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Abstract. The Laurentide Ice Sheet (LIS) was the largest ice mass by volume during the last glacial cycle, containing 10 
approximately 75–85 m of global sea-level equivalent, and representing a major component of the climate system. 

Constraining the timing of LIS deglaciation is critical for evaluating its contributions to sea-level rise, climate variability, 

and ice-climate feedback. The Adirondack Mountains of New York (ADK) represent a topographically complex and 

previously under sampled region of the northeastern United States. Because this ~24,000 km2 region represents a more 

interior component of the entire LIS, it provides an opportunity to investigate both the timing and mechanisms of interior 15 
ice-retreat following the Last Glacial Maximum. Here we present 36Cl surface exposure ages from the High Peaks 

Wilderness region of the Adirondack Mountains, integrated with high-resolution transient ice-sheet model simulations to 

refine the timing and pattern of ice-sheet retreat through the mountainous terrain. Results suggest complete exposure of the 

region by 13.5 ± 0.6 ka (2σ), with modelled deglaciation occurring over an approximately 500-year interval, consistent with 

minimum-limiting radiocarbon ages indicating biotic reoccupation by ~13 cal ka. This updated chronology is younger than 20 
previous estimates for deglaciation across the northeastern United States, indicating later exposure during the Allerød warm 

interval (~14.2 to 13.0 ka). Our reconstructed ice-retreat chronology agrees with the ice-sheet modelling, which shows rapid 

thinning beginning at ~13.5–13.0 ka but delayed exposure of the High Peaks until the later Allerød. Together, these results 

suggest that Laurentide retreat through the Adirondacks lagged the onset of Bølling–Allerød warming before proceeding 

rapidly across the region. 25 

1 Introduction 

The Last Glacial Maximum (LGM), occurring between 26.5 and 19.5 ka (Clark et al., 2009), was characterized by the 

maximum extent of the Laurentide Ice Sheet (LIS), which represented the largest individual ice-sheet contribution to global 

sea-level equivalent at the time (Clark & Mix, 2002). The presence of the LIS had a substantial influence on the regional and 

global climate system by altering atmospheric circulation and precipitation patterns (Lora & Ibarra, 2019), and by modifying 30 
North Atlantic circulation and associated heat transport through deglacial meltwater discharge (Clark et al., 2001, Licciardi 
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et al., 1999). Resolving how the LIS responded to deglacial climate change therefore requires well-constrained records of the 

timing and pattern of ice-margin retreat across different sectors of the ice sheet. Across the northeastern United States, the 

timing and pattern of LIS retreat have been constrained using the abundance of preserved glacial landforms and deposits, 

together with a range of geochronometers including varve chronologies, (Ridge et al., 2012), basal radiocarbon (Dyke, 2004; 35 
Dalton et al., 2020), and in situ terrestrial cosmogenic nuclide (TCN) exposure dating (Balco & Schaefer, 2006; Balter-

Kennedy et al., 2024; Bromley et al., 2015; Corbett et al., 2017; Thompson et al., 2017). However, the Adirondack 

Mountains of New York (ADK) (Fig. 1) remain underrepresented in regional geochronologic reconstructions of LIS retreat. 

The ADK was fully covered by the LIS at the LGM (Fairchild, 1913), and re-exposed during the subsequent deglaciation. 

Ice retreat through this topographically complex region altered major meltwater-routing pathways during deglacial flooding 40 
events (Franzi et al., 2026; Rayburn, 2007), contributing to changes in freshwater delivery to the North Atlantic with 

potential implications for Atlantic Meridional Overturning Circulation (AMOC) and associated heat transport (Clark et al., 

2002; Licciardi et al., 1999). Improved constraints on the timing of LIS retreat through the ADK are therefore essential to 

understanding the response of the LIS to deglacial climate change, and for constraining the sensitivity and timescales of 

large ice sheet responses to abrupt warming.  45 
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Figure 1: Regional map of the northeast United States. Bold black lines indicate ice margin positions of the Laurentide Ice Sheet 
taken from Dalton et al. (2020). Last Glacial Maximum extent indicated by the LGM margin. White line shows the boundary of 
the Adirondack Park. Symbols indicate the location of surface exposure ages from this study (blue), Barth et al., 2020 (red), and 
Bromley et al., 2015 (white). The dashed black line shows the model domain used in this study. Base image elevation generated 50 
using 10 m spatial data provided by the New York State Office of Information Technology Services. 

