlorite-albite phyllitic schist and quartzite unit (called the Jay Peak Formation) 348 
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over the predominantly graphitic schist found elsewhere in the region (Ratcliffe et al., 2011). We 349 

collected 13 samples from Jay Peak, including three from prominent quartz veins in bedrock near 350 

the exposed summit (1176 m a.s.l., JP-01 to -03) and one from a quartz vein 90 m below the 351 

summit (JP-08); all other samples are from boulders. 352 

 353 

Figure 3: Example sample photos from exposure age vertical transects, including bedrock samples from 354 
Mount Greylock (A; n = 10) and Killington Peak (B; n = 12) and boulder samples from Franconia Notch 355 
(C; n = 19) and Tumbledown Mountain (D; n = 8). Labels show sample ID and exposure age ± internal 356 
uncertainty (ka) in parentheses. 357 

RESULTS 358 

Data Overview 359 

  Cosmogenic nuclide exposure ages (n = 188 total, including those from previous 360 

publications) on each of 14 mountains are similar across sampled elevations, although scatter is 361 
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much more pronounced at high elevations (Fig 4; Fig 5). Exposure ages at high elevations 362 

(>1200 m a.s.l.; n = 55, including previous publications) range from 12 to 140 ka with a relative 363 

standard deviation (RSD) of 89%. Low-elevation samples (<1200 m a.s.l.; n = 133, including 364 

previous publications) are more tightly clustered, with all but three ages between 9 to 26 ka. Two 365 

young samples have ages of 1 and 5 ka, and one older sample is 52 ka. With all samples 366 

included, low-elevation samples have an RSD of 29%; RSD drops to 17% after excluding the 367 

two young and one old sample (Fig 4). We did not sample above 1200 m a.s.l. on seven 368 

mountains (Peekamoose Mt., Wachusett Mt., Mt. Greylock, Mt. Monadnock, Wachusett Mt., 369 

Tumbledown Mt., Jay Peak), their transects are thus composed entirely of low-elevation samples.  370 

 371 

Figure 4: Exposure ages from all mountains in the northeastern U.S. plotted against elevation above sea 372 
level. Open symbols are bedrock samples, grey symbols are boulders. ‘Northern Maine’ includes 373 
Tumbledown Mtn., Bigelow Mtn., and Katahdin (Bierman et al., 2015; Davis et al., 2015). ‘Northern 374 
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Vermont’ includes Jay Peak and Mt. Mansfield (Corbett et al., 2019). ‘White Mountains’ includes Mt. 375 
Washington (Bierman et al., 2015; Koester et al., 2020) and Franconia Notch. 376 

  We removed 40 of the 188 samples from interpretations of LIS deglacial chronology 377 

because we believe that these samples record histories other than simple exposure since 378 

deglaciation (see GSA Data Repository). These samples have exposure ages that are either 379 

significantly younger (i.e., no age overlap considering external uncertainty; n = 22) than 380 

independent, low-elevation deglacial constraints such as calibrated glacial varves (Ridge et al., 381 

2012) and minimum-limiting radiocarbon ages (Dalton et al., 2020), or are older than the LGM 382 

(n = 18), which we define locally as 24 ka across the study area based on the initiation of 383 

southeastern LIS retreat from the terminal moraine (Stanford et al., 2020). In both cases—ages 384 

younger than independent deglacial constraints or older than the LGM—exposure ages are 385 

unlikely to correspond to the timing of local deglaciation.  386 

Most of the samples not included in the ice thinning analysis above 1200 m a.s.l. (n = 18) 387 

have exposure ages older than the timing of local deglaciation (n = 16), although two high-388 

elevation samples are younger than independent, low-elevation deglacial chronologies. We infer 389 

that the older samples contain nuclides inherited from a period or periods of prior exposure, 390 

implying that glacial erosion was insufficient to remove such nuclides and agreeing with 391 

previous interpretations of old, high-elevation ages in the region (e.g., Bierman et al., 2015; 392 

