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COSMOGENIC-NUCLIDE MEASUREMENTS ON BEDROCK SURFACES
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ABSTRACT. We report geomorphic observations and cosmogenic-nuclide meas-
urements on bedrock surfaces from three isolated nunatak groups in West
Antarctica: the Pirrit Hills and Nash Hills, located in the Weddell Sea sector, and
the Whitmore Mountains, located on the Ross-Weddell divide. The objectives of this
paper are to (i) establish a chronology for landscape development at these sites and
(i) quantify the long-term history of ice-thickness variations in West Antarctica.
These nunataks display relic alpine landscapes on which weathered bedrock surfa-
ces are superimposed. In the Pirrit Hills, an erosional trimline is etched into alpine
ridges and separates smooth-crested ridges below from serrated ridges above.
Below the trimline, geomorphic evidence indicates repeated frozen-based ice cover,
while above the trimline evidence for ice cover is entirely absent. There is also no
geomorphic evidence for thicker-than-present ice at the Whitmore Mountains.
Cosmogenic nuclide concentrations in the oldest bedrock surfaces from the
Whitmore Mountains and from above the Pirrit Hills trimline indicate uninterrupted
exposure for ~12 Myr at extraordinarily low erosion rates. This places a lower limit
on the timing of the formation of alpine landscapes in West Antarctica, and we
hypothesize that this occurred during the relatively warm climates prior to the mid-
Miocene cooling. The absence of evidence for thicker ice at the Whitmore
Mountains is consistent with the hypothesis that the divide was typically thinner than
present during Pleistocene glacial periods due to reduced accumulation. Bedrock
surfaces below the trimline have much lower nuclide concentrations and are most
easily explained by a scenario of repeated frozen-based ice cover and occasional
subglacial plucking, which is consistent with geomorphic observations. Bedrock
surfaces near the modern ice level appear to have been covered more than half of
the time, while higher elevation surfaces indicate progressively less cover. The trim-
line and associated geomorphic features are very similar to a prominent trimline in
the Ellsworth Mountains, and we conclude that these are, in fact, part of the same
feature. The Ellsworth trimline is hypothesized to have formed during the mid-
Miocene cooling and the transition from alpine to continental glaciation, and our
results are consistent with this hypothesis.

Key words: Antarctica, West Antarctic Ice Sheet, cosmogenic-nuclide geochemis-
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INTRODUCTION

This paper describes geomorphic observations and cosmogenic-nuclide measure-
ments on bedrock surfaces from three groups of isolated nunataks in West Antarctica.
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These are the Pirrit and Nash Hills, located midway between the grounding line and
the divide in the Weddell Sea sector, and the Whitmore Mountains, located on the
divide between the Ross and Weddell Sea sectors. These sites show features such as
horns, arétes, and cirques that are characteristic of alpine glacier erosion but are
unrelated to the modern West Antarctic Ice Sheet (WAIS). Superimposed on these
landscapes are weathered bedrock surfaces, and, at lower elevations in the Pirrit and
Nash Hills, geomorphic evidence for repeated, frozen-based ice cover. Because these
sites are some of the only outcropping peaks in central West Antarctica, they provide
an opportunity to study multiple aspects of West Antarctic glacial history. Spector and
others (2019) reported ice thickness changes at the Pirrit Hills and Whitmore
Mountains since the Last Glacial Maximum (LGM), and the purpose of this paper is
to extend that history further back in time. Specifically, we aim to (i) establish the
chronology of landscape development of West Antarctic nunataks and (ii) quantify
the long-term history of ice thickness variations in West Antarctica.

Relic alpine landscapes exist across Antarctica (for example, Mercer, 1963;
Denton and others, 1986, 1992; Holmlund and Naslund, 1994), but investigations
into when and under what climatic conditions they developed have been mostly lim-
ited to the Transantarctic Mountains. In the Dry Valleys region, which has been the
focus of extensive landscape research, multiple lines of evidence establish that alpine
landforms were carved during and have been preserved since the mid-Miocene (for
example, Marchant and Denton, 1996; Sugden and Denton, 2004). In West
Antarctica, with the exception of the Antarctic Peninsula, alpine landscapes have only
been studied in Marie Byrd Land and the Ellsworth Mountains. In inland Marie Byrd
Land, volcanoes with significant cirque development are only found on pre-mid-
Miocene edifices (Rocchi and others, 2006), which suggests minimal landscape
change since the mid-Miocene. In the Ellsworth Mountains, the age of the alpine
landscape has not been established, but etched across the mountains is a prominent
erosional trimline (Denton and others, 1992) hypothesized to have been cut during
the mid-Miocene climate transition (Sugden and others, 2017). Here, we report geo-
morphic observations and cosmogenic-nuclide measurements on bedrock surfaces
that further constrain the late Cenozoic landscape history in West Antarctica.

