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ABSTRACT

The northward retreat history of the Laurentide Ice Sheet through the lowlands of the northeastern
United States during the last deglaciation is well constrained, but its vertical thinning history is less well
known because of the lack of direct constraints on ice thickness through time and space. In addition, the
highest elevations in New England are characterized by gently sloping upland surfaces and weathered
blockfields, features with an uncertain history. To better constrain ice sheet history in this area and its
relationship to alpine geomorphology, we present 20 new '’Be and seven in-situ '*C cosmogenic nuclide
measurements along an elevation transect at Mount Washington, New Hampshire, the highest mountain
in the northeastern United States (1917 m a.s.l). Our results suggest substantially different exposure and
erosion histories on the upper and lower parts of the mountain. Above 1600 m a.s.l., '’Be and in-situ '*C
measurements are consistent with upper reaches of the mountain deglaciating by 18 ka. However, some
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10Be ages are up to several times greater than the age of the last deglaciation, consistent with weakly
erosive, cold-based ice that did not deeply erode pre-glacial surfaces. Below 1600 m a.s.l., 1°Be ages are
indistinguishable over a nearly 900-m range in elevation and imply rapid ice-surface lowering about 14.1
+ 1.1 ka (n=9, 1SD). This shift from slow thinning early in the deglaciation on the upper part of the
mountain to abrupt thinning across the lower elevations coincides with accelerated ice-margin retreat
through the region recorded by Connecticut River valley varve records during the Bolling Interstadial
(Ridge et al., 2012). The Mount Washington cosmogenic nuclide vertical transect and the Connecticut
River valley varve record, along with other New England cosmogenic nuclide records, suggest rapid ice-

volume loss in interior northeastern United States in response to Belling warming.

INTRODUCTION AND BACKGROUND

The deglacial history of New England (northeastern United States) can provide valuable
information on ice-sheet thinning dynamics during rapid climate changes. The area was covered by the
southeastern sector of the Laurentide Ice Sheet (LIS), the largest Northern Hemisphere ice sheet during
the Last Glacial Maximum (LGM). Deglaciation of the area spanned several abrupt climate events
centered in the North Atlantic (Ridge et al., 2012) and the LIS covered mountainous terrain, which
provides an opportunity to reconstruct the history of interior ice-sheet thinning that can be linked with
well-constrained records of marginal retreat.

We measured a vertical transect of cosmogenic nuclide ages on 20 boulder and bedrock samples
from Mount Washington in the Presidential Range of New Hampshire’s White Mountains, the tallest peak
in the northeastern United States (1917 m a.s.1.), to address the following questions. Was the summit of
Mount Washington ice-covered during the LGM? If so, when, and for how long? When, and how rapidly,

did continental ice at Mount Washington thin during the last deglaciation?

Laurentide Ice Sheet History in New England
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Direct evidence of pre-LGM ice-sheet history in New England is sparse, but previous research
suggests a single advance into the region during the last glacial cycle following rapid growth of the LIS
during late Marine Isotope Stage (MIS) 3 (Carlson et al., 2018; Batchelor et al., 2019). An earlier till
beneath MIS 2 till in this area is likely MIS 6 in age or older, though an MIS 4 age cannot be ruled out
(Clark et al., 1993). Pre-LGM sediments suggest that the St. Lawrence lowlands just north of New
England were ice-free at ~37.5 (Parent and Dubé-Loubert, 2017). Similarly, cave sediments in Vermont
and lake sediments in Maine preclude ice advance across the St. Lawrence until after 35 ka (Anderson et
al., 1986; Munroe et al., 2016). High relative sea levels along the U.S. mid-Atlantic coast require a
restricted LIS and reduced forebulge in eastern North America before 35 ka (Pico et al., 2017). Lastly,
glacial-isostatic adjustment modeling suggests that eastward diversion of the Hudson River at ~30 ka is
attributable to rapid, late growth of the LIS in this region (Pico et al., 2018). While these regional
constraints suggest that continental ice did not advance into New England until MIS 2, it is possible that
local ice domes formed during the pre-LGM period over the Appalachian highlands, perhaps later
coalescing with the expanding LIS (Flint, 1951; Dredge and Thorleifson, 1987). Furthermore,
unweathered summit erratics indicate that the LIS overtopped the Presidential Range at some point during
the Pleistocene (Goldthwait, 1916; Antevs, 1932; Goldthwait, 1940, 1970a), but it is unclear if this
overtopping occurred during the most recent glacial cycle due to a lack of dating constraints.

