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We present 32 new cosmogenic °Be exposure ages from a moraine sequence deposited during the
Wisconsinan glaciation in the Swift River valley, Revelation Mountains, western Alaska Range. 1°Be ages
from an early Wisconsinan [Marine Isotope Stage 4] moraine average 59.7 + 3.6 ka (n = 9; excluding one
outlier), and '°Be ages from a late Wisconsinan [Marine Isotope Stage 2] terminal moraine, inboard
moraines, and two recessional end moraines average 21.3 +0.8 ka (n=3; excluding two outliers),
20.2 + 1.0 ka (n=7; excluding three young outliers), 19.6 + 1.0 ka (n=2; excluding one outlier) and
17.7 + 0.8 ka (n =4; excluding two outliers), respectively. The early Wisconsinan moraine age coincides
with the close of MIS 4, consistent with previous chronologies from Beringia. Whereas Southern
Hemisphere glaciers retreated prior to the onset of Heinrich Stadial 6 (64—60 ka), the MIS 4 glacier
advance in the Swift River valley terminated at the close of Heinrich Stadial 6, possibly in response to
abrupt North Atlantic warming. Our late Wisconsinan ages indicate significant initial glacier retreat
between ca. 21.3—17.7 ka (prior to any significant increase in CO,) likely in response to amplified
warming from rising insolation. Preservation of MIS 4 moraines in Beringia has traditionally been
ascribed to limited MIS 2 glacier advance modulated by low regional moisture availability, stemming
from the exposed Bering Land Bridge. However, we hypothesize that atmospheric re-organization forced
by the Laurentide Ice Sheet resulted in relatively higher temperatures and drier conditions in Beringia
during MIS 2 than MIS 4, allowing for the preservation of early Wisconsinan moraines.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

et al.,, 2006; Shakun et al., 2015). Moreover, due primarily to poor
moraine preservation and limitations to dating techniques for

Moraine sequences record the extent, timing and pace of
mountain glacier advances and subsequent retreat. If precisely
dated, chronologies from moraine sequences can give insight into
the sensitivity of glaciers to global climate forcing and feedbacks
[e.g. atmospheric CO,, Shakun et al. (2012); polar amplification of
temperature change, Miller et al. (2010)]. While extensive effort has
been spent to constrain interhemispheric links between global
climate forcing and glacier retreat following the Last Glacial
Maximum (LGM, 26—19 ka; Clark et al., 2009), these linkages are
generally restricted to alpine glaciers in the mid-to-low-latitudes as
these regions were not covered by continental ice sheets (Schaefer
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moraines older than the last deglaciation, knowledge of glacier
behavior over multiple glacier advances is particularly sparse.
While alpine glaciers in the mid-to-low-latitudes may have syn-
chronously retreated in response to global climate forcing (e.g.,
rising CO, concentrations) during the last deglaciation (Shakun
et al., 2012, 2015), there are relatively few records available to
evaluate whether or not the same is true for the high northern
latitude glaciers (e.g., Briner et al., 2017), nor are there enough re-
cords to evaluate whether the synchronicity between glacier
retreat and CO, forcing persisted through multiple glacial cycles
(e.g., Schaefer et al., 2015).

Beringia provides an opportunity to study alpine-style glacia-
tion in the high northern latitudes. Among the high northern lati-
tudes, interior regions of Beringia remained some of the only
locations never occupied by late Pleistocene continental ice sheets
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(Fig. 1). Glaciation over many cycles was instead restricted to high
mountain centers in the region (Kaufman et al., 2011, Fig. 1). In
addition, since much of Alaska remained ice-free throughout the
late Pleistocene, and LGM ice was relatively limited in extent,
moraine sequences from pre-LGM glacier advances are preserved
on the landscape (Briner et al., 2005; Kaufman et al., 2011). Previous
attempts at dating pre-LGM moraines in a few sites in Beringia have
loosely constrained the penultimate ice advance to Marine Isotope
Stage 4 (MIS 4, e.g. Briner et al.,, 2001, 2005; Brigham-Grette et al.,
2003; Ward et al., 2007; Dortch et al., 2010; Turner et al., 2013).
However, ages from these studies are few and chronologically
scattered, making it difficult to assess how the timing of regional
deglaciation relates to changes in various climatic forcing mecha-
nisms and feedbacks during the MIS 4 — MIS 3 transition.

Combining detailed moraine mapping with cosmogenic °Be
exposure dating (hereafter referred to as '°Be dating), we build on a
survey of Briner et al. (2005), who sampled granitic boulders
embedded in left lateral moraines lining the Swift River valley
(61.5° N, 154.5° W) that dated from early MIS 3 to MIS 2. We provide
32 new °Be ages that: 1) constrain the culmination of early Wis-
consinan [MIS 4] glacier advance in the Swift River valley, and 2)
provide a record of initial retreat in the Swift River valley following
late Wisconsinan [MIS 2] glacier advance. With our updated chro-
nology, we review and discuss possible mechanisms that led to the
pattern of Wisconsinan glaciation observed in Beringia.

2. Background

During the late Pleistocene, the northwestern extension of the
Cordilleran Ice Sheet occupied southern Alaska and much of the
Yukon, but local ice fields and valley glaciers existed in the Brooks
Range, interior-facing slopes of the Alaska Range, the Ahklun
Mountains and in several other smaller mountainous areas
throughout Beringia (Kaufman et al., 2011, Fig. 1). This left much of
Beringia ice-free during the late Pleistocene. Based on radiocarbon
ages ranging from 24 to 11 ka of glacial deposits in locations that
were either occupied by local ice or near the maximum limit of the
Cordilleran Ice Sheet, the most recent glaciation in Beringia was
similar in age to late Wisconsinan [MIS 2] glaciation elsewhere in
North America (Porter et al., 1983; Hamilton et al., 1986; Hamilton,
1994; Sheinkman, 2011). Whereas the penultimate glaciation in

other parts of North America is constrained to MIS 6 [e.g., Bull Lake
glaciation; Pierce (2003)], moraines deposited directly outboard of
late Wisconsinan moraines in a few sites in Beringia have been
assigned to MIS 4 or early MIS 3 (e.g., Brigham-Grette et al., 2003;
Briner et al., 2005; Ward et al., 2007; Dortch et al., 2010) with the
notable exception of deposits associated with the Selwyn Lobe of
the CIS (Ward et al,, 2008). While there are many studies that
constrain the age of pre-MIS 2 and MIS 2 terminal alpine glacier
moraines in Beringia (Brigham-Grette et al., 2003; Briner et al,,
2005, 2017; Kaufman et al., 2011), no detailed record of an entire
alpine glacier moraine sequence spanning the Wisconsinan glaci-
ation from a single valley yet exists in the region. All '°Be ages
reviewed in this section are re-calculated; see methods.