The other main purpose of this paper is to establish constraints on pre-LGM ice-
thickness variations in West Antarctica. Such constraints remain rare in part because
much of the research on past WAIS change has focused on the last deglaciation. As a
result, our knowledge of how different glaciological processes affect ice thickness over
glacial-interglacial cycles is largely based on reconstructions of WAIS change since the
LGM. Spector and others (2019) report exposure-dating results from two of our field
sites, the Pirrit Hills and Whitmore Mountains. At the Pirrit Hills, the WAIS reached a
highstand ~330m above the modern ice level while accumulation rates in West
Antarctica were at their ice-age minimum, and subsequent thinning coincided with
grounding-line retreat downstream in the Weddell Sea. Other exposure dating studies
in the Weddell Sea sector have found similar chronologies (Hein and others, 2016;
Balco and others, 2016; Bentley and others, 2017), which collectively imply that the
primary control on ice thickness at these sites is the position of the ice-sheet margin in
the Weddell Sea. In contrast, at the Whitmore Mountains, Spector and others (2019)
conclude that the divide was probably no thicker than present during the LGM, but
that it likely thickened briefly during the last deglaciation due to increased accumula-
tion rates and subsequently thinned once the dynamic effect of margin retreat
became the dominant glaciological process.

Our goal here is to quantify ice thickness changes at these sites using measure-
ments of longlived cosmogenic nuclides (*°Al, '’Be, *'Ne) in bedrock surfaces. In
Antarctica, it is common to find geomorphic evidence indicating that weathered
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bedrock surfaces have been covered by frozen-based or minimally erosive ice in the
past. These surfaces are often avoided by exposure-dating studies aimed at chronicling
ice retreat during the most recent deglaciation because they have cosmogenic nuclide
concentrations that reflect exposure and ice cover over multiple glacial cycles (for
example, Bentley and others, 2006). Here, we exploit this feature of polar glaciation
to provide quantitative constraints on the long-term history of exposure and ice cover.

FIELD SITES AND GLACIAL GEOLOGY

Pirrit Hills

The Pirrit Hills are located midway between the grounding line and the divide in
a slow-flowing portion of the Institute Ice Stream catchment (fig. 1). They consist of a
central massif and several small satellite nunataks. The massif and nearby nunataks
are composed of a Jurassic granite (Craddock and others, 2017); metasedimentary
rocks outcrop at a few minor nunataks located more than 30 km from the massif. The
modern ice-sheet surface is highest on the southwest side of the massif, where kata-
batic winds have deposited a ~5 to 10km long snow ramp that rises to the saddle
between Mt. Tidd and Mt. Goodwin (fig. 2). The surface is lowest on the northeast,
lee-side of the massif, where the winds are forced to descend, warm, and become tur-
bulent. Blue-ice ablation zones are found here along with debris that has accumulated
in sheets and moraine ridges.

The Pirrit Hills massif consists of a few major and several minor peaks that are
linked by catenary arétes. All of the peaks, some of which form horns, have sheer faces
and are buttressed by steep spurs. These features are characteristic of alpine land-
scapes and indicate that the Pirrit Hills were carved by erosive mountain glaciers.
Because such glaciers do not exist at present, the landscape is a relic and is unrelated
to the modern ice sheet.

The spurs that buttress the central massif divide what we assume to be cirque
basins whose steep headwalls comprise the majority of the exposed rock in the Pirrit
Hills and whose floors are concealed below the present-day ice sheet (fig. 2). The only
low-relief areas in the Pirrit Hills are two benches located on opposite sides of the mas-
sif. One sits directly below the summit of Mt. Axtell (a subsidiary peak of Mt. Tidd;
figs. 3A and 3B) at an elevation of 1600 to 1700 m; the other is located on the west but-
tress of Mt. Goodwin at an elevation of 1700 to 1850 m (figs. 3D and 4). Both benches
have low-relief, concave surfaces that are truncated on most sides by cliffs that drop to
the ice surface. The Axtell bench is composed of two basins bisected by the ridge of
Mt. Axtell, while the Goodwin bench is a single basin. From these observations we
interpret the benches to be the floors of former cirques that have been largely canni-
balized by the formation of lower-elevation cirques; however, we cannot fully rule out
the possibility that the benches are relics of a pre-glacial landscape.