The marginal retreat of the LIS through time is constrained in New England by minimum-limiting
radiocarbon ages (e.g., Dyke, 2004; Peteet et al., 2012), glacial varve chronologies (e.g., Ridge et al.,
2012), and cosmogenic nuclide dating in an increasing number of locations (Fig. 1 and references
therein). The LIS began retreating from its maximum extent by ~25 ka based on °Be ages of terminal
moraines from Martha’s Vineyard, Massachusetts (27.5 + 2.2 ka) (Balco et al., 2002) and northern New
Jersey (25.2 + 2.1 ka) (Corbett et al., 2017) (Fig. 1) (all 1°Be ages reported in this manuscript have been
recalculated with the northeastern North American production rate calibration dataset [Balco et al., 2009]
and LSDn scaling [Lifton et al., 2014)]). Initial retreat was limited to <100 km for the next several
millennia after ~25 ka, reaching Buzzards Bay, Massachusetts (20.3 + 1.2 ka) (Balco et al., 2002), and
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Old Saybrook and Ledyard, Connecticut (20.7 + 0.9 ka and 20.7 + 0.7 ka) (Balco and Schaefer, 2006)
moraines at ~20 ka. The North American Varve Chronology outlines a high-resolution record of ice
margin retreat up the length of the Connecticut River valley (Ridge et al., 2012). This record suggests that
ice retreated gradually at 30~100 m yr!' from ~19 to 15 ka, depositing the North Charlestown moraines
across central New England just before the Bolling warming at 14.6 ka. Coastal Maine, mostly below the
marine limit, also deglaciated around this time, with '°Be ages from Acadia National Park and the Pineo
Ridge moraine complex centered on ~15 ka (Koester et al., 2017; Hall et al., 2017). Subsequently, the rate
of lateral retreat increased dramatically to ~300 m yr! in the Connecticut River valley, retreating north of
the latitude of Mount Washington at ~14.2 ka (Ridge et al., 2012). The LIS margin readvanced briefly
during the Older Dryas cooling event to deposit the Littleton-Bethlehem, Berlin, and Androscoggin
moraines across the northern flank of the White Mountains 14.0-13.7 ka (Balco et al., 2009; Thompson et
al., 2017; Bromley et al., 2015, 2019) and retreated into southern Quebec by ~13.5 ka (Dyke, 2004; Ridge
et al., 2012).

In contrast to the ice margin retreat history, the timing and pace of LIS thinning in New England
is more ambiguous. LIS retreat at higher elevations in New England is constrained by minimum-limiting
radiocarbon ages from alpine lakes, though they exhibit inconsistencies, some ages suggesting a pattern
opposite that expected from top-down deglaciation (Davis et al., 2017). For instance, a basal bulk
radiocarbon age of 13.2-13.5 cal. ka (11.5 = 0.2 '*C ka BP) from the lower Lakes of the Clouds (1534 m
a.s.l.) just below the Mount Washington summit is younger than an analogous basal bulk age of 14.7-16.0
cal. ka (12.9 + 0.4 '*C ka BP) from Lost Pond (625 m a.s.l.) at the foot of the mountain (Spear, 1989;
Spear et al., 1994; Cwynar and Spear, 2001) (all radiocarbon ages are recalibrated with Calib v. 7.10
[Stuiver et al., 2015] using the IntCal13 calibration curve [Reimer et al., 2013]). In addition, basal
radiocarbon ages of 11.5-12.9 cal. ka (10.5 = 0.5 *C ka BP) and 11.8-13.0 cal. ka (10.7 = 0.04 *C ka
BP) from Lonesome Lake (831 m a.s.l.) and Profile Lake (593 m a.s.l.) in Franconia Notch (Spear et al,

1994; Rogers, 2003) are significantly younger than the pond-bottom radiocarbon ages from Mount
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Washington just to the east. In sum, pond- and bog-bottom radiocarbon ages are not useful for precisely
defining ice thinning history in the alpine terrain of New England (Davis and Davis, 1980).

More recently, cosmogenic nuclide measurements on a few New England mountains were used to
constrain ice-sheet thinning histories directly. Many of these cosmogenic nuclide ages, particularly at
lower elevations, are interpreted to accurately record deglacial timing, and suggest that the LIS thinned
rapidly at Katahdin, Maine, between 16 and 15 ka (Davis et al., 2015), Mount Mansfield, Vermont, at
13.9 £ 0.6 ka (Corbett et al., 2019), and the Adirondack Mountains, New York, between 16 and 13 ka
(Barth et al., 2019) (Fig. 1). However, numerous cosmogenic nuclide ages from higher on these peaks, as
well as from the summits of Mount Washington and Little Haystack, New Hampshire (Bierman et al.,
2015), are substantially older than the regional deglaciation age. These data have been interpreted as
implying that the LIS was largely cold-based at high elevations in New England and thus insufficiently
erosive to remove nuclides inherited from pre-LGM exposure (Bierman et al., 2015; Corbett et al., 2019).
It is also possible that some of these older ages reflect early ice-sheet thinning before deglaciation of the
lowlands (Barth et al., 2019) and/or that the highest summits remained exposed as nunataks throughout

the last glaciation (e.g., Fernald, 1925).

Presidential Range Geomorphology

Periglacial features that dominate the upper elevations of the Presidential Range were recognized
by Antevs (1932), although their age and relation to glaciation remains unclear (Fig. 2) (Fowler et al.,
2013). Summits in the Presidential Range are mantled by weathered blockfields of large (>1 m), angular,
frost-riven blocks covered in lichens and underlain by clay-rich till (Goldthwait, 1970a) and 30-m thick
permafrost (e.g., Pewe, 1983). These blockfields may have formed before the last glaciation and either
remained exposed through the LGM on summit nunataks or were preserved under cold-based ice cover
(e.g., Clark and Schmidlin, 1992). Alternatively, the blockfields could be in part products of postglacial
weathering (Goldthwait et al., 1987). Below the level of the blockfields on summits are gently sloping
areas known as “lawns” (e.g., Bigelow Lawn, the Alpine Garden, and Monticello Lawn), which together
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make up a topographic feature called the Presidential Upland (Goldthwait, 1940). The lawns are
interpreted to be either a pre-Quaternary erosion surface formed during a prolonged lull in tectonic uplift
(Goldthwait, 1940; Eusden and Fowler, 2013) or the result of freeze-thaw processes during the
Quaternary (Thompson, 1960, 1961a, 1961b). The surfaces of the lawns are covered in patterned ground,
including inactive large-scale block nets, stripes, and lobes, as well as miniature periglacial features still
active today (Goldthwait et al., 1987; Clark and Schmidlin, 1992).