  

Previous studies have attempted to constrain the timing and/or mechanisms associated with LIS retreat from the Adirondack 

region during the last deglacial climate transition (Barth et al., 2019; Davis, 1999; Franzi et al., 2016; Jackson, 1989; Porreca 

et al. 2018), documenting substantial ice-volume loss and evidence for rapid regional thinning (Barth et al., 2019) during the 55 
mid-deglacial (~15-13 ka). The surrounding lowlands of the Adirondack Mountains, including the Champlain Valley, 

experienced higher ice-flow velocities than the topographically complex terrain of the Adirondack Park (Cuzzone et al., 

2025). The variable topography of the Adirondacks likely influenced local ice dynamics and may help explain why 

deglaciation there occurred later than in surrounding regions (Franzi et al., 2016).  Additionally, recent ice-sheet modeling 

indicates that the LIS was cold-based across much of the ADK at the LGM, which would have limited basal sliding and 60 
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contributed to relatively sluggish ice flow through the region (Cuzzone et al., 2025). Despite these advances in our 

understanding of regional ice dynamics and deglacial behavior, the timing and rate of LIS retreat across the Adirondack 

region remain poorly constrained, with limited geochronologic data from within the park (Fig. 2). It is therefore important to 

expand the coverage of geochronologic data for this region, which represents a more interior sector of the southeastern LIS. 

 65 
Here we present 12 new 36Cl exposure ages that expand the existing TCN record within the High Peak Wilderness Region 

(Fig. 2). These new data increase the spatial and elevational coverage of TCN ages across the region, improving constraints 

on current reconstructions of LIS thinning and retreat. We pair these exposure ages with new ice sheet model simulations of 

deglacial LIS retreat across this region to investigate the physical mechanisms involved in the ice retreat. These new findings 

provide support to rapid LIS retreat through the High Peaks Wilderness, (Barth et al., 2019) while indicating later 70 
deglaciation than previously assumed. 
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Figure 2: Map of the Adirondack Mountains. Bold black lines indicate ice margin positions of the Laurentide Ice Sheet taken from 
Dalton et al. (2020). White line shows the boundary of the Adirondack Park (ADK). Circles indicate the location of surface 75 
exposure ages from this study (blue) and Barth et al., 2020 (red). Yellow diamonds are the locations of radiocarbon ages 
recalibrated in Dalton et al., 2020. Dashed line A-A’ marks the location of our transient model simulation through the 
Adirondacks (see Figure 4). Base image elevation generated using 10 m spatial data provided by the New York State Office of 
Information Technology Services. 

2 Geologic Background 80 

The Adirondack Mountains occupy roughly 24,000 km2 of northern New York State and form a broad dome-like structure 

composed primarily of high-grade metamorphic rocks of the Grenville Structural Province (Fig.1; Isachsen & Fisher, 1970). 

The region has experienced prolonged uplift and erosion, producing high topographic relief characterized by numerous 

peaks, composed primarily of anorthosite (Isachsen, 1981), which exceed 1,600 m elevation and valleys ~400–500 m asl. 

During the Pleistocene glacial cycles, the Adirondacks were repeatedly overridden by advances and retreats of the LIS which 85 
modified the landscape (Fairchild, 1913). At the LGM, the region was fully covered by the LIS and was re-exposed during 

the subsequent deglaciation, leaving behind glacial striations, erratic boulders, meltwater channels, and extensive outwash 

deposits that record its former presence (Franzi et al., 2016). Numerous proglacial lakes surrounded the region, including 

Glacial Lakes Iroquois and Abenaki, which were fed by meltwater from the receding LIS (Franzi et al., 2025). The St. 

Lawrence and Lake Champlain Lowlands served as major conduits for ice flow and meltwater drainage (Licciardi et al., 90 
1999; Rayburn et al., 2007), while strath terraces in the Mohawk River Valley features record periods of meltwater drainage 

to the Hudson River during deglaciation (Porreca et al., 2018; Stanford, 2010). 

3 Methods  

3.1 36Cl surface exposure dating 
Here we apply in situ TCN exposure dating methods to constrain the timing of LIS retreat from the Adirondack Mountains 95 
of New York. All collected samples are composed of feldspar- and pyroxene-rich anorthosite and lacking quartz, we 

therefore employ 36Cl exposure dating methods in lieu of 10Be. Advances in sample preparation and mineral separation now 

allow for improved precision by minimizing contributions from uncertain production mechanisms, making 36Cl increasingly 

valuable for refining deglacial chronologies (Lesnek et al., 2024). We sampled glacial erratics (n = 7) and glacially polished 

bedrock (n = 5) located on or near the summits of six peaks throughout a 1,115 km2 area of the High Peak Wilderness region 100 
of the ADK (Fig. 2 & 3). Samples were acquired using an angle grinder assisted by hammer and chisels with a sampling 

depth of ~2 cm to limit the influence of attenuation of cosmic rays thus increasing the likelihood of full nuclide production 

since exposure. Boulder samples were greater than 0.7 m in height, flat topped, and deposited directly on, or adjacent to, 

glacially polished bedrock. Sample collection was preferentially taken from areas of the boulders that did not show obvious 

signs of post-depositional erosion and exhibited geologic indicators of glacial polish and abrasion. These strict selection 105 
criteria were followed to limit geologic processes that could contribute to inaccurate TCN exposure ages including post-
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depositional movement, erosion of accumulated nuclides, or exhumation. Latitude, longitude, and altitude for each sample 

were recorded using a handheld Garmin GPS with accuracy within 5-10 m. Surface inclination was measured using a 