Throughout the Pirrit Hills, ridge crests near the modern ice surface are blunted
and typically have smooth longitudinal profiles. In contrast, crests at higher elevations
are sharp and in many places feature serrations that range from delicate spires to gen-
darmes (figs. 3 and 5). This transition occurs at an elevation of roughly 1600 to
1700 m, which approximately coincides with the height of the Axtell and Goodwin
benches. Where most conspicuous, we estimate that the transition occurs over a verti-
cal span of around 50 to 100 m. We interpret this transition to delineate an erosional
trimline similar to the trimline in the nearby Ellsworth Mountains (Denton and
others, 1992), and we describe the relationship between these features in the
Discussion section below.

Bedrock surfaces throughout the Pirrit Hills are weathered and show varying
degrees of oxidation, case hardening, wind polish, and tafoni development (fig. 6).
Surfaces above the trimline typically display the most advanced stages of weathering,
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Fig. 1. Map of West Antarctica. Hillshade of ice-sheet surface topography (Howat and others, 2019) is
vertically exaggerated 20x and is overlaid on marine bathymetry (Fretwell and others, 2013). The conti-
nental shelf is shown in light blue. The grounding line and major ice divides are traced in gray.

but there are many instances of heavily weathered surfaces below, including at the
modern ice level where weathered surfaces commonly appear to descend below the
surface (fig. 6B). Some of the most weathered surfaces occur on the Axtell and
Goodwin benches where the granite is oxidized and exhibits gritty exfoliation sheets,
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Fig. 2. WorldView satellite imagery © [2020] DigitalGlobe, Inc. of (A) the Pirrit Hills, (B) the Nash
Hills, and (C) the Whitmore Mountains. Yellow circles show the locations of bedrock samples. White
circles represent bedrock samples that were collected but not analyzed.

case hardening, and delicate tafoni. Grus and/or felsenmeer has accumulated in low-
lying areas between joint-bound bedrock blocks that have rounded into knobs and
ribs (fig. 4A). Evidence for recent glacial erosion is absent on the Axtell and Goodwin
benches or at higher elevations. At lower elevations, there is rare and isolated evi-
dence of erosion, such as anomalously fresh joint surfaces that suggest bedrock slab
entrainment by past ice cover (fig. 7).

Glacial deposits are found above the blue-ice ablation zones on the northeast
side of the massif. On Mts. Axtell, Tidd, and Turcotte, the depositional limit occurs at
a height of ~330m above the ice sheet, which is just below the Axtell bench and is
close to the height of the trimline. We identified glacial deposits by the presence of
blunted and broken corners, sub-rounded forms, and fresh to moderately weathered
surfaces. Although the bedrock and deposits are both granite, in many cases lithologi-
cal differences of texture and composition confirmed that the deposits had been
transported. Additionally, subsequent analyses revealed that many glacial deposits
have significantly higher concentrations of beryl or other beryllium-bearing minerals
than bedrock surfaces (see Methods section; fig. Al). The deposits lack evidence of
transport by wet-based ice, such as striations or ovoid forms. They show a range of
weathering states, ranging from fresh to moderately oxidized and wind polished, but
all are considerably less weathered than the bedrock on which they rest. Spector and
others (2019) reported exposure ages of these glacial deposits and showed that (i) the
WAIS here was at least ~320 m thicker than present during the last ice age, (ii) subse-
quent thinning occurred mostly after ~14 kyr B.P., (iii) modern ice levels were estab-
lished within the last ~4 kyr, and (iv) many samples of glacial deposits have pre-LGM
ages of up to 1 Myr.