In contrast to the relatively subdued and weathered landscapes above ~1600 m a.s.l., the lower
elevations of the Presidential Range are clearly modified by glacial erosion. Numerous cirques on the
eastern flank of the range were occupied by local glaciers prior to LIS advance into New England (J.W.
Goldthwait, 1913, 1916; R.P. Goldthwait, 1970b; Davis, 1988, 1999), while Pinkham Notch (~650 m
a.s.l.) at the base of Mount Washington’s eastern side is one of several deep, north-south oriented U-
shaped valleys scoured by the LIS in the White Mountains.

Farther north and across the Atlantic Ocean, other alpine environments with trimlines separating
high-elevation blockfields from glacially scoured lower slopes have been the subject of similar inquiry
regarding whether the mountaintops remained exposed as nunataks during the LGM. Cosmogenic nuclide
dating of boulders and bedrock across elevation transects has helped resolve these debates in parts of
Canada (e.g., Marsella et al., 2000; Marquette et al., 2004; Briner et al., 2006), the British Isles (e.g.,
Fabel et al., 2012; Ballantyne and Stone, 2015), and Scandinavia (e.g., Brook et al., 1996; Goehring et al.,
2008; Gjermundsen et al., 2015), suggesting that these trimlines mark the upper limits of glacial erosion
instead of the upper limits of ice extent. These trimlines represent a former englacial thermal boundary

between a lower zone of warm-based sliding ice and an upper zone of cold-based ice frozen to the bed.

METHODS
Cosmogenic Nuclides
Given the possibility that cold-based ice did not deeply erode rock surfaces and remove nuclides

from earlier periods of exposure on the upper flanks of on Mount Washington, we measured both long-

6



155

160

165

170

175

lived '°Be and short-lived *C , because the nuclide concentrations can reflect different timescales of a
once-glaciated surface’s history (Gosse and Phillips, 2001). With its long half-life, '°’Be experiences
minimal decay on the time scale of 100 kyr glacial cycles (ti2,=1.39 Myr; Chmeleff et al., 2010;
Korschinek et al., 2010) and thus can preserve exposure from previous interglacials. In contrast, in-situ
14C is mostly removed by decay within ~25 kyr (t1,=5.7 kyr). The concentration of in-situ '*C is therefore
less affected by pre-LGM exposure and resulting nuclide inheritance, and has the potential to be a more
faithful chronometer of recent deglaciation (Goehring et al., 2019a). In-situ '“C concentrations
asymptotically approach saturation, with production matched by decay, after ~25 kyr of exposure, and

therefore only provide minimum limiting exposure ages beyond ~25 ka.

Sampling

We collected samples from 20 rock surfaces (9 bedrock and 11 boulders) for in-situ cosmogenic
nuclide analysis along a transect from the summit of Mount Washington to Pinkham Notch (1907 to 656
m a.s.l.), a vertical range of 1251 m (Fig. 2, 3; Table 1) — all of these were analyzed for '°Be. Five of the
bedrock samples are from in-situ bedrock, while four samples are from frost-riven blocks—jointed angular
bedrock blocks that have likely moved through frost action. Boulders are sub-rounded to sub-angular and
typically perched on bedrock. All samples are composed of the local schist bedrock. In seven of these 20
samples we also measured in-situ '*C; two frost-riven summit blocks (MW-22, MW-23) and a boulder
just below the summit (MW-05), a boulder and roche moutonnée from Bigelow Lawn (MW-01, MW-02),
and boulder and bedrock samples from a bench about halfway down the mountain (MW-13, MW-15).

Where possible, we targeted surfaces that exhibited characteristics of glacial erosion, such as
polish (MW-07, MW-13), grooves (MW-08), molding (MW-09, MW-19), and roche moutonnées (MW-
01, MW-13), to reduce the likelihood of measuring !°Be inherited from prior episodes of exposure and to
minimize the likelihood of postglacial erosion of these surfaces. We also sampled boulders away from

slopes to reduce the probability of postglacial movement (MW-02, MW-05, MW-11, MW-14, MW-15),
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and we avoided bedrock with signs of soil cover or till within several meters of sample sites. Higher
elevations are frequently windswept, and the summit is covered by 12 cm of snow averaged across the
year based on a 20-year record (1995-2015) (T. Padham, personal communication, 2017). Thus snow
burial would lower °Be ages <2 %, well within our reported uncertainty. Although a thicker snow pack is
possible elsewhere on the mountain and at times in the past, most of our samples are from exposed
ridgelines that are more likely to be windswept and nearly all of our boulders are 1-2 m high (Table 1).
We recorded location and elevation with a handheld GPS, measured topographic shielding using a
clinometer, determined surface orientation with a Brunton compass, measured boulder heights and sample

thicknesses, and photographed sample sites.