2.1. Wisconsinan moraine ages in Beringia

Alpine glaciers deposited well-preserved moraine sequences in
many valleys along the northern and western Alaska Range front
(Fig. 2). In the northeastern range front, Young et al. (2009) ob-
tained an average '°Be age of 18.7 + 0.1 ka (n = 4; excluding one old
outlier and two young outliers) for a late Wisconsinan moraine and
concluded that ice may have remained at or near its maximum late
Wisconsinan position for a few thousand years before rapidly
retreating. In the Donnelly Dome region, '’Be ages from a late
Wisconsinan terminal moraine average 19.1+0.8 ka (n=6;
excluding two old outliers and three young outliers; Matmon et al.,
2010). In the central Alaska Range, Dortch et al. (2010) sampled
boulders for 1°Be dating at multiple locations, including drift from
the pre-late Wisconsinan Healy advance. They report an average
age of 58.7+4.0 ka (n=_8; excluding one young outlier). Dortch
et al. (2010) also report ages from drift of the Riley Creek advance
and the Carlo Creek re-advance, which were both previously
mapped as late Wisconsinan (Wahrhaftig and Black, 1958). The
Riley Creek advance is likely the maximum late Wisconsinan
extent, but ages are scattered (ranging from ca. 1-61 ka) and
difficult to interpret; however, the Riley Creek advance must be
older than the Carlo Creek re-advance, which is dated to 18.7 + 0.7
ka (n = 5; excluding two young outliers and one old outlier).

Perhaps the most complete chronology of glacier retreat span-
ning the last deglaciation in the northern Alaska Range is from
Denali National Park. Ten Brink and Waythomas (1985) mapped
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Fig. 1. A) Limits of LGM glaciation in the Northern Hemisphere [Laurentide (LIS), Cordilleran (CIS), Greenland (GrlS), and Icelandic (IIS) ice sheets from Dyke (2004) and Fenno-
scandian Ice Sheet (FIS) from Hughes et al. (2016)] and locations of Lake EI'Gygytgyn and the NGRIP drill site. B) Limits of LGM and early Wisconsinan glaciation in Alaska (Kaufman

et al, 2011).
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Fig. 2. Distribution of moraines in the western Revelation mountains. Topographic base map available online from ArcGIS online, and 2-m horizontal resolution hillshade relief map
downloaded from the PGC's ArcticDEM website (http://www.pgc.umn.edu/arcticdem). Map units in inset legend.

and dated glacial deposits from the locally termed McKinley Park
(MP) glaciation, a four-fold late Wisconsinan moraine sequence.
Radiocarbon ages of organic material situated above and below
drift of the maximum late Wisconsinan advance (MP-I) constrain
the timing of deposition between 23.7 + 0.5 and 21.5 + 0.8 cal kyr
BP. Werner et al. (1993) and Child (1995) constrained two of the
remaining glacial advances (MP-II and MP-III) with deposits from

sediment cores and bluff exposures collected at Wonder Lake.
Based on radiocarbon ages, the MP-II advance is constrained be-
tween 20.7 + 0.4 and 17.1 + 0.5 cal kyr BP and the MP-III advance is
constrained between 15.1 + 0.7 and 14.6 + 0.5 cal kyr BP. The final
late Wisconsinan advance (MP-IV) dates between 12.1 +0.5 and
11.5 + 0.4 cal kyr BP based on radiocarbon ages that date the initial
formation of peat in front of, and on, the MP-IV end moraine. The
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four-fold sequence of late Wisconsinan moraines observed in
Denali National Park is consistent with sequences found in most
valleys along the northern and western slopes of the Alaska Range
(Kaufman and Manley, 2004).

Beyond the Alaska Range, some key alpine galcier chronologies
add to the framework of Wisconsinan glacier history in Beringia. In
the Brooks Range, '°Be ages constrain the early Wisconsinan phase
(locally termed the Itkillik I glaciation) to MIS 4/3, and the culmi-
nation of the late Wisconsinan advance at 25.5+3.1 ka in the
northeast Brooks Range and 21.4+1.6 ka in the north-central
Brooks Range (Balascio et al., 2005; Pendleton et al., 2015). In the
Ahklun Mountains, which were occupied by a local ice cap, multiple
studies provide a detailed reconstruction of Wisconsinan glacia-
tion. Briner et al. (2001) used 36Cl ages to determine that the early
Wisconsinan advance culminated at 58.3 +2.3 ka (ages recalcu-
lated using version 2.0 of the CRONUS Earth Web Calculator; http://
cronus.cosmogenicnuclides.rocks/2.0/). In addition, radiocarbon
constraints from glaciolacustrine sediments in Arolik Lake sedi-
ment cores indicate that the late Wisconsinan maximum advance
culminated between 23.9 and 19.1 cal kyr BP (Kaufman et al., 2003,
2012); one recessional moraine was emplaced no later than
20.4 + 0.3 cal kyr BP (Manley et al., 2001).

Few other regions in Beringia outside of the prominent Alaskan
mountain ranges provide chronologic constraints on Wisconsinan
moraines. In eastern Beringia, Ward et al. (2007) dated drift related
to an early Wisconsinan advance of the Cordilleran Ice Sheet in the
Yukon Territory at 55.0 + 1.5 ka (n=4), which is loosely matched
with ages from an alpine glacier further west in the Yukon Tanana
Upland that range between 60 and 40 ka (Briner et al., 2005). In
western Beringia, 3°Cl ages from alpine glacier moraines in the
Pekulney Mountains also broadly constrain the early Wisconsinan
advance between 70 and 40 ka (Brigham-Grette et al., 2003).
Despite a large degree of scatter in 36Cl ages on late Wisconsinan
moraines in the same region, the observed pattern of subdued late
Wisconsinan advance in western Beringia is consistent with central
and eastern Beringia (Brigham-Grette et al., 2003).