Corbett et al., 2019). The two young samples at high elevations (PTMW-04, KM-02; GSA Data 393 

Repository) may have experienced post-glacial cover that partly shielded sample surfaces from 394 

cosmic radiation (Ivy-Ochs and Kober, 2008; Heyman et al., 2011). 395 

At elevations below 1200 m a.s.l., 20 samples with ages younger than minimum-limiting 396 

deglacial chronologies and two samples with ages older than the LGM were not included in our 397 
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reconstruction of LIS deglacial chronology. The young ages reflect late-glacial or Holocene 398 

landscape processes, largely echoing earlier work on this topic (e.g., Ivy-Ochs and Kober, 2008; 399 

Heyman et al., 2011). Young boulders (e.g., JP-09, 12, KM-09, TM-08, LFT-18, BR-01; Fig 6) 400 

were likely disturbed sometime after deglaciation and thus the exposure age of their present-day 401 

upper surface corresponds to the time of disturbance. Alternatively, post-glacial cover may have 402 

caused both boulder and bedrock (e.g., TM-02, KM-02; Fig 6) ages to be younger than the 403 

timing of deglaciation (Ivy-Ochs and Kober, 2008; Heyman et al., 2011).  404 

Where low-elevation boulder samples have ages older than other local samples (e.g., MG-07, 405 

KM-09, FW-02; Fig 6), we infer that the boulder contains nuclides inherited from prior 406 

exposure. These boulders are all composed of local bedrock lithologies and thus did not 407 

experience prolonged glacial transport and erosion. These old, low-elevation boulders may have 408 

arrived at their present locations during Holocene rockslides while retaining an inventory of 409 

inherited nuclides and/or the effects of cosmic-ray exposure initially at high elevations after the 410 

LGM (cf. Hilger et al., 2019). Exposure ages from erratic boulders (e.g., KM-11, MG-08; Fig 6) 411 

agree well with local ages, supporting previous work (e.g., Fabel et al., 2012) and suggesting 412 

erratic boulders are reasonable sampling targets in areas where bedrock has not been deeply 413 

eroded.   414 

After identifying ages that record events other than deglaciation, remaining ages cluster 415 

tightly over hundreds of meters of elevation range at most sampling locations, with some high- 416 

and low-elevation ages from the same mountain identical within internal uncertainty (Fig 5). The 417 

similarity of ages along elevation transects suggests rapid thinning at all mountains (decimeters 418 

to meters per year). However, such statistically indistinguishable ages prevent us from 419 

constraining absolute ice thinning rates using age/elevation regressions in a Monte Carlo random 420 
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resampling framework (e.g., Johnson et al., 2014) as the range of simulated thinning rates is 421 

large and includes implausible scenarios such as ice thickening over time and thinning in excess 422 

of 10 meters per year (see GSA Data Repository). 423 

 424 

Figure 5: Exposure ages from each site plotted against elevation. Inset shows the location of each 425 
mountain, see Fig 1 for more detail. Underlying grey panels show paleoclimate periods from (Osman et 426 
al., 2021): LGM = Last Glacial Maximum, HS1 = Heinrich Stadial 1, B-A = Bølling-Allerød, YD = 427 
Younger Dryas. ‘Upstream ice margin constraints’ are minimum limits on LIS margin positions north of 428 
(up the retreat axis from) each site and are based on the LIS reconstructions in Ridge et al. (2012) and 429 
Dalton et al. (2020). 430 
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Peripheral vs. Up-Ice Deglaciation 431 

10Be ages differ between low-elevation (<1200 m a.s.l.) samples from ‘peripheral’ 432 

(transects 1 to 5 in Fig 5; 15.9 ± 0.3 ka, mean ± SE, n = 44) and ‘up-ice’ (transects 6 to 13 in Fig 433 

5; 14.9 ± 0.2 ka, n = 63) mountains (one way ANOVA; p = 0.004). Exposure ages from our most 434 

southerly site, Peekamoose Mountain, indicate that the LIS surface lowered below 1200 m a.s.l. 435 

in southern NY by 18.9 ± 1.1 ka (n = 5; Fig 6). Exposure ages from the other four peripheral 436 

mountains are predominately from 17 to 15 ka and at Mount Greylock and Monadnock suggest 437 