Nuclide Extraction and Measurement

Quartz was isolated from the samples at the University of Vermont. Samples were crushed,
sieved to 250-800 um, magnetically separated, feldspars and micas removed via froth flotation (Nichols
and Goehring, 2019), and etched in dilute hydrofluoric acid to remove remaining non-quartz phases and
any meteoric '°Be (Kohl and Nishiizumi, 1992). Quartz purity was measured with inductively coupled
plasma optical-emission spectrometry.

Beryllium was extracted at the University of Vermont Cosmogenic Nuclide Laboratory following
the methods described in Corbett et al. (2016). About 250 pg of *Be (carrier made from beryl at
University of Vermont) was added to each sample before digestion. Samples were prepared in three
batches, each containing one CRONUS standard (Standard N; Jull et al., 2015) and one process blank.
Beryllium was isolated through anion and cation column chromatography, precipitated as a hydroxide gel,
calcinated, mixed with niobium powder, and pressed into cathodes for measurement. !°Be/’Be ratios were
measured at Lawrence Livermore National Laboratory relative to materials prepared by Kuni Nishiizumi
(standard 07KNSTD3110) with an assumed '°Be/’Be ratio of 2850 x 107'5 (Nishiizumi et al., 2007). We
corrected for backgrounds by subtracting the average of four process blanks (1.08 +0.46 x 1075, 1

standard deviation (SD)) from all sample values and propagated uncertainties in quadrature. Blank-
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corrected '’Be/’Be ratios range from 9.70 x 10"%to 2.11 x 1072 and analytical uncertainties (including the
propagated blank uncertainty) are 2.3 = 0.6 % (mean, 1SD; Supplemental Table S1).

Carbon was extracted at Tulane University following the methods of Goehring et al. (2019b).
Samples were heated at 500 °C in high-purity O, to remove atmospheric contaminants, subsequently
heated to 1100 °C where the quartz was fused via LiBO,, oxidized to CO; in a high-purity O, atmosphere,
and cryogenically collected. The samples were purified and converted to filamentous graphite for AMS
measurement. "“C/13C ratios were measured relative to Oxalic acid I (NIST-4990C) at Lawrence
Livermore National Laboratory and the National Ocean Sciences Accelerator Mass Spectrometry facility.
Stable carbon isotope ratios were measured via isotope ratio mass spectrometry at the UC-Davis Stable
Isotope Facility. Measured '“C atoms were calculated from the *C/Cioa and blank-corrected by
subtracting the effective blank (in atoms) associated with extraction. Blank-corrected '*C concentrations
range from 5.31 x 10° to 2.45 x 10° atoms g! and reported analytical uncertainties range from 3.88 x 10°
to 7.10 x 10° atoms g!' (Supplemental Table S2). However, rather than use this narrower estimate of
analytical precision, we report *C data with a more conservative estimate of long-term lab precision
(5.6%; Goehring et al., 2019b) based on replicate measurements of the CRONUS-A intercomparison

material (Jull et al., 2015).

Cosmogenic Nuclide Age Calculations

Cosmogenic nuclide ages were calculated with version 3 of the online University of Washington
cosmogenic calculators (wrapper script: 3.0.2, constants: 3.0.4, muons: 1A, Balco et al., 2008), using the
northeastern North American production rate calibration dataset for 1°Be and *C production rate derived
from measurements of CRONUS-A, which was collected from an Antarctic surface saturated with respect
to “C (Balco et al., 2009; Goehring et al., 2019b). We use LSDn scaling because it accounts for nuclide-
specific differences in production of '°Be and *C (Lifton et al., 2014; Borchers et al., 2016; Lifton et al.,
2016). Given our estimated '“C analytical precision (5.6%), as well as '*C production rate uncertainty
(5.6%; Goehring et al., 2019b), concentrations are indistinguishable from saturation after 21 kyr of
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exposure at 16 uncertainty or 15 kyr of exposure at 2 uncertainty (Fig. 4). We recalculated the five '’Be
ages and one in-situ '*C age reported by Bierman et al. (2015) from the summit of Mount Washington
using the same production and scaling parameters as above and include them in our discussion
(Supplemental Table S3). This recalculation shifts '°Be ages ~7% younger compared to the Lal
(1991)/Stone (2000) time invariant scaling Bierman et al. (2015) used, and the '*C age they reported
becomes ~5 kyr older. Ages discussed below report 1o external (i.e., analytical and production rate)
uncertainties to facilitate comparison with records based on other chronometers (e.g., varves and

radiocarbon).

RESULTS

If we assume all nuclides accumulated during a single period of exposure, the °Be ages range
from 12.5+ 1.1 to 77.1 £ 6.7 ka (Table 2) and generally show a strong ordering with elevation (Figs. 3,
5). '’Be ages below ~1600 m a.s.l. are similar to each other and cluster around 14 ka (except for bedrock
sample MW-13, 32.0 &+ 2.8 ka). Above ~1600 m a.s.l., the cosmogenic nuclide ages are increasingly
scattered and older near the summit, reaching values several times higher than the lowland deglaciation
age. For example, a bedrock sample (MW-09) and roche moutonnée (MW-01) on the lawns have °Be
ages of 18.8 = 1.6 and 74.5 £ 6.6 ka, respectively, whereas the two frost-riven summit blocks (MW-23,
46.6 £4.1; MW-22, 77.1 £ 6.7 ka) fall in the age range of Mount Washington summit samples reported
by Bierman et al. (2015), 16.4 £ 1.9 to 137.4 £ 12.1 ka. The old ages at high elevations are derived from
boulder and bedrock samples; two-meter-tall boulders on Bigelow Lawn (MW-02) and immediately off
the summit (MW-05) have '°Be ages of 31.8 + 2.7 and 34.3 £ 3.0 ka.