2.2. The Revelation Mountains field site

West of Denali National Park, alpine glaciers deposited extensive
moraine sequences during the locally termed Farewell glaciation
(Fernald, 1953). Kline and Bundtzen (1986) describe the two main
phases of the Farewell glaciation, suggesting that Farewell-I was
early Wisconsinan [MIS 4] in age and that the Farewell-II advance
was analogous to the McKinley Park glaciation [MIS 2]. Here, we
focus on the Revelation Mountains, wherein alpine glaciers
deposited numerous moraine sequences during the Farewell
glaciation (Fig. 2). Moraines in the Swift River valley (Figs. 2 and 4)
contain abundant large, quartz bearing granitic boulders from the
McKinley sequence, which comprises much of the Revelation
Mountains (Lanphere and Reed, 1985). Briner et al. (2005) sampled
four boulders on moraines of the maximum Farewell-II drift (map
unit: F2-I) averaging 20.4+0.7 ka, and four boulders from a
Farewell-I moraine (map unit: F1-I) averaging 52.7 + 5.1 ka.

Over a decade of progress in °Be extraction procedures and
analytical measurements spurred our interest in improving and
extending the chronology of Briner et al. (2005). In addition to
resampling early and late Wisconsinan terminal moraines in the
Swift River valley, we dated boulders on two recessional moraines
inboard of the early and late Wisconsinan terminal moraines. The
moraine sequence continues up valley, but we did not sample any
moraines deposited beyond the second recessional moraine (F2-III;
Fig. 2). The present ice margin is ca. 56 km up valley from the
maximum MIS 2 moraine in Swift River Valley; a series of likely
Holocene moraines occur just beyond the present glacier terminus.

3. Methods
3.1. Moraine mapping

Using the Polar Geospatial Center's ArcticDEM (http://www.pgc.
umn.edu/arcticdem), which provides complete coverage of the
study area with digital topographic data at 2-m horizontal resolu-
tion, we digitized moraine units and made interpretations on hill-
shade renders with 4x vertical exaggeration. We traced prominent
moraine crests and subdivided the landscape into seven age units
according to their stratigraphic order: 1) early Wisconsinan [MIS 4]
lateral moraines (F1-I), 2) the outermost late Wisconsinan [MIS 2]
moraine crest and inboard ground moraines (F2-I), 3—5) three late
Wisconsinan recessional moraine crests and their inboard ground
moraines (F2-1I-IV), 6) late Holocene moraines (LH), and 7) allu-
vium units that dissect the moraines (FO; Fig. 2). We relied on both
moraine morphology and previous age control for unambiguous
distinction between early and late Wisconsinan units on the map.
However, we initially relied solely on moraine morphology to
distinguish the four fold late Wisconsinan sequence that is also
observed in most other valleys across the nothern Alaska Range
(Kaufman and Manley, 2004). F2-II, F2-1II and F2-IV recessional
moraines were identified by their continuous, sharp crested outer
limits and hummocky terrain immediately inboard. We also
calculated centerline distances between the recessional moraine
units and found consistency throughout each of the valleys we
mapped.

3.2. Sample collection, processing and AMS measurements

Guided by our moraine mapping, we dated 32 large, tabular,
granitic boulders embedded in moraine crests; 10 boulders on the
F1-I lateral moraine, five boulders on the outermost F2-I lateral
moraine crest, eight boulders on discontinuous moraines within
the F2-I unit, three boulders on a moraine within the F2-II limit, and
six boulders on the outermost moraine of the F2-III unit (Fig. 3;
Table 1). We sampled the top few centimetres of each boulder with
a battery-powered angle grinder rock saw paired with a hammer
and chisel, extracting ca.1-2 kg of sample per boulder (Fig. 3). To
minimize the influence of erosion, we sampled smooth, low-
sloping surfaces and avoided weathering pits, which were rare on
Farewell-II boulders and more common on Farewell-I boulders.
Sampled boulders were selected based on field observations; we
chose only large boulders directly on moraine crests that exhibited
minimal evidence of post-depositional movement. We took GPS
and elevation data for each sample using a handheld GPS device
(Table 1). We did not measure significant (>5°) topographic
shielding at any of the sampled boulders.

All samples were prepared for '°Be analysis at the University at
Buffalo Cosmogenic Nuclide Laboratory following a slightly modi-
fied procedure from Kohl and Nishiizumi (1992). Each sample was
crushed and sieved, and quartz-rich fractions were separated using
a froth flotation method. Quartz fractions were then purified by a
sequence of dilute HF/HNOj3 etches. Sample aliquots were tested for
quartz purity via ICP-AES analysis at the Laboratory for Environ-
mental and Geological Studies, University of Colorado, Boulder.
Two sample batches consisted of 11 samples and a process blank for
the late Wisconsinan samples, and one batch consisted of 10
samples and a process blank for the early Wisconsinan samples.
Beryllium isolation procedures followed a slightly modified version
of the method developed at the University of Vermont (Corbett
et al,, 2016). °Be/°Be ratios for each sample were measured at
the Center for Accelerated Mass Spectrometry, Lawrence Livermore
National Laboratory. All samples were normalized to the
07KNSTD3110 standard with a reported ratio of 2.85x 10712
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Fig. 3. Examples of boulders sampled for '°Be dating (see supplement for more examples). A) 16SR2-08 (21.4 + 0.4 ka), collected from the outermost F2-1 moraine. B) 165SR2-27
(19.9 + 0.4 ka) collected on a moraine just outboard of the F2-IIl outermost moraine. C,D) 165R1-07 and 16SR1-06 (59.7 + 0.7 ka and 62.4 + 0.9 ka, respectively) both collected on the

crest of the F1-1 moraine.

(Nishiizumi et al., 2007). Process blank ratios were 3.63 x 10~,
423 % 107", and 3.98 x 10~ !4, Sample uncertainties are reported
as 1-sigma internal AMS uncertainties and range from 1.2 to 2.9%
(Table 1).