To summarize, we draw the following conclusions about the glacial history of the
Pirrit Hills. Across the massif, (i) the trimline, (ii) the height above which only heavily
weathered bedrock surfaces are found, and (iii) the depositional limit all occur at sim-
ilar elevation. This implies that these features are related to the WAIS, rather than the
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Fig. 3. Photographs of the Pirrit Hills showing sample locations represented by circles. (A) View from
the northeast of Mt. Tidd and Mt. Axtell. The summit of Mt. Axtell is concealed by the two circles. The
two ridges below Mt. Axtell (the skyline ridge and the ridge where we collected samples) have smoother
crests and profiles than the higher ridge between the Axtell bench and Mt. Tidd. (B) View of Mt. Axtell
and the bench from the summit of Mt. Tidd. Labels correspond to sample names in the format “13-NTK-
XXX-PRT”. Sample 13-NTK-013-PRT was collected from the upper limit of glacial deposits. (C) View to
the west of Mt. Turcotte. Labels correspond to sample names in the format “16-PRT-XXXXXXX”. (D)
Aerial view of Mt. Goodwin from the northwest. The edge of the gently sloping bench is visible on the
right side of the image. The bench surface is largely hidden from view. The apparent white skyline on the
right is actually the top of low cloud banks. Labels correspond to sample names in the format “16-PRT-
XXX-GDW”.
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Fig. 5. The trimline at the Pirrit Hills. Top panel: View of Mt. Goodwin from the north. Inset enlarges
the area in the rectangle. The trimline is near the slope break below the Goodwin bench (the bench sur-
face is hidden from view). The ridge above the bench is serrated, and the tallest pinnacles are estimated
to be 5-7m tall. The ridge below the bench is smooth. Middle panel: Mts. Tidd and Axtell, viewed from
the northeast. The trimline is just below the Axtell bench. The summit and shoulders of Mt. Tidd are cas-
tellated, while the low ridges are smooth. Lower panel: Mt. Hoffman, viewed from the summit of Mt.
Tidd. The trimline is located below the gendarme. The summit and upper ridge crests are jagged while
the lower ridge is blunted. Arrows indicate the approximate trimline height in each image.

mountain glaciers that shaped the landscape. It also suggests that these features are
related to each other, and that they mark a level above which has never or rarely been
covered by the WAIS. The Axtell and Goodwin benches approximately coincide with
the height of the trimline, but because the benches are relatively flat and lack ridges,
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Fig. 6. (A) View looking up the steep NE buttress of Mt. Axtell in the Pirrit Hills. The ridge crest is
generally a few meters wide. The granite 1s oxidized and displays evidence of exfoliation in places. In con-
trast, the glacial deposits, which are visible in the foreground as well as next to the two geologists, are typi-
cally only lightly weathered. The depositional limit is near the level of the geologists. (B) Bedrock ridge
located to the southeast of Mt. Axtell in the Pirrit Hills. The granite is oxidized and exhibits large cavern-
ous weathering pits (ice axe in foreground for scale). Such weathering features are common at the Pirrit
hills, both on higher mountain flanks and intersecting the modern ice surface as shown here.

the trimline is not expressed on the benches themselves. Based on the fact that the
benches host some of the most heavily weathered bedrock surfaces in the Pirrit Hills
and lack any evidence for past WAIS cover, we infer that they are located just above
the height of the trimline. Below the trimline, glacial deposits range from fresh to
moderately weathered and have exposure ages that range from Holocene to ~1 Myr
(Spector and others, 2019), which implies deposition over multiple ice ages. The ab-
sence of striations, polished surfaces, or well-rounded forms, both on deposits and
bedrock surfaces establishes that past ice cover was largely frozen to the bed. The pres-
ence of weathered bedrock surfaces that intersect and appear to descend below the
modern ice-sheet surface (fig. 6B) suggest that the WAIS at the Pirrit Hills has been
thinner in the past.

Nash Hills

The Nash Hills are a mostly ice-covered group of mountains that form a south-
east-facing escarpment located ~100km south of the Pirrit Hills (fig. 1). Bedrock
ridges project from the escarpment, descend to the present-day ice surface, and
bound concave headwalls (figs. 2 and 8A). As for the Pirrit Hills, we interpret such
concavities to be cirques whose floors are buried by the presentday WAIS, and we
interpret the larger landscape to have been shaped by mountain glaciers that are now
absent.