In-situ *C ages are ordered by elevation as are the '°Be ages (Table 2). All "*C concentrations
that we measured above 1600 m a.s.l. are saturated within uncertainty, while two samples at 1370 m a.s.1.
have younger '“C ages of 11.3 + 1.8 ka and 15.6 + 3.5 ka (Fig. 3, 4). However, Bierman et al.’s (2015)

summit “C age (17.9 £ 3.5 ka) is slightly younger than our summit C ages (Fig. 4). All samples in
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which “C/!Be ratios were measured are consistent with continuous exposure, though the high elevation

samples could permit brief cover up to ~1 kyr (Fig. 6).

DISCUSSION
The Summit and Lawns: Cold-based Ice Cover and Early Deglaciation

The scattered and relatively old '°Be ages above 1600 m a.s.1. point to a complex exposure-
erosion history on the Mount Washington lawns and summit cone with some °Be ages predating the
LGM. Similar patterns are observed in other glaciated areas at higher latitudes (Brook et al., 1996;
Marsella et al., 2000; Marquette et al., 2004; Briner et al., 2006; Goehring et al., 2008; Fabel et al., 2012;
Corbett et al., 2013; Gjermundsen et al., 2015; Winsor et al., 2015). These studies attribute old ’Be ages
and weathered landscapes at higher elevations to preservation of pre-LGM surfaces under weakly erosive,
predominately cold-based ice cover. We likewise suggest that the '’Be ages above 1600 m a.s.l. on Mount
Washington, coupled with the preservation of summit blockfields and gently sloping lawns, reflect
minimal erosion by ice that was, at least in part, cold-based.

The calculated cosmogenic ages are not indicative of constant exposure. If the summit of Mount
Washington had remained exposed throughout the last glacial cycle, and sampled surfaces had not eroded
or been covered by soil or till, cosmogenic nuclide ages would record >100 kyr exposure. Instead, nearly
all '°Be ages above 1600 m a.s.1. are ~20-80 ka (Fig. 3, 5). Some of the °Be age scatter among blockfield
samples (39.9 £ 3.5 to 137.4 = 12.1 ka) could reflect differences in the exposure durations of sampled
block surfaces as blocks were churned through time by frost action. The spread of ages among large
glacially derived boulders (22.0 £+ 1.9 to 34.3 + 3.0 ka) and bedrock (16.4 &= 1.4 to 74.5 + 6.6 ka) samples,
however, likely reflects spatially variable erosion under LGM ice cover. We cannot differentiate whether
this ice cover was from a local ice cap or the LIS because these boulders all are composed of local
bedrock.

Ice—margin constraints from the surrounding lowlands limit the timing of summit ice cover (if it
was from the LIS) to a relatively brief interval during the LGM. Numerous data suggest that the LIS did

11



285

290

295

300

305

not extend into New England until after ~35 ka (Parent and Dubé-Loubert, 2017; Munroe et al., 2016;
Pico et al., 2017, 2018), perhaps advancing in association with the rapid drop of global sea level toward
the LGM lowstand at the onset of Marine Isotope Stage 2 at ~30 ka (Lambeck et al., 2014). Ice
subsequently withdrew from the valleys around Mount Washington by ~14 ka (Dyke, 2004; Balco et al.,
2009; Ridge et al., 2012; Bromley et al., 2015, 2019). Thus the LIS covered Mount Washington for at
most ~15 kyr, and perhaps substantially less given the time required for ice to thicken over the
topography.

Our °Be and *C ages may help to further constrain the time interval of summit ice cover. If we
consider the molded bedrock surfaces above 1600 m a.s.l. with the youngest '°Be ages (16.4 + 1.4 to 18.8
+ 1.6 ka) to be the most deeply eroded by LGM ice, they provide a maximum-limiting deglaciation age of
~18 ka (Fig. 3, 5), presuming no post-exposure erosion and/or cover. In-situ "*C would be expected to
yield a similar or younger deglacial timing because it is less sensitive to pre-LGM nuclide inheritance, but
the five 1*C samples we measured above 1600 m a.s.l. are within error of saturation and collectively
suggest total exposure of >21 ka (Fig. 4).

Both “C and '’Be data indicate that the summit of Mt. Washington began to be exposed early in
the last deglaciation and at least several kyr before the withdrawal of ice from the lowlands — a critical
constraint on the thinning of the southeast sector of the LIS. Taken at face value, estimates of summit
deglaciation based on the central tendency of relevant '’Be and in-situ '*C measurements disagree by
several thousand years; however, this apparent discrepancy may not be real. Cosmogenic exposure ages
are by their nature uncertain for concentrations near saturation. In this case, '*C ages for summit samples
are consistent with 18 ka exposure at the 2o level, considering both analytical and production rate
uncertainties (Fig. 4). It is also possible that laboratory procedures have caused us to overestimate '“C
content in these samples. Froth flotation solution, which we used for mineral separation, can introduce *C
contamination (Nichols and Goehring, 2019), which may have elevated *C concentrations in our
samples. This latter point could explain why the summit '*C age of 17.9 + 3.5 ka, from Bierman et al.
(2015) and for which froth flotation was not used, is younger than the '“C ages we measured and agrees
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closely with the '"Be-inferred timing of deglaciation. However, lower elevation samples where no '°Be-
in-situ '*C disagreement exists (Fig 5B) generally rules out this possibility since all samples underwent
the same froth-flotation procedure.