3.3. 1°Be age calculations

We calculated all '°Be ages (including those previously
mentioned from other studies in Alaska) using the CRONUS-Earth
online calculator (developmental version 3; http://hess.ess.
washington.edu/math/; Table 1) using Lm scaling (Lal, 1991/Stone,
2000) and the Arctic production rate of Young et al. (2013). This
production rate calibration is applied to '°Be ages from sites in
Beringia (Margold et al., 2014; Pendleton et al., 2015) and is com-
parable to other regional production rates (e.g. Balco et al., 2009).
We note that the Arctic rate of Young et al. (2013) is slightly lower
than the Scandinavian rate of Stroeven et al. (2015), but thus far it is
what has been applied in Beringia. Ages from this study, calculated
using alternative production rates and scaling factors, can be seen
in Table 1. Without knowing what erosion rate to apply, we present
ages with a zero erosion rate. Because sampled boulders were large
and on ridge tops that we assume have been adequately windswept
of snow, we assume that there is no significant snow shielding that
affected boulder surface inventories. Thus, ages presented here are
minimum exposure ages.

We subdivided our '°Be ages into five morphostratigraphic units
based on mapping, which includes a distinction between the
continuous F2-I outermost crest and discontinuous crests situated
between the continuous F2-I and F2-II outermost crests (Figs. 4 and
5). We first calculated Xz values at 95% confidence to identify
whether ages from each unit are normally distributed and repre-
sentative of one single event (i.e., the timing of moraine

emplacement). Then, we systematically identified and removed
potential outliers using Chauvenet's Criterion, and re-calculated the
average, standard deviation and 2 values for each unit (Fig. 5). Unit
age uncertainties reported here include one standard deviation
with a'®Be production rate uncertainty of 3.7% propagated through
(Young et al., 2013). For the boulders that we re-sampled, we
calculate their 1°Be age by taking the average between the pilot age
and the new age as long as the new age is reproduced within error
of the pilot age.

4. Results
4.1. Moraines

Each mapped valley displays the typical four-fold late Wiscon-
sinan [MIS 2] sequence observed by Kaufman and Manley, 2004, yet
some contain multiple smaller moraines preserved among the four
main units. In addition, we identified early Wisconsinan [MIS 4]
lateral moraines in two of the valleys, and in a few valleys mapped
moraines found slightly outboard of modern ice that are likely late
Holocene in age (Fig. 2). Ground truthing supported mapping ob-
servations, and revealed notable contrasts between the early and
late Wisconsinan moraines. The early Wisconsinan moraine is
subdued, with a maximum relief of 10 m. Boulders on the moraine
commonly contained large weathering pits, which we avoided, but
exhibited little frost-shattering. Conversely, late Wisconsinan mo-
raines measure between 20 and 25 m in height, and display sharp,
continuous crests at the maximum extent and two recessional
extents. Inboard of each continuous crest, we observed hummocky
terrain containing a series of discontinuous crests. Weathering pits
were not common on late Wisconsinan moraine boulders, but we
observed evidence of significant frost-shattering on some boulders,
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Table 1

Sample data and'%Be ages.
Sample Name  Latitude Longitude  Elevation  Thickness  Boulder Quartz  °Be 10Be concentration ~ '°Be age 10Be age 10Be age

(DD) (DD) (m asl) (cm) Height (m) (g) (ng) (atoms/g) (ka)? (ka)® (ka)"

Farewell1-1 MIS 4 moraine
16SR1-01 61.47381 —154.54 568 2.0 2.0 36.04 230 441166 + 8213 60.1 +1.1 61.8+1.2 565+ 1.1
16SR1-02 61.47426 —154.543 569 2.0 2.5 30.20 231 463067 + 6148 63.1+0.9 64.8+0.9 59.2+0.8
16SR1-05 61.47673 —154.556 557 2.0 35 30.09 230 414049 + 5141 56.9+0.7 58.5+0.7 53.5+0.7
16SR1-06 61.48068 —154.583 545 2.0 3.0 24.51 232 428981 + 5269 59.7+0.7 61.3+0.8 56.1+0.7
16SR1-07 61.47031 —154.507 599 1.0 1.8 36.26 233 474565 + 6649 62.4+0.9 64.1+0.9 58.6+0.8
16SR1-08 61.47004 —154.503 602 2.0 1.5 42.14 228 427689 + 5900 56.4+0.8 58.0+0.8 53.0+0.7
16SR1-09 61.46986 —154.503 618 1.0 2.5 35.33 231 409057 + 5730 52.7+0.7 542 +0.8 49.5+0.7
16SR1-10 61.46981 —154.501 611 2.0 2.5 22.08 231 428753 + 6184 56.1+0.8 57.6+0.8 52.7+0.8
16SR1-11 61.46777 —154.489 627 2.0 2.0 40.13 229 483457 + 7166 62.4+0.9 64.1+1.0 58.6+0.9
16SR1-12 61.46767 —154.49 617 1.0 4.0 42.53 231 481266 + 6645 62.2+0.9 63.9+0.9 58.4+0.8
Farewell2-1 MIS 2 outermost moraine
16SR2-03 61.47854 —154.534 613 2.0 3.0 16.19 232 137461 + 3436 17.8£0.4 183+05 16.8 £ 0.4
16SR2-04 61.49005 —154.597 578 2.0 15 14.42 216 183188 + 4087 245+0.6 252 +06 23.1+0.5
16SR2-06 61.48498 —154.573 579 25 2.5 13.39 180 158819 +4311 213+0.6 219+0.6 20.1+£0.5
16SR2-08 61.48217 —154.556 600 2.0 2.0 12.15 230 162740 + 3240 214+04 220+04 20.1+04
16SR2-09 61.4818 —154.553 598 3.0 2.0 15.78 199 159922 + 3081 21.2+04 21.8+04 19.9+04
Farewell2-1 MIS 2 inner moraines
16SR2-02 61.48095 —154.535 600 2.0 3.0 13.71 248 155077 +3230 203 +04 209+04 19.1+04
16SR2-05 61.48576 —154.575 579 2.0 1.5 12.27 227 125224 + 2836 16.7+04 172+04 15.8+04
16SR2-07 61.48565 —154.567 588 2.0 1.5 15.31 227 141861 + 2742 18.8+04 194+04 17.7+0.3
16SR2-12 61.4845 —154.551 584 2.0 2.0 12.05 226 147499 + 2879 19.6 0.4 202+04 185+04
16SR2-13 61.48392 —154.551 585 2.0 2.0 13.51 226 151940 + 2944 20.2+04 208+04 19.0+04
16SR2-16 61.49388 —154.575 531 3.0 2.5 13.13 226 106121 + 2120 15.0+0.3 154+03 141+03
16SR2-18 61.48802 —154.548 556 2.0 2.5 12.39 225 99883 +2113 13.6+0.3 14.0+0.3 12.8+0.3
16SR2-19 61.48323 —154.528 589 2.0 3.0 20.26 226 163025 +4753 21.6+0.6 222+0.7 203+06
Farewell2-II first recessional moraine
16SR2-22 61.49344 —154.527 457 2.0 1.5 20.44 225 180016 +4913 27.0+0.7 27.7+0.8 254+0.7
16SR2-23 61.4938 —154.527 454 2.0 2.0 20.30 226 127099 + 2797 19.1+04 19.6+04 18.0+0.4
16SR2-27 61.49131 —154.522 487 2.0 3.0 20.33 225 137156 + 2635 20.0+04 205+04 18.8+0.4
Farewell2-1II second recessional moraine
16SR2-24 61.49681 —154.528 443 2.0 1.8 20.92 230 116621 + 2268 17.7+03 182+04 16.7+0.3
16SR2-25 61.49519 —154.526 461 1.5 1.5 19.68 201 116619 + 2263 17.3+0.3 17.8+0.3 16.3+0.3
16SR2-28 61.492 —154.519 476 2.0 1.8 19.48 204 118171 +2293 174+03 179+0.3 164+03
16SR2-29 61.49027 —154.514 477 1.0 2.0 20.20 230 193215 + 3387 28.2+0.5 29.0+0.5 26.5+0.5
16SR2-30 61.49023 —-154.513 484 1.0 1.8 15.60 230 170165 + 4622 24.7+0.7 254 +0.7 232+06
16SR2-31 61.48983 —154.511 486 2.0 25 20.57 229 126715 +2124 18.5+0.3 19.0+0.3 174+03