We briefly visited the blunted tips of two ridges shown in figures 2 and 8A.
Bedrock surfaces, down to the modern ice level, are weathered and vary from gritty to
smooth, resulting from granular exfoliation and wind polishing. Evidence of recent
glacial erosion is limited to isolated sites where it appears that an exfoliation slab had
been removed (fig. 8B). The more northern of the two spurs adjoins a small ablation
zone where glacial debris is accumulating at present. This debris onlaps the tip of the
spur and extends at least 60 m above present ice levels (higher elevations were not vis-
ited). The debris was not examined in detail, but it appears to be considerably less
weathered than the bedrock surfaces on which it rests.
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B

Fig. 8. (A) View of the southern of the two spurs visited in the Nash Hills showing approximate sam-
ple locations. Numbers correspond to sample names in the format “13-NTK-XXX-NSH”. (B) The site at
the Nash Hills where sample 13-NTK-032-NSH was collected. The bedrock was sampled next to the rock
hammer. The ledge below the sample site is the edge of an exfoliation slab which used to extend and
cover sample 13-NTK-032-NSH.

From these observations we conclude that, like the Pirrit Hills, the Nash Hills are
a relic alpine landscape whose form is unrelated to the modern WAIS. The absence of
wet-based glacial erosion features and the presence of lightly weathered glacial debris
indicates cover by frozen-based ice at least once during the late Pleistocene. Based on
their proximity and similar glacial geomorphology, we presume that the lower Nash
and Pirrit Hills have experienced similar glacial histories. We did not visit high eleva-
tions in the Nash Hills, and therefore we do not know whether a trimline similar to
that in the Pirrit Hills exists.

M. Seelig, Whitmore Mountains
The Whitmore Mountains are a group of peaks located on the divide between
the Ross and Weddell Sea sectors of the WAIS (figs. 1 and 2). Although the mountains
are mostly snow covered, arétes and headwalls are exposed above the ice (figs. 2 and
9), indicating that, like the Pirrit and Nash Hills, the Whitmore Mountains were

Fig. 9. The northwest ridge of Mt. Seelig, showing sample locations. View is to the south. White circles
represent bedrock samples; the black circle represents the till sample. Numbers correspond to sample
names in the format “13-NTK-XXX-WHT”.
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carved by mountain glaciers. We briefly visited the northwest ridge of Mt. Seelig,
where heavily weathered bedrock surfaces are superimposed on the alpine landscape.
The bedrock surfaces are most akin to surfaces found on the upper flanks of the Pirrit
Hills. The granite is oxidized, displaying weathering pits, wind polish, and evidence of
granular disintegration (fig. 10). There is no evidence for glacial erosion since the de-
velopment of the weathered surfaces, nor are there fresh glacial deposits such as those
found at the Pirrit and Nash Hills. The absence of fresh glacial deposits is not surpris-
ing here at the divide because there is essentially no catchment from which to source
debris.

The only visible evidence for past ice cover is a small patch (several square
meters) of indurated glacial till found ~150 m above the present ice surface. The till
is composed of poorly sorted granite clasts cemented by a matrix of fine-grained mate-
rial (fig. 11). Some of the cobbles have coarsely smoothed forms. Sparse metasedi-
mentary clasts were also present in the till, and, notably, at least one was striated.
Outcrops of metasedimentary rock have been documented elsewhere on Mt. Seelig
and in the Whitmore Mountains (Webers and others, 1982), which suggests that the
till was derived locally. We interpret these observations to indicate that the till was de-
posited beneath wet-based ice.

Spector and others (2019) report measurements of cosmogenic '*C in an eleva-
tion transect of bedrock samples from Mt. Seelig. These are a subset of the samples on
which we have also measured 26Al, 10Be, and 2 Ne, discussed below. The ¢ concen-
trations rule out the possibility that the WAIS was more than 190 m thicker than pres-
ent here during the past 30 kyr. Combined with other constraints from West
Antarctica, these data imply that the divide was less than 190 m thicker for a period of
less than 8 kyr during the past 15 kyr, which is consistent with the hypothesis that the
divide initially thickened due to the deglacial rise in snowfall and subsequently
thinned in response to retreat of the ice-sheet margin (Steig and others, 2001).

METHODS

Sample Collection

We collected samples from stable bedrock features displaying evidence for slow
subaerial weathering, such as case hardening and oxidation. Where possible, we col-
lected elevation transects of bedrock surfaces (figs. 3, 8A, and 9) in order to identify
past highstands and compare exposure and ice cover at different altitudes. We prefer-
entially sampled from windswept ridges and rises where past shielding by cornices,
snowfields, et cetera is unlikely.