There are also reasonable geologic scenarios consistent with discrepancies between '°Be and in-
situ *C exposure ages. Modeling shows that '*C concentrations similar to those of the summit samples
could be reached with 18 kyr of postglacial exposure if surfaces had been long-exposed (>10 kyr) prior to
the LGM and experienced minimal burial by ice (<4 kyr) and erosion (<30 cm) under brief, cold-based
LGM ice cover (Fig. 7). The apparently older in-situ '“C ages in this case would reflect inheritance of '*C
from pre-LGM exposure since the last interglacial (Fig. 8) and limit the onset of summit ice cover to after

22 ka (Fig. 7), in line with the late LIS advance into New England from other dating constraints.

The Flanks of Mount Washington: Efficient Erosion and Rapid Ice Sheet Retreat during the
Bolling Warm Period

Unlike the wide-ranging and largely inherited '’Be concentrations from the alpine lawns and
summit cone, the '°Be ages below 1600 m a.s.l. closely agree with each other and with the ~14 ka timing
of deglaciation in the lowlands inferred from other methods (Ridge et al., 2012; Thompson et al., 2017,
Bromley et al., 2015, 2019). These ’Be ages are concordant with two in-situ '“C ages at 1370 m a.s.l.
(MW-15, 11.3 £ 1.8 ka; MW-13, 15.6 £+ 3.5 ka). It appears that surfaces lower on the mountain were
eroded during the last glaciation, effectively removing most nuclides from pre-LGM exposure. We thus
interpret the '°Be ages below 1600 m a.s.l. to record the timing of deglaciation.

The similarity of the '°Be ages between 1600 and 700 m a.s.l. suggests rapid deglaciation
between 15 and 13 ka (14.1 + 0.9 ka [mean, 1SD, n=9], or & 1.1 ka including the 4.9% '°Be production
rate uncertainty [Balco et al., 2009]). Nearby deglacial chronological constraints help place limits on the
timing of ice withdrawal from even lower elevations in the region (~200—400 m a.s.l.) (Fig. 1).
Connecticut River valley varves ~50 km to the west suggest that the LIS margin retreated to a latitude

north of Mount Washington at ~14.2 ka (Ridge et al., 2012), while °Be ages from the Littleton-
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Bethlehem and Berlin moraines record subsequent LIS readvances just north of the Presidential Range at
13.8 £ 0.2 ka (n=4) and 13.7 + 0.6 ka (n=7) (Balco et al., 2009; Thompson et al., 2017; Bromley et al.,
2019). Taken together, these data suggest that the LIS surface lowered >1000 m in the Mount Washington
area at ~14 ka within approximately a thousand years, and perhaps over substantially less time.

Simple modeling supports our interpretation of early deglaciation at high elevations on Mount
Washington and rapid LIS thinning down the rest of the mountain at ~14 ka. Assuming a perfectly plastic
ice rheology and a basal shear stress of 50 kPa, we calculated theoretical ice-sheet profiles from the coast
of Connecticut to Mount Washington (Benn and Evans, 2010) (Supplemental Table S4). By simulating
the retreat of the ice sheet margin as constrained by dated varves up the Connecticut River valley (Ridge
et al., 2012), the profiles suggest the times at which different elevations became ice free on Mount
Washington (Fig. 9A). This simple model predicts thin summit ice cover at the LGM and gradual
thinning down the top few hundred meters of the mountain after initial exposure at ~19 ka, followed by
rapid ice-surface lowering at ~14.5 ka, in good agreement with our dataset (Fig. 9B). Assuming higher or
lower basal shear stresses would change the calculated ice thicknesses at Mount Washington by up to
several hundred meters—and thus if or when the summit was ice covered—but the general pattern of
gradual initial ice surface lowering transitioning to rapid deglaciation at ~14.5 ka is robust.

Ice thickness and margin records elsewhere in the region suggest that the abrupt withdrawal of ice
from Mount Washington reflects rapid retreat of the LIS through the interior of the northeastern United
States, likely during Belling warming (Fig. 10A). Vertical transects of cosmogenic nuclide ages at Mount
Mansfield, Vermont (Corbett et al., 2019) and in the Adirondack Mountains, New York (Barth et al.,
2019) parallel the results from Mount Washington, recording rapid ice-surface lowering at 13.9 + 0.6 ka
in Vermont and in between 15.4 + 1.0 ka and 13.9 + 0.9 ka in New York (Fig. 10C). Meanwhile, varve
records in the Connecticut River valley and in Hudson/Champlain valley suggest that northward LIS
retreat across the region accelerated several-fold at the onset of the Bolling at 14.6 ka (Fig. 10B). Varves
thickened due to greater sediment delivery to proglacial lakes, implying increased summer ice melt
(Ridge et al., 2012).
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CONCLUSIONS