Notes: Rock density for all samples 2.65 g/cm?; zero boulder surface erosion rate applied to all samples; no shielding correction applied to all samples.
@ All ages calculated using the Arctic production rate (Young et al., 2013) and Lm scaling (Lal, 1991/Stone, 2000).
b All ages calculated using the Arctic production rate (Young et al., 2013) and LSD scaling (Lifton et al., 2014a).
€ All ages calculated using the Cronus default production rate (Borchers et al., 2016) and LSD scaling (Lifton et al., 2014a).

which we avoided.

Additionally, we measured glacier length changes along cen-
terlines in each valley. In the Swift River valley, the innermost
recessional moraine that we dated (F2-III) has its end moraine
positioned ca. 14 km up valley of the F2-I terminal moraine. With
the modern ice limit ca. 56 km up valley from the F2-I terminal
moraine, we calculate a ca. 25% reduction in glacier length between
the two measured positions. We made the same measurements for
the three other mapped valleys and find length reductions that
were comparable (ranging from ca. 20—30%).

4.2. Be gges

Eleven '°Be ages from the Farewell-I moraine (including three
ages from the pilot study) range from 63.1 +0.9 to 56.1 + 0.8 Kka,
with two younger outliers at 52.7+0.7 ka and 50.8+1.7 ka
(Table 1). Excluding the two outliers, nine ages average 59.7 + 3.6
ka. The 22 remaining °Be ages on Farewell-Il moraines range from
28.2+0.5 ka to 13.6 + 0.3 ka (Fig. 4; Table 1). We split these mo-
raines into four morphostratigraphic units, and present the ages
from oldest to youngest unit. Along the outermost, terminal
Farewell-II moraine crest (F2-I), five ages range from 24.5 + 0.6 to
17.8 + 0.4 ka. Of those, three ages are nearly identical, averaging
21.3 + 0.8 ka. Inboard of the outermost F2-I moraine crest, we dated

eight boulders from discontinuous moraine crests within the F2-I
limit and outboard of the F2-II liimit. The new ages, along with
four ages from the pilot study, range from 21.6 + 0.6 ka to 13.6 + 0.3
ka, and the three youngest ages do not statistically overlap. How-
ever, the seven remaining ages all statistically overlap, averaging
20.2 + 1.0 ka. We dated three boulders on a crest within the first
prominent recessional moraine unit (F2-II). Ages range from
270+0.7 ka to 19.1+0.4 ka. Whereas one age is older, the
remaining two ages statistically overlap, averaging 19.6 + 1.0 ka.
Finally, on the second recessional moraine that we dated (F2-III), six
ages range from 28.2 + 0.5 to 17.3 + 0.3. Two older ages show a wide
spread, and do not statistically overlap. The remaining four ages
from the F2-III crest average 17.7 + 0.8 ka. Thus, after accounting for
outliers, our moraine ages are in stratigraphic order.

5. Discussion
5.1. Moraine stability and reliability of the 1°Be chronology

Post-depositional boulder exhumation and overturning result-
ing from moraine degradation leads to scattered and erroneously
young '°Be ages (Putkonen and Swanson, 2003; Putkonen et al.,
2008). This presents a concern in Alaska, where many moraines
were likely ice-cored when deposited (Briner et al., 2005; Young
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Fig. 4. Map of the field area showing each mapped moraine unit (see Fig. 2 for map unit legend) and ages from five morphostratigraphic units. Colored dots on map correspond to
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et al., 2009; Dortch et al., 2010; Pendleton et al., 2017). The marked
occurrence of younger outliers from Farewell-II [MIS 2] moraines
might thus be explained by the moraine's hummocky morphology.
We also observe four instances of boulders with ages that seem
anomalously old, likely influenced by isotopic inheritance. We find
that all of these older ages can be statistically removed via Chau-
venet's Criterion. We do not find any relationship between boulder
dimensions and age. Despite these concerns, a majority of the ages
in each group cluster well and are in stratigraphic order.