Brunton compass and topographic shielding was determined in the field with an inclinometer and later calculated using the 

CRONUS Topographic Shielding calculator (Balco et al., 2008). 110 
 

 
Figure 3: Boulder and bedrock samples. Examples of samples collected in this study for the purposes of 36Cl surface exposure 
dating. Sample name is located in the top left of each frame with the associated exposure age with analytical uncertainty in the 
bottom right. Total uncertainty for each sample included in parentheses. 115 

 

Physical preparation of samples was completed in the Cosmogenic Exposure Dating at Rowan (CEDAR) Lab at Rowan 

University. The top 2 cm of each sample was crushed to a 125-250 μm size fraction and ultrasonically cleaned in a 2% 

HNO3 solution. Pretreated and untreated aliquots of each sample were analyzed for both major and minor elemental 

composition, respectively, at ALS-Global (Table S1 and S2). Chlorine extraction was completed at the Lawrence Livermore 120 
National Laboratory Center for Accelerated Mass Spectrometry (LLNL-CAMS) using a modified version of methods 

described in Lesnek et al. (2024). Initial prescreening of samples to determine the native chlorine concentration was 

completed for 8 of the samples (Table 1). One-gram aliquots were prepared in Ag(Cl, Nb) and measured for 35Cl/37Cl ratios 

using the low energy, pre-accelerator end of the Accelerated Mass Spectrometer (AMS) at LLNL-CAMS (Anderson et al., 

2026). Native chlorine concentrations were calculated using isotopic dilution methods described in Faure & Mensing (2005). 125 
Prior to native Cl measurement, samples predicted to contain high native chlorine were magnetically separated via Frantz to 

isolate Ca and K- bearing feldspars. Samples yielding high native Cl concentrations (>300 ppm) were excluded from 36Cl  
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Table 1 - Properties and analytical information for samples 
analyzed for cosmogenic 36Cl                    

Location Sample 
Name 

Latitud
e (DD) 

Longitu
de 

(DD) 

Elev
ation 
(m) 

Thick
ness 
(cm) 

Den
sity 
(g 

cm-

3) 

Shiel
ding 

Rock 
Disso
lution 

(g) 

37Cl 
Car
rier 
(g) 

Cl 
(pp
m) 

35/37Cl 
(±1σ) 

36Cl/Cl 
(e-14) 

36Cl 
conc. 
(e4 at 
g-1, 

±1σ) 

Exposur
e age 
(ka) 

               

Blueberry 
Mountain 

BB-22-
02 

44.217
4 

-
73.815

5 889 2 2.7 
0.99

9 10.06 
0.4
015 3.6 

1.1904 ± 
0.0005 

5.74 ± 
0.24 14.31 

± 0.63 

11.8 ± 
0.5 

(0.9) 

 
BB-22-

05 
44.217

6 

-
73.815

9 889 2 2.7 
0.99

9 10.00 
0.4
019 

19.
5 

1.1311 ± 
0.0012 

5.91 ± 
0.14 16.43 

± 0.44 

13.4 ± 
0.4 

(1.0) 

Baxter 
Mountain 

BXR-
22-02 

44.216
9 

-
73.765

3 745 2 2.7 
0.99

9 9.97 
0.4
002 

91.
3 

1.0640 ± 
0.0004 

6.66 ± 
0.14 26.62 

± 0.62 

16.9 ± 
0.4 

(1.6) 

 
BXR-
22-03 

44.215
6 

-
73.763

1 739 2 2.7 
0.99

9 10.02 
0.4
021 

29
6.8 

1.0936 ± 
0.0008 

7.64 ± 
0.16 57.22 

± 1.22 

19.5 ± 
0.5 

(3.5) 

 
BXR-
22-05 

44.215
6 

-
73.760

6 715 2 2.7 
0.99

9 5.23 
0.4
008 1.0 

1.3253 ± 
0.0005 

2.35 ± 
0.07 10.87 

± 0.38 

9.7 ± 
0.4 

(0.7) 