Twenty new and five previously published (Bierman et al., 2015) °Be measurements from Mount
Washington, New Hampshire show an increasing age trend with elevation above 1600 m a.s.l., reaching
ages >100 ka on the summit. These old ages suggest that the upper reaches of the mountain were covered
by weakly erosive, at least in part cold-based ice during the last glaciation, allowing nuclides produced
before the LGM to persist in bedrock and boulder surfaces. The youngest '°Be and in-situ '*C ages from
the uplands suggest that the high elevations deglaciated by 18 ka, whether from the disappearance of a
local ice cap or early LIS thinning. Summit erratics would be useful to date to determine if the LIS
overtopped the Presidential Range during the most recent glacial cycle, as has been done in Baffin Island
and Scotland (Marsella et al., 2000; Fabel et al., 2012). Younger and indistinguishable '°Be and in-situ
14C ages below 1600 m a.s.l. imply deeper erosion there during the last glaciation, presumably by warm-
based ice, and suggest rapid ice-sheet thinning at 14.1 £+ 1.1 ka. Abrupt ice-surface lowering and margin
retreat documented elsewhere in interior northeastern U.S.A. suggests that there may have been
considerable ice-volume loss across the region at this time, coincident with the Northern Hemisphere

Bgolling warm period.
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FIGURE CAPTIONS

Figure 1: Laurentide Ice Sheet deglaciation ages in New England. Isochrons from North
American Varve Chronology of deglaciation (from Fig. 12 in Ridge et al. (2012)). Black dots are
moraines and black triangles are mountain summits and slopes dated with '°Be; ages calculated
using the northeastern North American production rate (Balco et al., 2009) and LSDn scaling
(Lifton et al., 2014). The heavy black line is the maximum extent of the LIS (Dyke, 2003).
Figure 2: Representative samples from Mount Washington with '°Be and in-situ '*C ages
showing external uncertainty. (A) Frost-riven block on the summit (1907 m a.s.l.). (B) Large
boulder ~50 m elevation below the summit (1851 m a.s.L.). (C) Roche moutonnée on Bigelow
Lawn with patterned ground in foreground and the summit in the background (1665 m a.s.1.). (D)
Large boulder on Bigelow Lawn with the summit in the background (1614 m a.s.l.). (E) Bedrock
surface on Square Ledge in Pinkham Notch (730 m a.s.1.). (F) Sub-rounded boulder halfway
down the mountain (1370 m a.s.l.). (G) Aerial oblique view looking west towards Mount
Washington with Pinkham Notch in the foreground showing sample locations. (Google Earth,
2018)

Figure 3: A LiDAR digital elevation model of Mount Washington showing !°Be and in-situ '*C
ages with 1o external uncertainties (in ka) generated in this study (black outlined boxes). Ages
are '°Be unless denoted by “(**C)”. Bierman et al. (2015) sample ages shown in gray. Bedrock
samples are squares, frost-riven blocks are triangles, and boulder samples are circles. Ages
grouped together with brackets from closely-spaced samples. Inset map shows location of Mount
Washington in northern New Hampshire.

Figure 4: Mount Washington in-situ '*C concentrations with 16 analytical uncertainties (5.6%)

plotted against elevation. Dashed lines are exposure isochrons in 2 kyr intervals from 2 ka to 24
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ka. Gray shading represents saturation with 1o production rate uncertainty (5.6%; Goehring et
al., 2019). Isochrons calculated using same production rate and scaling scheme as sample ages
reported in text. Sample PTMWO03 from Bierman et al. (2015) shown with its published
uncertainty in gray.

Figure 5: (A) '°Be (solid) and in-situ '*C (hollow) ages of boulders (circles), bedrock (squares),
and frost-riven blocks (triangles) from Mount Washington with 1o external uncertainties
(smaller than symbol size for many samples). Samples with saturated *C concentrations
designated by arrows at their respective elevation. Ages from Bierman et al. (2015) are shown in
gray. (B) Zoom in of data in panel A from 25 to 5 ka.

Figure 6: '“C/!Be ratios versus ’Be concentrations of samples for which both nuclides
measured in this study, as well as summit sample PTMW-03 from Bierman et al. (2015). Nuclide
concentrations normalized by the local production rate at each sample location (i.e.,
concentrations scaled to production rate of 1 atom g™ yr'!). All samples plot near the continuous
exposure line, suggesting that they experienced minimal or no burial.

Figure 7: Glaciation histories consistent with summit '*C concentrations, assuming deglaciation
at 18 ka. Contours show the glaciation age that would yield the average *C concentration of the
three summit samples (MW-22, MW-23, PTMW-03) for a given combination of pre-LGM
exposure duration (y-axis) and LGM erosion depth (x-axis). Solid isochrons are plausible
solutions, whereas dashed isochrons place the onset of ice cover after deglaciation and are
therefore implausible.

Figure 8: Modeled '°Be (top) and in-situ '*C (bottom) concentrations for the samples from
>1600 m a.s.l. in which both nuclides measured in this study, assuming continuous exposure

since the last interglacial at 130 ka, except for brief LGM ice cover from 20 to 18 ka. Error bars
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on left show measured sample concentrations with 16 analytical uncertainties. Erosion depths
during LGM ice cover adjusted to produce °Be concentrations consistent with measured values.
Nuclide concentrations normalized by local production rate at each sample location (i.e.,
concentrations scaled to production rate of 1 atom g yr'!).

Figure 9: (A) Ice sheet profiles projected from LIS margin up Connecticut River valley to
Mount Washington assuming a basal shear stress of 50 kPa (Benn and Evans, 2010;
Supplemental Table S4). Each line represents a time step in North American Varve Chronology
(Ridge et al., 2012). (B) Projected ice-sheet surface elevations at Mount Washington (blue dots)
compared to our exposure data from Figure 5.