For the F1-1 moraine, we prefer the interpretation that the
average age of 59.7 + 3.6 ka (n =9; excluding two young outliers)
represents the culmination of the early Wisconsinan [MIS 4]
advance of the Swift River glacier. If post-depositional moraine
degradation was significant, then one might favor the oldest ages as
representing the timing of moraine deposition (in the absence of
any obvious inheritance). However, we do not observe a young
skew in the age distribution. Thus, we assign an age to the F1-I
moraine using the average of our boulder ages. We did not date
anything beyond the F1-1 moraine, but we note moraine crests
south of the F1-I moraine that are draped over a topographic high
point (Fig. 2). While those moraines likely belong to a suite of pre-
Wisconsinan moraines that exist in the region (Hamilton et al.,
1986; Kaufman et al., 2011), it is possible that the early Wiscon-
sinan terminal moraine lies somewhere beyond the one we dated.
Therefore, the FI-1 moraine may be an early Wisconsinan reces-
sional moraine.

We favor the interpretation that the average age of 21.3 + 0.8 ka

(n = 3; excluding one old and one young outlier from the outermost
F2-1 crest) represents the culmination of the maximum late Wis-
consinan [MIS 2] glacier advance in the Swift River valley. Since a
majority of the ages cluster well on the two recessional moraines
that we dated, we have high confidence that the average ages for
each moraine represent the timing of deposition at 19.6 + 1.0 ka
and 17.7 + 0.8 ka, respectively. Assuming ice steadily retreated a
distance of ca. 14 km between 21.3 + 0.8 ka and 17.7 + 0.8 ka, we
calculate an average net retreat rate of 3.9m a~.

Finally, we compare our ages to those from Briner et al. (2005).
On the Farewell-I moraine, where weathering pits are common,
three of our ages come from carefully re-sampled boulders [16SR1-
01: this study, 60.1 + 1.1 ka, Briner et al. (2005), 59.0 + 1.6; 16SR1-
08: this study, 56.4 + 0.8, Briner et al. (2005), 54.3 + 1.7 ka; 16SR1-
11: this study, 62.4 + 0.9 ka, Briner et al. (2005), 46.9 + 1.9 ka], and
two of the three ages are reproduced within error. We do not
include the pilot age of 46.9 + 1.9 ka in our age assignment of the
F1-1 moraine. On the F2-I inner discontinuous crests, two of our
ages are also re-sampled and reproduced within error. The two
remaining ages from the pilot study overlap with our ages; we
include all four pilot ages in our age assignment of the inner F2-I
moraines.

5.2. Wisconsinan glaciation in and out of Beringia

Moraines recording glacier advance during MIS 4 outside
Beringia are uncommon. In most regions, moraines deposited
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during MIS 6 lie outboard of LGM moraines, and it is likely that LGM
glaciers obliterated moraines deposited during MIS 4 (e.g., Ehlers
et al, 2011). Multiple studies that find evidence for an ice
advance between MIS 6 and MIS 2 report either few ages or largely
scattered ages that are difficult to precisely compare with our re-
cord [e.g., High Atlas Mountains, Hughes et al. (2018); Southeastern
Tibet, Owen et al. (2005); Tien Shan and Pamir, Zech et al. (2005);
Abramowski et al. (2006), Koppes, et al. (2008); Zech (2012); Lifton
et al. (2014b); Eastern Tien Shan, Chen et al. (2015); Pyrenees,
Calvet et al. (2011); Rodriguez-Rodriguez et al. (2016), Japan;
Sawagaki and Aoki (2011)]. Nonetheless, in the Southern Hemi-
sphere, Schaefer et al. (2015) report °Be ages from South Island, NZ
averaging 65.1 + 2.8 ka (n = 36; total uncertainty is 1 SD with local
production rate uncertainty of 2.5% propagated through; Putnam
et al,, 2010), and Peltier et al. (2016) report °Be ages from a
moraine in Tierra del Fuego averaging 67.6 +3.9 ka (n=6; total
uncertainty is 1 SD with local production rate uncertainty of 2.9%
propagated through; Kaplan et al., 2011).

Schaefer et al. (2015) note that multiple proxies (e.g., global CO,,
Southern Ocean de-stratification, eustatic sea level rise, ITCZ posi-
tion, and NGRIP ice core 3'®0) indicate that while the Southern
Hemisphere began warming at the MIS 4/3 transition, the North
Atlantic diverged into cold, stadial conditions (i.e., Heinrich Stadial
6 (HS-6); ca. 64—60 ka; Meese et al., 1997; Hemming, 2004). They
interpret the moraine age of 65.1 + 2.8 ka in the Southern Alps of
New Zealand as deglaciation in response to Southern Hemisphere
warming throughout HS-6. Whereas ages from the Southern
Hemisphere reveal a glacial termination near the onset of HS-6, our
ages from the Swift River valley and those from other sites in
Beringia (e.g., Briner et al., 2001; Dortch et al., 2010) indicate a
glacial culmination for the region at the end of HS-6 (Fig. 6). We
suggest that Heinrich Stadial conditions extended beyond the
North Atlantic into much of the high northern latitudes, thus
explaining the ca. 5 kyr offset between our ages and those from the
Southern Hemisphere.