~600 m of ice thinning over this period (Fig 5, 6). As observed previously at up-ice mountains 438 

such as Mount Washington (Koester et al., 2020), Mount Mansfield (Corbett et al., 2019), and 439 

numerous sites in the Adirondack Mountains (Barth et al., 2019), our exposure ages from 440 

Franconia Notch and Killington Peak are similar across nearly 1000 m of elevation (given 441 

internal uncertainties that range from 0.4 to 0.8 kyr) and cluster between 15 and 13 ka. Exposure 442 

ages from the furthest up-ice mountains do not exhibit the same clustering between 15 and 13 ka 443 

observed at other up-ice sites. Low-elevation boulder samples from Katahdin in northern Maine 444 

have 10Be ages between 18 and 15 ka (Fig 5). Bedrock and boulder 10Be ages from northwestern 445 

Maine and Jay Peak, Vermont, exhibit significant scatter and range from 18 to 12 ka (Fig 5, 6). 446 
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 448 

Figure 6: Oblique perspective maps showing vertical exposure age transect sites and sample locations. In 449 
each map, white circles are bedrock samples, gray circles are boulder samples, ages next to sample IDs 450 
are exposure ages and internal uncertainties (ka), and italicized samples are outliers not included in 451 
thinning reconstructions. Inset panels show exposure age vs. elevation plots for each mountain. 2D maps 452 
with spatial reference information are in the GSA Data Repository. 453 
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DISCUSSION 454 

Glacial and Geomorphic Implications of Exposure Ages 455 

Our data suggest that a region-wide subglacial erosional and therefore thermal boundary 456 

typified the southeastern LIS. Such subglacial boundaries mark the transition from warm-based, 457 

deeply erosive ice at lower elevations to poly-thermal or cold-based ice of varying erosivity 458 

higher on the mountains. Tightly-clustered exposure ages consistent with the established timing 459 

of deglaciation dominate the sample population at elevations below 1200 m a.s.l.. This pattern is 460 

in stark contrast to the far more variable and older ages at high elevations on our tallest 461 

mountains. The few high-elevation ages that are similar to low-elevation ages in the same 462 

transect may have experienced deeper erosion and thus accurately record early exposure of peaks 463 

(Fig 4, 5). However, the clear presence of 10Be inheritance in many high-elevation samples 464 

prevents us from confidently distinguishing between samples with and without inheritance at 465 

high elevations. Along with geomorphic evidence of minimal glacial erosion at higher elevations 466 

(e.g., Corbett et al., 2019; Koester et al., 2020), the elevation-related disparity in cosmogenic 467 

exposure ages suggests an elevation-dependent shift in the englacial thermal regime of the LIS 468 

(Sugden and Watts, 1977; Kleman and Glasser, 2007).  469 

Such subglacial erosion boundaries have been proposed for high-latitude landscapes formerly 470 

covered by LGM ice sheets, such as in Arctic Canada (Marsella et al., 2000; Marquette et al., 471 

2004; Staiger et al., 2005; Briner et al., 2006), Scandinavia (Fabel et al., 2002; Stroeven et al., 472 

2006; Goehring et al., 2008), Scotland (Stone et al., 1998; Stone and Ballantyne, 2006), and 473 

Greenland (Corbett et al., 2013), but, until now, the only evidence of such boundaries at mid-474 

latitudes comes from work on individual mountains in the northeastern U.S. (Bierman et al., 475 