Sample elevations were determined from drift-corrected barometric measure-
ments, bench-marked to a network of geodetic GPS observations. Elevation accuracy
is typically 3 to 4 m based on repeat measurements. A vertically oriented fisheye photo
was taken at each sample site to measure the degree to which the sample has been
shielded from the cosmic-ray flux by the surrounding topography.

Beryllium-10 and Aluminum-26 Measurements

Quartz was separated from crushed rock samples by sieving to 0.25 to 0.5 mm, flo-
tation in heavy liquids, and repeated etching in 2 percent HF. Aluminum and beryl-
lium were extracted from quartz aliquots at the University of Washington Cosmogenic
Nuclide Lab. This consisted of addition of Be carrier and, for samples with less than
1.5 mg Al, addition of ?7Al carrier; HF dissolution; ion exchange chromatography;
and precipitation of Be and Al hydroxides (Ditchburn and Whitehead, 1994).

Measurements of total Be by inductively coupled plasma optical emission spec-
trometry (ICPOES) on aliquots taken after sample dissolution demonstrate that puri-
fied quartz separates from bedrock samples from the Pirrit Hills were contaminated
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with up to 0.004 percent beryl (and/or other Be-bearing minerals) not separated by
the procedure described above (fig. Al). Because Be-bearing minerals have HF-solu-
bility that is equal to or lower than that of quartz, they are not removed by etching in
dilute HF. Quartz separates from samples of glacial deposits from the Pirrit Hills were
also contaminated by Be-bearing minerals (Spector and others, 2019; fig. Al).
Because (i) non-carrier Be is measurable at 95 percent confidence in many Pirrit Hills
samples and (ii) beryl is a common accessory mineral in Pirrit Hills granite, we calcu-
lated '’Be concentrations using ICPOES determinations of total Be rather than the
amount of Be added as carrier for all samples from the Pirrit Hills. Although ICPOES
results indicate that samples from the Whitmore Mtns. may contain trace non-carrier
Be, this is not measurable at 95 percent confidence (fig. Al) and beryl was not
observed in any of these samples. Therefore, we calculated '’Be concentrations for
these samples, as well as for samples from the Nash Hills, using the amount of Be
added as carrier. Concentrations of “°Al were calculated based on ICPOES determina-
tions of total Al for all samples. Any refractory minerals remaining in sample solutions
after the initial HF dissolution could dissolve during the subsequent evaporation that
occurs at a higher temperature. Therefore, prior to evaporation, all samples were visu-
ally inspected, and any grains were removed before proceeding.

Beryllium isotope ratios were measured at the Lawrence Livermore National
Laboratory Center for Accelerator Mass Spectrometry (LLNL CAMS). Beryllium iso-
tope ratios were measured relative to the ICN 01-5-4 standard, and '’Be concentra-
tions given in table S1 (http://earth.geology.yale.edu/%7eajs/SupplementaryData/
2020/Spector) are calculated relative to a value of 10Be/gBe =2.851 x 10°'2
(Nishiizumi and others, 2007). Process blanks for all batches were between
4200 = 1400 and 12700 = 3500 atoms 1OBe, which, for all samples, represents less than
0.26 percent of the total number of atoms present.

Uncertainties in '’Be concentrations (table S1) represent all known sources of
laboratory uncertainty combined in quadrature. For sample names prefixed “13-
NTK” that were analyzed at LLNL CAMS between 2011 and 2015, we have increased
their Be isotope ratio uncertainty above that reported by LLNL CAMS. The larger
uncertainties are based on analyses of isotope ratio standards (Nishiizumi and others,
2007) prepared at the University of Washington (UW) and analyzed along with sam-
ples. Between 2011 and 2015, these UW standards commonly showed more scatter in
isotope ratio than the internal LLNL CAMS standards. To assess this additional
source of isotope ratio error, we determined the additional percentage error
required to bring the chi-square of the UW standards to 1.0. In the case of the 13-
NTK samples, this additional error of 4.8 percent, based on seven standard analyses,
has been added in quadrature to the isotope ratio error reported by LLNL CAMS.
Bias in the ratios of the UW standards run with the 13-NTK samples was —2.4% +/—
3.9%, and, because the scatter exceeds the bias, no correction has been applied to
the isotope ratios and resulting concentrations in table S1 (http://earth.geology.yale.
edu/%7eajs/SupplementaryData/2020/Spector). Samples analyzed at LLNL CAMS
after 2015 were not afflicted by this issue.

