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Abstract

Methodology

Future changes in sea level will largely be dictated by changes in the
world’s ice sheets. Yet, the magnitude and rate at which these ice sheets
will respond to climate change remain uncertain, necessitating a deeper
investigation into past ice sheet-climate interactions. Knowledge of past
changes in the Laurentide Ice Sheet (LIS) is particularly valuable, as this
ice mass held the equivalent of ~80 m of global sea level at its maximum
extent. Numerous studies have documented the timing and pattern of LIS
margin retreat since the Last Glacial Maximum (LGM), but few studies have
provided vertical constraints necessary for accurate sea-level contribution
estimates. Here we present 21 36Cl ages from boulder and bedrock samples
along vertical transects spanning ~1000 m of relief from multiple peaks in
the Adirondack Mountains of northeastern New York, USA. Our exposure
ages span the LGM through the last deglaciation, with the highest elevation
sites (~1500 m) ranging between 25 – 19 ka, and the lower elevations
sites (≤1300m) between 16 – 13 ka. These data suggest gradual ice-sheet
thinning of 200 m initiated ~20 ka followed by more rapid surface lowering
of 1000 m coincident with Bølling warming.

Discussion & Conclusions

• Targeted multiple peaks of varying elevation in a ~800 km2 region of the
Adirondack Mountains
• Sampled glacially deposited boulders (n = 17) and ice-scoured bedrock
(n = 4) for 36Cl exposure dating
• All samples were pyroxene-rich Precambrian anorthosite (Denny, 1974)
• Samples were processed at the University of New Hampshire cosmogenic
nuclide laboratory using the methods of Stone et al. (1996) as modiﬁed
by Licciardi et al. (2008)
• The 35Cl/37Cl and 36Cl/37Cl ratios were measure at the Center for Accelerator
Mass Spectrometry at Lawrence Livermore National Laboratory
• Ages were calculated using the 36Cl exposure age calculator of
Schimmelpfennig et al. (2009), the production rates of Marrero et al.
(2016), and the ‘LSDn’ scaling scheme (Lifton et al., 2014)
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Background
• During the Last Glacial Maximum (LGM), the Laurentide Ice Sheet (LIS)
covered much of North America including New England
• The LIS held the equivalent of 76 - 85 m eustatic sea-level (Clark & Mix,
2002)
• Retreat history of the LIS margin is well constrained following the LGM
(Dyke, 2004), but changes in ice thickness are still poorly known
• The LIS margin retreat in New England deﬁned by multiple dating methods,
including radiocarbon ages (Dyke, 2004), varve chronologies (Ridge et
al., 2012), and in-situ terrestrial cosmogenic nuclide surface exposure
dating of terminal and recessional moraines (Balco & Schaefer, 2006;
Bromley et al., 2015; Corbett et al., 2017)
• Addition studies placed vertical limits on the southeastern LIS from high
summits (>1300 m asl) and low-elevation peaks (<400 m asl) (Bierman et
al., 2015; Koester et al., 2017)
• However, vertical constraint data are sparse and spatially limited
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Figure 2 | Boulder samples. (A) Boulder sample from Rocky Peak (ADK-RPR-01-08) exhibiting the
large size of the boulder samples and position near the cliff edge of ice-scoured bedrock with little
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till cover.samples.
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Peak (ADK-BP-02-08; 15.8±1.3 ka). (C) Boulder sample from Algonquin Peak (ADK-AQ-01-15;
20.7±1.4 ka. (D) Boulder sample from Pitchoff Mountain (ADK-PO-01-15; 14.5±1.0 ka).