2015; Corbett et al., 2019; Koester et al., 2020). The exposure age compilation presented here, 476 
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which includes data from these previous regional studies, enables us to conclude that a subglacial 477 

boundary existed at approximately 1200 m a.s.l. across multiple mountain ranges in the 478 

northeastern U.S. during LIS cover.  479 

Southeastern LIS Deglacial Chronology and Paleoclimate Influences 480 

Our exposure ages at most mountains are consistent with ice margin retreat positions as 481 

delineated by the North American Varve Chronology (NAVC; Ridge et al., 2012) and the 482 

radiocarbon-based LIS reconstruction from Dalton et al. (2020). For example, these 483 

reconstructions place the LIS margin just south of the Catskill Mountains, New York, at 18 ka, in 484 

good agreement with our exposure ages between 1200 and 900 m a.s.l. on Peekamoose Mountain 485 

(18.9 ± 1.1 ka). The NAVC places the LIS margin in southern New Hampshire by 15.3 ± 0.2 ka 486 

(Ridge et al., 2012); our exposure ages indicate that the LIS surface lowered below 400 m a.s.l. 487 

in the same general area by 16 ka (Fig 5). The 15 to 13 ka clustering of ages at our ‘up-ice’ 488 

mountains correspond to accelerated ice margin retreat through northern New York, Vermont, 489 

and New Hampshire (Fig 1; Ridge et al., 2012). 490 

Ice thinning and retreat constraints together indicate that the southeastern LIS began losing 491 

mass soon after the LGM and later experienced substantial, rapid ice loss coincident with the 492 

Bølling-Allerød warm interval (B-A; ~14.6 to 12.9 ka; Osman et al., 2021; Fig 7). Exposure ages 493 

from our most southerly site, Peekamoose Mountain, yield a thinning age close to the boundary 494 

between the persistently-cold late LGM (>18 ka) and Heinrich Stadial 1 (HS1; ~18 to 14.6 ka; 495 

Osman et al., 2021; Fig 7). The early thinning indicated by these ages coincides with slow (~10 496 

m/yr) initial retreat of the southern LIS margin from 24 to 18 ka (Ridge et al., 2012; Stanford et 497 

al., 2020). Ice thinning and retreat during the late LGM suggests that the southeastern LIS was 498 
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highly sensitive to external forcings, as the subtle rise in Northern Hemisphere insolation (Laskar 499 

et al., 2011; Fig 7) is the most plausible driver of early deglaciation (Clark et al., 2009). 500 

 501 

Figure 7: Southeastern LIS exposure age transects and select deglacial paleoclimate records. (A) June 502 
21. insolation for 40°N (Laskar et al., 2011). (B) The NGRIP oxygen-isotope record (Kindler et al., 503 
2014). (C) 231Pa/230Th (a proxy for the strength of the Atlantic Meridional Overturning Circulation) 504 
record from the Bermuda Rise (Lippold et al., 2009). (D) Southeastern LIS margin retreat from varve 505 
chronologies (Ridge et al., 2012; Stanford et al., 2020) measured as km north of the Long Island terminal 506 
moraine. (E) Exposure ages from ‘up-ice’ transects (not including ages older than 30 ka). White symbols 507 
are bedrock samples, colored symbols are boulders. Error bars show external uncertainties on exposure 508 
ages. Dashed line shows 1200 m a.s.l. (F) Exposure ages from ‘peripheral’ transects. Gray boxes show 509 
established paleoclimate intervals during the deglacial period as defined by Osborne et al. (2021); OD = 510 
Oldest Dryas, B-A = Bølling-Allerød, YD = Younger Dryas. 511 
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Exposure ages from the other four peripheral mountains (dipsticks 2 to 5 in Fig 5) coincide 512 

with HS1, when Northern Hemisphere air temperatures slowly began to rise (Buizert et al., 2014; 513 

Osman et al., 2021) in response to rising atmospheric greenhouse gas concentrations (Köhler et 514 

al., 2017) and summer insolation (Laskar et al., 2011; Fig 7). These peripheral transects suggest 515 