Aluminum isotope ratios were measured at LLNL CAMS, with the exception of
samples 13-NTK-044-WHT and 13-NTK-045-WHT, which were measured at the
Purdue Rare Isotope Measurement Laboratory (PRIME Lab). Al isotope ratios
were measured relative to the 01-4-2 standard, assuming a nominal 26A1/Al value of
3.096 x 10! (Nishiizumi, 2004).

Neon-21 Measurements
Analytical methods.—Neon isotope measurements at the Berkeley Geochronology
Center (BGC) utilized the BGC “Ohio” system, a MAP-215 sector field mass
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spectrometer with modern ion-counting electronics coupled to a fully automated gas
extraction system. Gases were extracted from aliquots of the same purified quartz
used for '’Be and ?°Al analysis by encapsulating ~150 mg of quartz in a tantalum
packet and heating it under vacuum with a 150 W, 810 nm laser diode. Temperature
control employed an optical pyrometer coaxial with the laser focusing optics and
coupled to a Watlow PID controller. Gases were extracted in either three heating steps
at 400°, 850°, and 1100 °C or two heating steps at 800° and 1100°. Extracted gases
were reacted with two SAES getters and Ne was frozen to activated charcoal at 33 K.
Non-adsorbed gases were pumped away, and Ne was released into the mass spectrome-
ter at 75K.

Neon isotopes were measured by ion counting on masses 20, 21, and 22 using a
Channeltron-type multiplier. Signals on masses 20 and 22 were corrected for interfer-
ences from *°Ar"" and COQ++, respectively, using a 39Ar spike as described by Balco
and Shuster (2009). Absolute calibration of Ne abundance was made by peak height
comparison against aliquots of an air standard containing between 5 x 10~'° and 2-
x 10~ "*mol Ne, processed in the same way as the samples and analyzed several times
daily. Neon sensitivity was linear within this range for all samples. Corrections for
mass discrimination, when necessary, are also based on the air standard. Volume cali-
bration of the pipette systems and measurement of the pressure of the air standards
during loading employed several reference volumes and Baratron capacitance man-
ometers. Measurements of interlaboratory comparison standards (Vermeesch and
others, 2015) during the period in which the analyses described in this paper were car-
ried out yielded: 316.3 = 6 Matoms g71 excess *'Ne for aliquots of CRONUS-A meas-
ured in 2014 (mean and standard deviation of 6 measurements); 347.7 = 9.6 Matoms
g~ for aliquots of CREU-1 measured in 2014 (n=2); and 318.7 = 10.3 Matoms g '
for aliquots of CRONUS-A measured in 2018 (n=8). These are indistinguishable
from accepted values of 320 Matoms g~ ' for CRONUS-A and 348 Matoms g~ ' for
CREU-1 (Vermeesch and others, 2015).

Neon isotope compositions and the slope of the neon atmospheric-cosmogenic mixing line for
quarlz.—Here we describe an improved estimate of the slope of the neon atmos-
pheric-cosmogenic mixing line for quartz. Although this is peripheral to the primary
points of this paper, it is nevertheless important for neon isotope systematics.

With the exception of samples from Harter Nunatak (discussed below), all sam-
ples have neon isotope compositions that are consistent at 95 percent confidence with
two-component mixing of atmospheric and cosmogenic neon (fig. 12).

Samples from the Whitmore Mountains are collinear on a neon three-isotope dia-
gram (fig. 12), and some of them have significantly higher ratios of cosmogenic to
atmospheric neon than any other samples that we are aware of. These two features
make these samples particularly well suited for estimating the slope of the atmos-
pheric-cosmogenic mixing line. The slope of the mixing line represents the relative
rates of spallation production of cosmogenic *’Ne, *'Ne, and **Ne through the gen-
eral reaction Si(n, 4p xn)Ne (Niedermann and others, 1993). For quartz, the mixing
line slope has been estimated experimentally to be 1.120 = 0.021 (Niedermann and
others, 1993), 1.10 (+0.05, —0.03) (Bruno and others, 1997), 1.10 = 0.10 (Phillips
and others, 1998), 1.143 = 0.038 (Schafer and others, 1999), and 1.108 = 0.014 (2
sigma) (Vermeesch and others, 2015). These estimates were all based on samples with
much lower ratios of cosmogenic to atmospheric neon than samples from the
Whitmore Mountains (for reference, the maximum 21Ne/ 2Ne ratio measured in
these prior studies was around 0.2).