Hopkins 
Peak 

HOP-
22-01 

44.183
4 

-
73.749

0 962 2 2.7 
0.99

7 8.58 
0.3
994 

11.
4 

2.3211 ± 
0.0008 

6.76 ± 
0.16 20.50 

± 0.53 

11.9 ± 
0.3 

(0.7) 

 
HOP-
22-04 

44.183
4 

-
73.748

3 964 2 2.7 
1.00

0 10.03 
0.4
013 

18.
8 

1.2954 ± 
0.0005 

7.04 ± 
0.16 19.43 

± 0.50 

14.1 ± 
0.4 

(0.8) 

Lookout 
Mountain 

LOM-
22-02 

44.378
0 

-
73.886

7 1242 2 2.7 
0.99

6 10.00 
0.3
997 

81.
7 

1.3200 ± 
0.0010 

7.86 ± 
0.49 30.08 

± 1.89 

13.9 ± 
0.9 

(1.8) 

Panther 
Mountain 

PM-23-
01 

44.234
2 

-
74.334

5 682 2 2.7 
0.99

4 10.03 
0.3
892 7.9 

2.2200 ± 
0.0008 

4.72 ± 
0.12 11.78 

± 0.37 

12.4 ± 
0.4 

(0.7) 

 
PM-23-

02 
44.234

1 

-
74.334

6 682 2 2.7 
0.99

9 10.02 
0.4
010 

15.
9 

2.9221 ± 
0.0016 

9.44 ± 
0.21 25.64 

± 0.63 

23.2 ± 
0.6 

(1.4) 

Whiteface 
Mountain 

WF-22-
01 

44.367
9 

-
73.900

0 1406 2 2.7 
0.99

8 10.07 
0.4
012 

25.
5 

2.3713 ± 
0.0009 

12.83 
± 0.25 36.86 

± 0.75 

15.1 ± 
0.4 

(1.0) 

 
WF-22-

03 
44.367

0 

-
73.901

5 1441 2 2.7 
0.99

4 10.02 
0.3
955 

15
7.9 

1.8314 ± 
0.0007 

17.03 
± 0.46 86.89 

± 2.39 

24.5 ± 
1.1 

(3.5) 
               

Lab 
blanks Cl_PB1 - - - - - - - 

0.4
007 -  

0.06 ± 
0.01 - - 

 Cl_PB2 - - - - - - - 
0.3
982 -  

0.06 ± 
0.01 - - 

                              
               
Sample 36Cl concentrations are corrected 
for 36Cl contributed by blanks        

   
 

Ages calculated using CRONUScalc (Marrero et al., 2015) and the LSDn scaling scheme (Lifton et al., 2014) 
with 1𝜎 analytical uncertainty and total uncertainty in parentheses 

  
 

  130 
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extraction due to a greater contribution of the thermal neutron capture production pathway on resulting exposure ages which 

can lead to larger exposure age uncertainty (Gosse and Phillips, 2001; Lesnek et al., 2024).  

 

For 36Cl extraction, ~10g of sample was digested in an HF-2M HNO3 solution over 2-3 days. Removal of insoluble fluorides 

was completed through centrifugation. Addition of AgNO3 precipitated Cl as AgCl, and precipitate was purified by 135 
redissolving with NH4OH and adding BaNO3 to remove sulfate as BaSO4. After sulfates were effectively removed, the 

solution was reacidified through the addition of 2M HNO3, and AgNO3 to precipitate final AgCl. The final precipitate was 

washed repeatedly in deionized water, dried, and packed into cathodes for AMS measurement.  

 

Ages were calculated using CRONUS-Earth web calculator (v. 2.1; http://cronus.cosmogenicnuclides.rocks/2.1/; Marrero et 140 
al., 2016), and the time‐ and nuclide‐dependent “LSDn” scaling scheme (Lifton et al., 2014). Ages are reported here with 1𝜎 

internal uncertainty reflecting sample extraction and AMS measurement precision. Total uncertainty is included in 

parentheses after each sample and reflects analytical uncertainties combined with those from the various production rates 

(Borchers et al., 2015). We conduct sensitivity tests for surface erosion using a range of rates experienced by the samples on 

the order of 0.0 to 5.0 mm ka-1 as described in the literature (Table S3; Gillespie and Bierman, 1995). Population ages 145 
discussed later, are calculated using the total uncertainty for each sample to account for varying contributions of each 

production pathway on the samples as dictated by sample elemental composition (Table S1 and S2). Previously published 
36Cl ages from the High Peak Wilderness (Barth et al., 2019) are recalculated using the same methods discussed here for a 

more precise comparison. 