≥600 m of ice thinning from 17 to 15 ka and coincide with an increase in ice margin retreat 516 

speed (up to 90 m/yr) compared to earlier in the deglacial period (Ridge et al., 2012). This 517 

evidence for accelerated loss of ice during HS1 provides further evidence of a sensitive 518 

southeastern LIS. Northern Hemisphere temperature rise was only moderate during HS1 (Osman 519 

et al., 2021), although warming may have been confined mainly to summer months (Buizert et 520 

al., 2014) and therefore had immediate influence on LIS ablation rates. 521 

Our ages and independent deglacial constraints suggest that the exposure of ‘up-ice’ 522 

mountains was rapid. While our exposure ages from multiple up-ice mountains cluster between 523 

15 and 13 ka, a moraine system north of the Franconia Notch and Mt. Washington transects is 524 

dated to approximately 14 ka (Bromley et al., 2015; Thompson et al., 2017), suggesting that, at 525 

least in northern New Hampshire, 1000 m of ice thinning occurred predominately between 15 526 

and 14 ka. This history implies an average ice thinning rate of ~1 m/yr, agreeing with previous 527 

estimates from Koester et al. (2020) and Corbett et al. (2019) and supported by geomorphic 528 

evidence in the form of small lateral ‘push’ moraines interpreted as annual features recording ice 529 

thinning down some of our studied mountains (Wright, 2018).  530 

This rapid and substantial thinning at our up-ice mountains coincided with the acceleration of 531 

ice margin retreat from 90 to 300 m/yr that is attributed to the onset of the B-A around 14.6 ka 532 

(Ridge et al., 2012). The B-A was marked by an abrupt air temperature increase around the 533 

North Atlantic that is associated with a resurgence in the strength of the Atlantic Meridional 534 
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Overturning Circulation (McManus et al., 2004; Liu et al., 2009; Fig 7). We infer that the rise in 535 

air temperatures enhanced ablation rates over the southeastern LIS, promoting accelerated ice 536 

loss. Such a scenario is supported by increased glacial varve thickness during the B-A (Ridge et 537 

al., 2012), indicative of greater summer meltwater output, and offshore sediment records that 538 

indicate a substantial increase in total LIS meltwater during the B-A (Vetter et al., 2017).  539 

The close parallel between timing of ice margin retreat and exposure of vertical transects 540 

suggests that the southeastern LIS maintained a consistent and steep profile during deglaciation. 541 

We do not see evidence of interior thinning prior to margin retreat, as might be induced by 542 

dynamic mechanisms such as loss of buttressing ice shelves (Alvarez-Solas et al., 2013) or 543 

enhanced basal lubrication (Pfeffer et al., 2008).  544 

Precision of the Dipstick Methodology 545 

Our exposure age/elevation transects presented here, along with previously-published 546 

transects from around the world, demonstrate that for all but the slowest thinning scenarios the 547 

dipstick approach is useful for constraining the timing of paleo-ice sheet thinning, but is unable 548 

to resolve thinning rates with precision. Most previously-published exposure age/elevation 549 

transects exhibit similar patterns to our transects, with ages that are indistinguishable within 550 

internal uncertainties (that typically range from 0.4 to 1 kyr). Such transects record thinning of 551 

the Patagonian (Boex et al., 2013), Fennoscandian (Goehring et al., 2008), Greenland (Winsor et 552 

al., 2015), and Antarctic (Johnson et al., 2014; Small et al., 2019 and references therein) Ice 553 

Sheets and span elevation ranges between 75 and 1000 m. Attempts to constrain thinning rates 554 

quantitatively from these transects produce large ranges (e.g., ~0.1 to 6 m/yr, 95% confidence 555 

interval; Johnson et al., 2014), although many of these previous studies estimate most-likely ice 556 

thinning rates around 1 m/yr (e.g., Boex et al., 2013; Johnson et al., 2014). Quantitative attempts 557 
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at constraining thinning rates produce narrow ranges only where transect ages are distinctly 558 

different with elevation (considering internal uncertainties), and thus paleo-ice thinning rates 559 

were slow. For example, a transect on Mount Hope, Antarctica, records slow ice thinning (most-560 

likely rate = 0.17 m/yr) with a tight distribution of plausible thinning rates from Monte-Carlo 561 

analysis (0.13 to 0.24 m/yr, 95% confidence interval; Small et al., 2019).  562 

Comparisons to and Implications for Modern Ice Sheets  563 

Our analysis of the demise of the LIS after the LGM provides context for the current and 564 

future response of the Greenland and Antarctic Ice Sheets to climate change. Both are likely to 565 

lose substantial mass, which will result in thinning and retreat of the ice margin. Despite 566 

integrating over very different timescales, modern basin-wide thinning rates for the Greenland 567 