Figure 10: (A) NGRIP Greenland ice core §'*0 record (North Greenland Ice Core Project
members, 2004), a proxy for North Atlantic temperature. (B) LIS margin retreat in central New
England based on North American Varve Chronology (after Ridge et al., 2012) (C) In-situ *C
and '°Be ages from Mount Washington, New Hampshire (this study, black; Bierman et al.
(2015), gray), Mount Mansfield, Vermont (brown) (Corbett et al., 2019), and **Cl ages from the
Adirondack Mountains (green) (Barth et al., 2019) showing 1c external uncertainties. Pale blue

bar highlights Belling/Allered interval.
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Table 1: Mount Washington sample locations and field data

Sample Name Latitude (°N)* Longitude (°E)* Elevation (m a.s.l.)? Type Sample Thickness (cm) Shielding®  Boulder Height (m)
MW-01 44.25903 -71.30407 1665 Roche Moutonnée 2 1 -
MW-02 4425879 -71.31216 1614 Boulder 1.5 0.99 1.5
MW-04 44.28087 -71.27620 1443 Boulder 2 0.99 1
MW-05 44.27324 -71.29971 1851 Boulder 1.5 0.99 22
MW-06 44.27444 -71.29919 1859 Bedrock 1.5 0.99 -
MW-07 44.27923 -71.29178 1740 Frost-Riven Block 1 0.99 -
MW-08 44.27964 -71.28619 1711 Frost-Riven Block 2.5 0.97 -
MW-09 44.28053 -71.28368 1679 Bedrock 2.5 0.99 -
MW-10 44.28194 -71.28089 1601 Boulder 2 0.99 1
MW-11 44.28183 -71.27884 1521 Boulder 1 0.98 0.8
MW-13 44.27901 -71.27335 1370 Roche Moutonnée 2 0.99 -
MW-14 44.27901 -71.27335 1370 Boulder 1 0.99 0.5
MW-15 44.27901 -71.27335 1370 Boulder 1.5 0.99 0.5
MW-17 44.23803 -71.27509 1172 Boulder 1.5 0.96 2
MW-18 44.23939 -71.27435 1083 Boulder 5 0.95 2
MW-19 44.25686 -71.24559 730 Bedrock 2 0.99 -
MW-20 44.25597 -71.24868 670 Boulder 3 0.98 1
MW-21 44.24489 -71.25013 656 Boulder 2.5 0.97 1.5
MW-22 4427116 -71.30417 1907 Frost-Riven Block 1.5 1 -
MW-23 44.27117 -71.30450 1907 Frost-Riven Block 1 1 -

2 Latitude, longitude and elevation were determined with a handheld GPS.

bShielding was calculated with the topographic shielding calculator at http://stoneage.ice-d.org/math/skyline/skyline_in.html.
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Table 2: Calculated in-situ '°Be and *C exposure ages on Mount Washington.

Sample Name Type Elevation  'Be Age Internal unc External !#C A%e Internal  External
(ma.s.l.) (ka)? (ka) unc (ka)*  (ka)* unc (ka)* unc (ka)?
MW-22 Frost-Riven Block 1907 77.1 1.6 6.7 29.8 16.5 22.1
MW-23 Frost-Riven Block 1907 46.6 1.2 4.1 25.6 9.8 13.1
MW-06 Bedrock 1859 42.0 0.7 3.6 - - -
MW-05 Boulder 1851 343 0.7 3.0 saturated - -
MW-07 Frost-Riven Block 1740 54.8 0.8 4.7 - - -
MW-08 Frost-Riven Block 1711 39.9 0.9 3.5 - - -
MW-09 Bedrock 1679 18.8 0.5 1.6 - - -
MW-01 Roche Moutonnée 1665 74.5 2.0 6.6 saturated - -
MW-02 Boulder 1614 31.8 0.5 2.7 saturated - -
MW-10 Boulder 1601 22.0 0.5 1.9 - - -
MW-11 Boulder 1521 15.2 0.3 1.3 - - -
MW-04 Boulder 1443 15.2 0.5 1.4 - - -
MW-13 Roche Moutonnée 1370 32.0 0.7 2.8 15.6 2.6 3.5
MW-14 Boulder 1370 13.5 0.4 1.2 - - -
MW-15 Boulder 1370 14.1 0.6 1.3 11.3 1.4 1.8
MW-17 Boulder 1172 14.3 0.3 1.2 - - -
MW-18 Boulder 1083 14.4 0.3 1.2 - - -
MW-19 Bedrock 730 14.2 0.3 1.2 - - -
MW-20 Boulder 670 12.5 0.3 1.1 - - -
MW-21 Boulder 656 13.1 0.3 1.1 - - -

2 Exposure ages were calculated with CRONUS-Earth online calculator v. 3 (wrapper script: 3.0.2, constants: 3.0.4, muons: 1A, Balco et al., 2008) using the
780 northeastern North American production rate for '°Be (Balco et al., 2009) and the global production rate for '*C, and the LSDn scaling scheme (Lifton et al.,

2014). Ages assume no erosion and a density of 2.7 g cm™. A spreadsheet of data used to calculate exposure ages is given in Supplemental Table S5.

Y 14C concentrations within 1o of saturation are designated saturated.

All uncertainties are 1o
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