 150 
3.1 Ice-Sheet Modelling 
To support our glacial geologic interpretations of LIS deglaciation across the ADK region, we employ the Ice Sheet and Sea-

level System Model (ISSM; Larour et al., 2012) to simulate transient ice-sheet evolution over this interval. The model 

configuration follows Cuzzone et al. (2025), which simulated steady-state LGM conditions across the northeastern United 

States and dynamically downscaled the model over the ADK region. Building on this framework, we simulate the 155 
deglaciation across the ADK region from the LGM through 10 ka using surface temperature and precipitation fields from the 

TraCE-21ka simulation (He et al., 2013) as climate forcing. The TraCE-21ka anomalies (relative to 1850 CE) are applied to 

the same reference climatology as in Cuzzone et al. (2025).  Following Cuzzone et al. (2025), we adopt a multi-step 

downscaling approach. Starting from the published LGM state, we first simulate the entire LIS deglaciation. The resulting 

time-evolving solution is then used to prescribe boundary conditions for a regional northeastern United States model, which 160 
in turn provides boundary conditions for a high-resolution ADK model (see Fig. 1 for model domain boundary). All model 

physics, parameter values, domain configurations, and downscaling procedures are identical to those in Cuzzone et al. 

(2025). This also includes the surface mass balance scheme, basal friction formulation, ice-flow approximation, and marine 

margin treatment.  In this study, we focus on results from the downscaled, high-resolution ADK simulations, which resolve 
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both the ice sheet and underlying bedrock topography at spatial resolutions ranging from ~400 m to ~30 m, allowing us to 165 
examine local controls on ice retreat and support interpretation of regional deglaciation constraints derived from geologic 

observations.  We do not tune the model to match the reconstructed ice history; rather, the simulations provide a physically 

consistent transient ice-sheet evolution driven solely by prescribed climate forcing. 

4 Results 

4.1 36Cl surface exposure ages 170 
Resulting 36Cl exposure ages range from 9.7 ± 0.4 (0.7) to 24.5 ± 1.1 (3.5) ka (n = 12). Seven of the ages fall within a range 

of 11.8 ± 0.5 (0.9) ka and 15.1 ± 0.4 (1.0) ka (Table 1).  Four of the remaining ages (3 bedrock and 1 boulder) range between 

16.9 + 0.4 (1.6) ka and 24.5 ± 1.1 (3.5) ka and do not overlap within 1𝜎 internal uncertainty of the other samples. These 

older ages likely reflect some amount of nuclide inheritance caused by insufficient erosion of the surface material (e.g., 

Briner et al., 2016). Nuclide inheritance is suggested by three of those samples (BXR-22-02; BXR-22-03; PM-23-02) located 175 
below 800 m elevation where a majority of younger ages exist at or above those elevations indicating the presence of ice 

after the timing suggested by the older population. Similarly, we have excluded one additional age (BXR-22-05; 9.7 + 0.4 

(0.7)) which does not overlap with other ages within uncertainty and is younger than proximal radiocarbon ages constraining 

ice-free conditions by 12.3 ka (95% CI: 11.4-12.8 ka; Jackson, 1989). It is therefore likely BXR-22-05 experienced some 

amount of post-depositional geologic uncertainty such as exhumation after the deglaciation leading to an inaccurately young 180 
age. Exposure age sensitivity tests yield results with overlapping 1𝜎 internal uncertainty from erosional rates upwards of 5.0 

mm kyr-1 for all but the three samples interpreted as exhibiting nuclide inheritance (BXR-22-02; BXR-22-03; PM-23-02; 

Table S3). From these results, paired with no geologic indicators of surface erosion on the samples, we choose to report our 
36Cl ages with no correction for erosion. 

 185 
4.2 Ice-Sheet Modelling 

Between the LGM and ~14.5 ka, the ice-sheet model simulates 1.5–2.0 km of ice thickness over the High Peaks Wilderness, 

with the majority of rapid thinning occurring after ~14 ka (Fig. 4). To visualize the simulated ice retreat and thinning across 

this region, we extracted the temporally evolving ice-sheet profile along a south-to-north transect spanning the ADK (Fig. 4; 

see Fig. 2 for transect location). The simulated LIS margin first retreats towards the southern extent of the ADK at ~13.5 ka 190 
and exits north of the region by ~12.0 ka. The High Peaks Wilderness remains ice-covered until ~13.0 ka, after which rapid 

retreat and thinning ensue, with the ice sheet completely retreating from our study region by ~12.5 ka.  The simulated ice 

margin maintains a steep surface profile throughout the retreat across the ADK’s highly variable topography, suggesting that 

ice-surface thinning and margin retreat occur largely synchronously rather than as clearly separated phases. 