Results

• Exposure ages range from 24.9±1.6 ka to 13.2±0.9 ka excluding two
outliers of 41.6±3.1 ka and 77.9±5.3 ka (Fig. 3 & 4)
• The ages show a bimodal distribution with a group centered on ~21 ka
and another clustered near ~14 ka (Fig. 5c)
• Ages from predominantly higher elevations (935 to 1560 m asl) range
from 24.9±1.6 ka to 19.6±1.3 ka
• Ages from predominantly lower elevations (403 to 1387 m asl) range from
15.8±1.3 ka to 13.2±1.2 ka
• Scatter among the ages is likely a product of nuclide inheritance opposed
to exhumation or erosion

Figure 3 (above) | Regional map of exposure ages. Map of study area and sample locations in the
Adirondacks. 36Cl ages for each site are grouped in boxes and reported with 1σ uncertainty. Latitude
and longitude reported as degree decimal.
Figure 4 (below) | Elevational proﬁle of the study area. Generalized elevational proﬁ le from New York
to Maine and surface exposure ages noted in text. Circles indicate cosmogenic surface exposure
samples with associated ages adjacent. Grouped ages are from the same sampling locality. White
ages are from boulders, yellow are from bedrock, and orange ages are in-situ 14C ages from bedrock
samples. Ages from Little Haystack Mountain, Mt. Washington, and Katahdin are from Bierman et al.
(2015). Ages for the Littleton-Bethlehem and Androscoggin moraines are from Bromley et al. (2015).

43

20.5 ka

NY

ka

Mt. Washington

Mohawk
River Valley

41

45

Thinning Rates:
• We consider the youngest ages from each elevation to represent the
closest-limiting age of ice retreat
• High-elevation ages indicate the LIS thinned by 170 m between 19.6±1.3
ka and 15.4±1.0 ka (Fig. 5c,d,e)
• Maximum average thinning rate: ~90 m/kyr
• Minimum average thinning rate: ~30 m/kyr
• Low-elevation ages indicate the LIS thinned by 1000 m betwen 15.4±1.0
ka and 13.9±0.9 ka (Fig. 5c,d,e)
• Maximum average thinning rate: >980 m/kyr
• Minimum average thinning rate: ~290 m/kyr
Regional Context:
• Early deglacial thinning is broadly coincident with lateral retreat of the LIS
from its recessional margins in Connecticut
• The North American Varve Chronology (NAVC; Ridge et al., 2012) also
experienced a two-phase pattern of deglaciation (Fig. 5a)
• Thinning of the LIS in the Adirondacks and increased rate of retreat from
the NAVC may be a response to abrupt warming of the Bølling-Allerød
interval (~14.5 ka)
Conclusions:
• New 36Cl exposure ages from the Adirondacks show two-phase regional
thinning of the LIS ~21-14 ka
• Gradual thinning was followed by rapid retreat coincident with the BøllingAllerød warming and Meltwater Pulse 1a (~14.5 ka)
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Figure 1 | Regional map of the northeast United States and ﬁeld sitocations. Surface exposure dating
locations from this study denoted with red circles and from other studies (Balco and Schaefer, 2006;
Bierman et al., 2015; Bromley et al., 2015; Koester et al., 2017) denoted with gray circles. Contour
line marks the Last Glacial Maximum margin of the Laurentide Ice Sheet (Dyke, 2004). Box indicates
the location of panel A. Littleton-Bethlehem (L-B) and Androscoggin moraines labeled.

Figure 5 (above) | Surface exposure ages versus elevation and average ice sheet thinning
rates. (A) Retreat of the southeastern sector of the Laurentide Ice Sheet as determined
by the North American Varve Chronology (Ridge et al., 2012). Blue line represents timedistance plot of retreat through the Connecticut River Valley. Red line represents the Hudson
River Valley. Dashed lines represent the rate of change for each valley. (B) Oxygen isotope
values from the GISP2 Greenland ice core (Rasmussen et al., 2008). (C) Symbols indicate
individual surface exposure ages with 1-sigma analytic uncertainty; diamonds are boulder
samples, squares are bedrock samples. Dashed line inidicates ice sheet surface elevation
in this area as determined from model output (Gregoire et al., 2012). (D) Average thinning
rate of the Laurentide Ice Sheet over the Adirondacks from ~20-15 ka at this location. Blue
and red bars inidicate minimum and maximum average thinning rates, respectively, as
determined from the 36Cl data. Black bar represents average thinning rate as determined
from the model. Bar width represents the time interval over which the thinning rate is
calculated. (E)Average thinning rate of the Laurentide Ice Sheet from ~16-13 ka.
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