19Be and 'C ages from alpine glaciers across Beringia suggest
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Fig. 6. Global and Arctic records spanning 30—12 ka and 80—40 ka. Included are
average moraine ages (black bars) and 1 SD uncertainties (with production rate un-
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temperature record from the NGRIP ice core based on 3'°N measurements (Kindler
et al., 2014). Absolute measurements plotted on black line; 10 kyr cubic spline of ab-
solute measurements plotted in red. B) 5'0 measurements from the NGRIP ice core. C)
Composite atmospheric CO2 concentration measurements from EPICA members Ant-
arctic ice cores (Bereiter et al., 2015). D) Peak summer insolation (June 21) for 61.5°N,
the approximate latitude of the Swift River valley (Laskar et al, 2004). E) Local
normalized magnetic susceptibility record from outside of Fairbanks, AK (Begét, 1996).
F) Si/Ti ratios from a lake sediment core collected in Lake EI'Gygytgyn (Melles et al.,
2012). (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)

that the culmination of the late Wisconsinan advance may have
occurred synchronously around ca. 21 ka (e.g., Briner et al., 2017),
which is supported by our record. Furthermore, our record, along
with the few records that precisely date recessional alpine glacier
moraines in Beringia, indicate significant retreat between ca. 21
and 18 ka (ca. 25% in the case of alpine glaciers in the Revelation
Mountains). While LGM termination in Beringia is consistent with
compiled global records (Clark et al., 2012; Shakun et al., 2015),
alpine glaciers in the region apparently experienced substantial
retreat prior to rising CO, concentrations at ca. 18 ka (Fig. 6). We
hypothesize that amplified high-latitude warming from rising
insolation forced a greater magnitude of initial alpine glacier
retreat in Beringia compared to glaciated regions in lower latitudes.

5.3. Paleoclimate history of Beringia

To date, there exists no well-dated, continuous paleoenvir-
onmental reconstruction that spans MIS 4 in Beringia. However,
two loess records, one from the Kurtak area of southern Siberia
(Chlachula et al., 1997, 1998) and the other from near Fairbanks,
Alaska (Fig. 6; Begét, 1996), span the early and late Wisconsinan
phases. Geochronologic controls are limited, and hinge on tuning
the records to the global deep-ocean oxygen isotope stack (Begét,
2001). If correctly dated, magnetic susceptibility values from both
records during MIS 4 are comparable to magnetic susceptibility
values during both MIS 6 and MIS 2. This implies glacial conditions
during MIS 4, which is consistent with the moraine record in
Beringia. Arctic ground squirrel middens recovered from Loess
deposits in the Klondike further demonstrate that MIS 4 environ-
mental conditions in the region were similar to MIS 2 (Zazula et al.,
2011).

Despite the widespread occurrence of ice-free areas in Alaska
during the Wisconsinan glaciation, lake sediment records that span
the entire glacial cycle are rare. Those that exist are not well-dated,
and continuous climatic reconstructions have not been attempted
(e.g., Shackleton, 1982). Thus far, the only precisely dated, contin-
uous lake record spanning multiple glaciations in Beringia comes
from Lake EI'Gygytgyn (e.g., Nowaczyk et al., 2002; Melles et al.,
2007, 2012). Near-continuous ice cover likely resulted in anoxic
bottom conditions in the lake over both MIS 4 and MIS 2, as evi-
denced by high TOC values. Magnetic susceptibility values for MIS 4
and MIS 2 dated sediments are comparable, suggestive of low
productivity and cold temperatures. However, Si/Ti ratios reveal the
lowest lake productivity — which potentially indicates lowest
summer temperatures — occurred during MIS 4 (Fig. 6). Lastly, 3'°N
measurements from the NGRIP ice core depict MIS 4 and MIS 2
temperature depressions occurring in phase with early and late
Wisconsinan glacier advances in Beringia (Fig. 6; Kindler et al.,
2014). We note a slightly larger temperature depression during
MIS 4 compared to MIS 2 (Fig. 6).

Several paleoenvironmental reconstructions spanning through
MIS 2 in Beringia indicate that summer conditions in the region
were much drier and likely colder than present. For example, at
Burial Lake, northwestern Brooks Range, a hiatus in sedimentation
from 34.8 to 23.2 kyr BP marks a lake level lowstand and arid
conditions (Abbott et al., 2010; Finkenbinder et al., 2015). In addi-
tion, Dorfman et al. (2015) presented a continuous record from MIS
3 through the Holocene from a second site in Burial Lake that de-
picts the highest S-Ratios (a proxy for dust flux into lake basins)
from late MIS 3 through MIS 2 (37.2—19.4 cal kyr BP). Combined,
Burial Lake records suggest that gusty and arid conditions likely
prevailed in the region during late MIS 3 through MIS 2. Pollen
reconstructions from the Tanana Upland suggest that herb taxa
persisted during MIS 2 most likely because of arid conditions and
depressed growing season temperatures (Finkenbinder et al., 2014;
Schirrmeister et al., 2016). In the Klondike region of central Yukon,
numerous ground squirrel middens and megafauna fossils have
been collected in stratigraphic beds corresponding to MIS 2 (e.g.
Froese et al., 2009). These remains further depict a “steppe-tundra
hybrid” paleoenvironment in Beringia with colder than present
growing seasons and less moisture (Zazula et al., 2007). Finally, a
temperature reconstruction based on fossil chironomids collected
in a lake core near the Bering Sea shows depressed early MIS 2
(prior to ca. 25 cal kyr BP) temperatures with a steady increase in
temperature between ca. 23—17 cal kyr BP (Kurek et al., 2009).

Temperature reconstructions at 21 ka from pollen records using
modern analogue techniques, on the other hand, suggest mean
annual temperatures and mean coldest month temperatures
comparable to today in the region (Bartlein et al., 2011). While
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Finkenbinder et al. (2015) argue that their paleoenvironmental
reconstructions reflect summer growing seasons, Bartlein et al.
(2011) suggested that enhanced southerly advection in winter-
time caused by the strong pressure gradient between the Aleutian
Low and the high pressure system that developed over the Lau-
rentide Ice Sheet (LIS) kept winter temperatures much warmer
than present. Indeed, model simulations conducted with the
Community Climate System Model Version 3 (CCSM3) demonstrate
enhanced winter warming in Beringia during MIS 2 driven by
southerly advection (Otto-Bliesner et al., 2006; Lofverstrom and
Liakka, 2016). These discrepancies, and the potential effect of sea-
sonality on mean annual temperatures in Beringia during MIS 2, are
yet to be resolved.