Our model results indicate that deglaciation across the Adirondack region occurred rapidly, consistent with the geologic 195 
constraints suggesting ice retreat through the High Peaks Wilderness on the order of ~0.5 kyr. To isolate local topographic 
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effects on deglaciation timing, we first characterize the dominant regional retreat pattern by fitting a simple spatial trend to 

the modeled deglaciation-age field across the ADK domain (Fig. S1; Supplemental text section 1). Subtracting this regional 

trend from the modeled deglaciation ages yields residuals that show where the ice becomes free earlier or later than expected 

from large-scale retreat alone.  Although simulated ice-margin retreat seems to control the overall deglaciation pattern, 200 
binning these residuals by elevation shows that the highest elevations deglaciate up to ~0.4 kyr earlier than surrounding 

lowlands. This indicates that local topography modestly but systematically influenced deglaciation timing, likely through 

earlier emergence of high terrain as the ice sheet thinned. 

 

Figure 4: Transient ice sheet model profile. Simulated ice-surface elevations through time along a transect through the 205 
Adirondack Mountains between 13.5 and 12.5 ka, overlain on the bedrock topography resolved by the ice-sheet model. The 
location of our study area in the High Peaks is indicated by the shaded region along the transect between 100 and 150 km. 

The transient simulations also provide insight into the climatic forcing associated with rapid deglaciation of the Adirondacks. 

The prescribed TraCE-21ka forcing (Liu et al., 2009; He et al., 2013) shows initial warming at the onset of the Bølling–

Allerød (~14.7 ka), followed by brief cooling and a second, stronger warming beginning at ~13.8 ka (Fig. 5A). Despite the 210 
initial warming, most of the modeled ice-covered domain remains under positive surface mass balance, indicating that the 

ice sheet had begun responding to climate forcing but had not yet entered widespread ablation. During the subsequent 

warming at ~13.8 ka, the equilibrium-line altitude rises rapidly and approximately half of the remaining ice-covered area 

transitions to negative surface mass balance (Fig. 5B). Between ~13.8 and 13.2 ka, the majority of the remaining ice-covered 

domain experiences net ablation, and by ~13 ka nearly all remaining modeled ice is within the ablation zone. Continued ice-215 
surface lowering during this interval likely further amplifies ablation by bringing the remaining ice surface to progressively 

lower elevations, contributing to rapid retreat through the High Peaks Wilderness. 
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Figure 5: Model-domain-averaged transient surface temperature and simulated ablation response across the ADK region. (a) 
Area-averaged surface temperature from the prescribed TraCE-21ka climate forcing (Liu et al., 2009; He et al., 2013) across the 220 
ADK model domain. Dashed lines mark the canonical onset of Bølling–Allerød warming (~14.7 ka) and the time when 50% of the 
remaining ice-covered area in the model domain experiences negative surface mass balance. This transition approximately 
coincides with the onset of rapid simulated retreat across the region at ~13.8 ka. (b) Simulated equilibrium-line altitude (ELA) 
plotted against the fraction of the remaining ice-covered area with negative surface mass balance. Scatter points are colored by 
model age. The ELA is calculated from the simulated SMB = 0 contour across the ice-covered model domain. The ablation-area 225 
fraction is calculated as the area of ice-covered elements with SMB < 0 relative to the total remaining ice-covered area. The model 
shows a rapid expansion of the ablation area as ELA rises during the stronger warming after ~13.8 ka. 

5 Discussion 

5.1 Treatment of the data 

Our new 36Cl chronology, paired with the transient ISSM model simulations, aims to place the mechanisms and rate of 230 
exposure of LIS retreat from the High Peak Wilderness into a time context. Previous studies (Barth et al., 2019) attempted to 

constrain thinning of the LIS in the ADK using elevational transects of TCN exposure ages known as dipstick studies. 

However, the physical mechanisms presented in our new transient ISSM simulations indicate near synchronous ice thinning 

and margin pull back of the LIS during its final deglaciation from the region (Fig. 4). The duration of the margin retreat 

captured from our ice sheet simulations is shorter (~0.5 kyr) than the total uncertainty for individual 36Cl ages (0.7 to 1.8 ka 235 
for non-inherited or exhumed samples), while high elevation peak exposure as nunataks occurs only ~0.2-0.4 kyr prior to 

margin retreat. As such, we do not differentiate between the timing of ice-sheet thinning and LIS margin retreat given the 

current precision of 36Cl exposure data.  

 

Barth et al. (2019) proposed that the most likely source of TCN age uncertainty at their sites was nuclide inheritance, 240 
possibly reflecting the low-erosion cold-based ice conditions that have been simulated during the LGM (Cuzzone et al., 

2025). Therefore, Barth et al. (2019) interpreted the youngest age at any given elevation as the closest-limiting age for the 
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timing of ice-sheet thinning. Yet one of our samples (BXR-22-05) yields a 36Cl age younger than the others and is interpreted 

to reflect post-depositional exhumation. Furthermore, although not accounted for in our reported ages, erosion can have 

varying effects on calculated 36Cl exposure ages, making some samples appear older and others younger due to enhanced 245 
thermal neutron capture just below the surface, depending on native Cl concentration. Together, these sources of uncertainty 

within our TCN exposure data lower our confidence in treating any one age as more accurate than another.  