Ice Sheet (0.12 to 0.84 m/yr; Pritchard et al., 2009) overlap with the wide range of reconstructed 568 

paleo-ice sheet thinning rates estimated from vertical exposure age transects around the world 569 

(~0.2 to >1.5 m/yr). Thinning rates around the Antarctic Ice Sheet (~0.1 to 0.3 m/yr; Shepherd et 570 

al., 2019) are similar to reconstructed Antarctic paleo-ice-thinning rates from Small et al. (2019), 571 

especially when considering only transects with tight constraints on the range of possible rates.  572 

Because ice sheet paleo-thinning rates based on exposure ages are time-averaged over 573 

100’s to 1000’s of years, such overlaps indicate that modern rates of thinning can be sustained 574 

over centennial to millennial time scales. Most vertical exposure age transects with 575 

indistinguishable ages are inferred to represent rates of ice thinning equal to or more than 1 m/yr 576 

(Johnson et al., 2014), and therefore imply that drainage basins of the Greenland and Antarctic 577 

Ice Sheets could experience faster sustained thinning (>1 m/yr) in the future. This hypothesis is 578 

supported by extremely fast dynamic thinning rates observed in ice streams (1.5 m/yr in 579 
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Greenland, 4 to 9 m/yr in Antarctica) and the recent increase in mass loss rate from both ice 580 

sheets (Shepherd et al., 2019; The IMBIE Team, 2020).  581 

CONCLUSIONS 582 

 We collected and processed 81 samples for cosmogenic nuclide exposure dating in the 583 

northeastern U.S. and, in conjunction with 107 previously-published exposure ages, interpret the 584 

deglacial thinning history of the southeastern LIS. Our new data support and bolster 585 

interpretations of LIS thinning history from previous publications in the region (e.g., Bierman et 586 

al., 2015; Davis et al., 2015; Koester et al., 2017, 2020; Barth et al., 2019; Corbett et al., 2019) 587 

and provide additional information about the earliest deglacial thinning. We find that the 588 

southeastern LIS began thinning very soon after the LGM, with the tops of mountains within 150 589 

km of the margin exposed by 18 ka. Thinning continued throughout Heinrich Stadial 1 (~18 to 590 

14.6 ka), a period characterized by slow Northern Hemisphere temperature rise, and the onset of 591 

Bølling warming at 14.6 ka is approximately coincident with rapid thinning of nearly 1000 m 592 

that we reconstruct across several mountains. Our thinning chronology matches independent ice 593 

margin retreat chronologies well, suggesting that the southeastern LIS margin retained a 594 

consistent and steep profile as it retreated through the northeastern United States.  595 

Our data also support suggestions from previous work that an englacial thermal boundary 596 

in the LIS caused the magnitude of glacial erosion to differ above and below ~1200 m a.s.l.. 597 

Warm-based ice caused substantial erosion at lower elevations and cosmogenic measurements 598 

yield mostly deglacial ages. Above ~1200 m a.s.l., subglacial erosion was minimal and spatially 599 

heterogeneous, as indicated by variable and older exposure ages that likely contain nuclides 600 

inherited from pre-LGM exposure and record processes other than simple exposure.  601 
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The thinning chronology we reconstruct here echoes chronologies from other paleo-ice 602 

sheets, which imply ice sheet thinning rates exceeding drainage-basin-wide ice thinning rates 603 

observed so far on modern ice sheets. Our conclusion, that LIS thinning and retreat accelerated 604 

due to North Atlantic warming during the B-A, supports the sobering possibility of fast and 605 

sustained ice loss from ice sheets in the future as climate warms. 606 

  607 
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