5.4. On the relative extent of Wisconsinan glaciations in Beringia

We next investigate possible climate forcing of early [MIS 4] and
late [MIS 2] Wisconsinan glacier advances. Causes for relatively
restricted late Wisconsinan ice in Beringia remain uncertain. A
long-standing hypothesis invokes the emergence of the Bering
Land Bridge as a mechanism for limiting moisture transport to
Beringia during the LGM, effectively hindering the advance of local
glaciers (Brigham-Grette, 2001; Briner et al., 2005). Eustatic sea
level was ca. 95 m and 120 m below present sea level during MIS 4
and MIS 2, respectively, and the Bering Land Bridge was exposed

during both periods (Brigham-Grette, 2001; Ager, 2003; Siddall
et al, 2003, Fig. 7). Because eustatic sea level was lower and
slightly more of the Bering Land Bridge was exposed during MIS 2
than during MIS 4, it is possible that limited moisture transport
hindered glacier advance more strongly during MIS 2. However,
these relatively small differences in MIS 4 versus MIS 2 eustatic sea
level do not equate to significant differences in the distance to
moisture source during the two time periods (Fig. 7).

New lines of evidence reveal other possible forcing mechanisms
driving glacier advances in Beringia. Emerging evidence from
NGRIP and Lake EI'Gygytgyn suggest that temperatures in Beringia,
and possibly the broader high northern latitudes, may have been
colder during MIS 4 than during MIS 2 (Melles et al., 2012; Kindler
et al., 2014, Fig. 6). Thus, it is possible that colder temperature
forced Beringian glaciers during MIS 4 to be more expansive than
during MIS 2. Furthermore, Lofverstrom and Liakka (2016) found
that modeled surface temperature in Beringia during the LGM was
strongly modulated by diabatic warming and changes in planetary
albedo in the summer, and enhanced southerly advection forced by
the LIS (particularly in the winter as previously discussed). Because
the insolation minimum during MIS 4 was lower than during MIS 2
(Fig. 6), surface temperature in Beringia may have been colder due
to a reduction in diabatic warming. We note that in a region with
sufficient mean annual precipitation (>250 mm/yr), alpine glaciers
are more sensitive to temperature variablility than precipitation

Fig. 7. Reconstruction of the extent of the Bering Land Bridge A) during MIS 2 when eustatic sea level was 120 m below present and B) during MIS 4 when eustatic sea level was
95 m below present [based on eustatic sea level curves from Siddall et al. (2003)]. Extent of the LIS during MIS 2 from Dyke (2004) and modeled maximum ice sheet extent during
MIS 4 re-drawn from Kleman et al. (2013). Ice extents in Alaska during both phases from Kaufman et al. (2011). We acknowledge that MIS 4 extent for the CIS is not in full agreement
with field data in the Yukon (e.g. Duk-Rodkin, 1999; Ward et al., 2007, 2008; Turner et al., 2013) nor in British Columbia (e.g. Mathewes et al., 2015).
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variability (Rupper and Roe, 2008).

In addition, Lofverstrom and Liakka (2016) also suggested a
reduction in moisture transport to Beringia during MIS 2 in
response to low sea surface temperatures in the northern Pacific
Ocean. While the air masses advected into Beringia may have been
warm, they were also likely dry, indicating that arid conditions may
have further contributed to limited late Wisconsinan glacier
advance.

Additionally, we compare glacier extent in Beringia to the extent
of the LIS over the Wisconsinan glaciation. If atmospheric re-
organization forced by LIS size exerts a primary control on the
climate of Beringia as Lofverstrom and Liakka (2016) suggest, then
it would follow that the region was colder and wetter during MIS 4
than MIS 2. Model simulations and geomorphic evidence (Kleman
et al., 2010, 2013, Fig. 7) suggest the LIS did not extend as far
west during MIS 4, and thus potentially had a weaker influence on
atmospheric circulation over the Pacific Ocean and Beringia. We
hypothesize that varying sizes of the LIS between MIS 4 and MIS 2
might explain why it was colder and wetter in Beringia during MIS
4 than during MIS 2, and therefore why glaciers were larger.

6. Conclusions

We provide a new moraine chronology of early and late Wis-
consinan glaciation in the Revelation Mountains, Alaska. Our
chronology shows that the early Wisconsinan phase culminated at
59.7 +3.6 ka (average, n=9), and the late Wisconsinan phase
culminated at 21.3 + 0.8 ka (average, n = 3). The chronology also
reveals substantial ice retreat from the maximum late Wisconsinan
extent from 21.3 + 0.8 ka to 17.7 + 0.8 ka.

We find that the early Wisconsinan phase did not culminate
until the close of HS-6, despite a preceding interval of sustained
insolation and CO, concentration increase. We suggest that the
early Wisconsinan advance terminated in response to far-field
abrupt warming in the North Atlantic region at the close of HS-6.
Conversely, we found that during MIS 2, glacier retreat began ca.
21 ka and the glacier had retreated to 25% of its full late Wiscon-
sinan length prior to the increase in atmospheric CO; at ca. 18 ka.
We suggest that increasing insolation prompted regional warming,
perhaps amplified in high northern latitudes, which initiated
glacier retreat in Beringia during MIS 2.

Regarding the preservation of MIS 4 moraines in Beringia, we
suggest two possible mechanisms. First, the early Wisconsinan
advance followed inferred coldest conditions observed in both the
Lake EI'Gygytgyn record and the NGRIP record at ca. 70—60 ka. In
addition, the early Wisconsinan phase occurred when peak sum-
mer insolation was lower than during MIS 2. We suggest that
summer temperature may have been colder in Beringia during MIS
4 than MIS 2, resulting in more extensive glacier advance.

Second, we observe an inverse pattern of Wisconsinan glaciation
between Beringian glaciers and the LIS during stadial conditions.
Beringian glaciers are large when the LIS is reduced in size, but
relatively restricted when the LIS is at its maximum phase. Model
simulations show that when enlarged, the LIS re-organizes atmo-
spheric circulation patterns over the Pacific Ocean, driving storm
tracks southward and advecting warm air into Beringia, particularly
in the wintertime when the Aleutian Low is strongest. Moreover,
during the LGM, low sea surface temperatures in the north Pacific
Ocean forced the air advected into Beringia to be relatively dry. We
hypothesize that due to variable sizes of the LIS during early and late
Wisconsinan phases, climate in Beringia was more strongly impacted
by the LIS during MIS 2 than during MIS 4. Future work will help
elucidate the role of forcing mechanisms discussed here (e.g., CO5,
Heinrich events, the LIS and insolation) in controlling the advance
and retreat patterns of Wisconsinan glaciation.
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