 

Therefore, given the potential uncertainty in our individual 36Cl ages and the rapid retreat of the LIS through the High Peaks 

Wilderness, we interpret the exposure ages as a statistical population representing the timing of ice abandonment from the 250 
region. Treating the dataset as a population accounts for variability among individual ages arising from geological processes 

while providing a statistically derived estimate of deglaciation. Because the same processes affecting our new 36Cl ages 

would also have affected ages reported from Barth et al., (2019), we combine both data sets to estimate the timing of the 

final retreat of the LIS from the High Peak Wilderness.  

 255 
5.2 Calculating the timing of deglaciation 

The combined data set of 17 36Cl exposure ages from this study (n = 7) and Barth et al. (2019; n = 10, excluding outliers) are 

treated as a population constraining the timing of LIS deglaciation from the High Peak Wilderness of the ADK. Updated 36Cl 

extraction methodologies (Lesnek et al., 2024) used to prescreen samples for high native Cl concentrations in samples 

improved the precision of these new ages (1.0 ka mean total uncertainty) from those of the previously published data set (1.8 260 
ka mean total uncertainty) (Fig. 6). Where Barth et al., (2019) proposed the timing of LIS deglaciation broadly coincident 

with the Bølling-Allerød warming (~14.6 ka; Rasmussen et al., 2008), their interpretation was limited by lower precision 

data. Calculating the arithmetic mean and standard deviation of our combined 36Cl data set (14.2 ± 1.3 ka) treats each data 

point equally thus giving equal influence to lower precision data on the final age. Additionally, the arithmetic mean ignores 

the individual uncertainty of each contributing age by only considering the age itself. In an effort to acknowledge variability 265 
within the precision of our ages we use the total uncertainty (combined analytical and production rate uncertainty) for each 

individual age to calculate the error-weighted mean and uncertainty thus emphasizing the higher-precision data in the final 

population age. This approach constrains the timing of LIS deglaciation from the High Peak Wilderness to 13.5 ± 0.6 ka (2𝜎) 

(Fig. 6).  

 270 
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Figure 6: Exposure age probability distribution. Cumulative probability distribution of the combined 36Cl exposure age data set 
excluded outliers shown in the bold black line. Individual age probability distributions for this study (blue) and Barth et al., 2019 
(red). Proximal radiocarbon ages from Dalton et al., 2020 shown as yellow diamonds (see Figure 2 for location). The vertical 
orange bar represents the reported deglacial age of the High Peaks as determined from our data (13.5 ± 0.6 ka (2σ)). 275 

 

This new age of deglaciation for the High Peaks Wilderness is consistent with local radiocarbon interpretations which 

suggest ice-free conditions by ~13.0 – 8.8 cal ka (Fig. 2, 6; Davis, 1999; Jackson et al., 1983; Noren et al., 2002). 

Additionally, our associated ice-sheet model simulations support this revised timing of deglaciation of the High Peak 

Wilderness with results suggesting deglaciation of the study region between ~13-12.5 ka.  280 
 

5.3 Regional context 

Significant efforts have been made to constrain the timing of ice retreat from the ADK (e.g., Barth et al., 2019; Franzi et al., 

2015, 2025; Jackson, 1983; Porreca et al., 2018; Rayburn et al., 2007). Our new chronology refines the timing of 

deglaciation of the LIS using 36Cl exposure dating methods with improved precision, constraining the timing of exposure of 285 
the High Peak Wilderness at 13.5 + 0.6 ka (2σ). Previous large-scale reconstructions of the LIS (e.g., Dalton et al., 2020, 

2023) of this precise region suggest an earlier deglacial timing (~15.0-14.0 ka). However, these reconstructions were 

dependent on sparse data availability, with many interpretations extrapolated from chronologies established in surrounding 

regions, rather than direct constraints within the High Peaks Wilderness (Fig 1, 2).   

 290 
Our new chronology indicates that the High Peak Wilderness remained ice covered until later in the deglacial sequence than 

previously proposed (Barth et al., 2019; Dalton et al., 2020, 2023), thus refining the timing of LIS retreat as a response to the 

onset of Bølling-Allerød warming. This interpretation is supported by regional paleo-lake formation and routing evidence 

from the ADK and surrounding areas. LIS presence in the ADK forced a subdued Lake Iroquois to drain eastward through 
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the Glaciomohawk River to the south of the High Peaks Wilderness (Fairchild, 1912; Franzi et al., 2025; Pair and Rodrigues, 295 
1993) where 10Be exposure ages from strath terraces suggest opening of the meltwater routing pathway 14.7 ± 1.3 ka 

(Porreca et al., 2016). Strandline deposits and beach ridges along the western edge of the ADK indicate northward expansion 

of Lake Iroquois coincident with northward retreat of the LIS (Franzi et al., 2025). Drainage of the glacial lake through the 

Covey Hill channel north of the ADK is proposed to have occurred ~13 ka therefore acting as a minimum-limiting age for 

the deglaciation of the High Peaks 13.5 ± 0.6 ka. Combined, the paleo-lake strandlines, strath terrace exposure ages, transient 300 
model simulation, and High Peaks Wilderness TCN data suggest a consistent sequence of ADK deglaciation where retreat of 

the LIS margin 14.7 ± 1.3 ka opened the Glaciomohawk River outlet for Lake Iroquois, followed by ice retreating through 

the ADK ~14.0-12.5 ka with the High Peaks becoming exposed 13.5 ± 0.6 ka, and the Covey Hill outlet opening ~13 ka 

allowing drainage of the glacial lake down the Champlain River Valley. Additionally, these data indicate that the High Peak 

Wilderness of the ADK remained uncovered throughout the Younger Dryas, when there was proposed stabilization of the ice 305 
sheet north of Covey Hill (Franzi et al., 2025). 

 

Broadening the regional context, 10Be ages from two moraines in New Hampshire and Maine, the Littleton-Bethlehem (13.2 

± 0.8 ka total uncertainty) and Androscoggin (13.8 ± 0.7 ka total uncertainty) moraines (Fig. 1), are statistically 

indistinguishable from our High Peaks Wilderness deglacial age (Bromley et al., 2015). Collectively, these ages might point 310 
towards a regional LIS response to inter-Allerød warming, with stabilization of the ice sheet leading to moraine development 

followed by retreat occurring ~13.5 ka. Previously published interpretations suggest that the LIS began to retreat in the ADK 

at the onset of Bølling-Allerød warming (Barth et al., 2019). However, the chronologies presented here indicate a later 

timing of deglaciation, occurring within the Allerød warm interval.   

 315 
The transient ice-sheet simulations provide physical context for the revised chronology. In the model, the initial Bølling–

Allerød warming at ~14.7 ka does not immediately produce widespread ablation across the Adirondacks. Instead, 

widespread negative surface mass balance develops during the stronger warming beginning at ~13.8 ka, when the 

equilibrium-line altitude rises rapidly and a large fraction of the remaining ice-covered area enters the ablation zone (Fig. 5; 

Supplemental text section 2). This two-step structure reflects the prescribed TraCE-21ka climate forcing (Liu et al., 2009; He 320 
et al., 2013) and should not be interpreted as a direct reconstruction of local Adirondack temperature history. However, 

regional paleoclimate records from the southern Great Lakes indicate that Bølling–Allerød warming in the continental 

interior may have occurred several centuries later than in mid-latitude Northern Hemisphere syntheses, with accelerated 

warming centered near ~14 ka (Watson et al., 2018). Continued thinning and retreat in the model then lead to rapid 

deglaciation of the High Peaks Wilderness. The apparent lag between the onset of Bølling–Allerød warming and complete 325 
exposure of the High Peaks Wilderness therefore likely reflects the time required to remove a thick interior ice mass, rather 

than a delayed onset of ice-sheet response to climate forcing.  
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6 Conclusions 

New 36Cl exposure ages from numerous summits throughout the High Peak Wilderness region of the Adirondack Mountains 330 
of New York have been used to calculate the age of deglaciation of the LIS from the region. These new data are paired with 

transient ice-sheet model simulations of LIS deglaciation, which indicate rapid retreat through the study area over an 

approximately 500-year interval.   Simulated deglaciation is dominated by rapid regional ice-margin retreat, although ice-

sheet thinning allows the highest peaks to emerge as nunataks ~0.2-0.4 kyr before surrounding low-elevation terrain. This 

difference is finer than the resolution of the available TCN exposure ages.   Combining the new exposure ages with 335 
previously published ages from the High Peaks Wilderness (Barth et al., 2019) yields a deglaciation age of 13.5 ± 0.6 ka 

(2σ), indicating a later timing of deglaciation of the central Adirondacks than proposed in transgressive reconstructions of 

the ice sheet. Together with the model results, these data support rapid LIS retreat through the region, but place this retreat 

later in the deglaciation than previously thought. The persistence of thick ice over the ADK later into the deglaciation 

therefore has implications for the broader timing and response of the LIS to abrupt warming events such as the Bølling-340 
Allerød. 
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