We estimate the slope of the mixing line using the lowest-temperature (425 °C)
heating-step data from the Whitmore Mountains (fig. 13), which have the highest cos-
mogenic-atmospheric ratios of all heating steps (see also Hetzel and others, 2002).
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Fig. 13. Neon three-isotope diagram showing 425 °C extraction temperature data for samples from
the Whitmore Mountains. Ellipses represent 95% confidence regions. These data are used to estimate the
slope and associated uncertainty of the atmospheric-cosmogenic mixing line, represented by the black
line and surrounding dashed lines, respectively.

Higher-temperature heating steps are also more likely than lower-temperature steps
to extract “trapped” neon with non-atmospheric isotope ratios if such a component
exists. Regression of the 425 °C heating-step data via a 1000-iteration Monte Carlo sim-
ulation indicates that the slope of the mixing line is 1.150 = 0.005 (1 standard devia-
tion). This estimate is slightly higher than previous estimates (see above), but within
uncertainty of the estimates of Bruno and others (1997), Phillips and others (1998),
and Schifer and others (1999).

Estimation of cosmogenic and nucleogenic >’ Ne.—In addition to atmospheric and cos-
mogenic neon, our samples contain nucleogenic 2INe and #*Ne produced by alpha-
capture reactions on F and O, respectively (NB: fluorite is an accessory mineral in
some samples of Pirrit Hills granite) (Niedermann and others, 1993; Niedermann,
2002). Nucleogenic neon has accumulated in quartz samples since they cooled below
the neon-in-quartz closure temperature of ~95 °C (Shuster and Farley, 2005), at rates
governed by the U and Th concentrations in quartz. The best estimate of the neon-in-
quartz closure age of our samples comes from apatite fission-track measurements on
samples from the Ellsworth Mtns. (Fitzgerald and Stump, 1991) and from the
Whitmore Mtns (Fitzgerald, personal communication), which indicate that samples at
elevations of 1200 to 1800 m (the elevation range of the samples we report here)
cooled below ~110°C around 120 to 140 Myr ago.

We estimate nucleogenic *'Ne concentrations in our samples using this esti-
mate of the neon-in-quartz cooling age and measurements of *'Ne, U, and Th made
on an 8m long bedrock core recovered from the subglacial extension of Harter
Nunatak (Spector and others, 2018; Stone and others, 2019). The core site is
located around 350 to 400m from the Harter Nunatak bedrock samples that we
report here, but it is at least several kilometers away from the next nearest samples
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from the Pirrit Hills. Analyses of the core and the overlying basal ice, which will be
described in a forthcoming publication, demonstrate that the core site was briefly
exposed sometime in the past but has remained continuously ice-covered for at least
the past 2.5 Myr (Stone and others, 2019). Measurements of *'Ne excess, which is
the sum of all non-atmospheric composition neon, are scattered and show no
obvious relationship with depth in the core, indicating significant and highly vari-
able nucleogenic *'Ne.

As mentioned above, samples from Harter Nunatak lie significantly above the
atmospheric-cosmogenic mixing line (orange ellipses in fig. 12), which indicates the
presence of significant nucleogenic **Ne (and presumably nucleogenic *'Ne as well).
For these samples, we assume that (i) they have the same nucleogenic *'Ne concentra-
tion as samples in the core, and (ii) all of the *'Ne below a depth of 2m in the core,
where spallation-produced 2INe will be minimal, is, in fact, nucleogenic. Hence, we
estimate cosmogenic *'Ne in Harter Nunatak samples as the difference between *'Ne
excess in the samples and 2INe excess measured below 2m in the core, which has a
mean of 15.6 Matoms gfl. We increase the 'Ne error in these samples by adding the
standard deviation (6.7 Matoms g~ ') of the core samples in quadrature.

All other samples that we report here were collected at significant distance from
the subglacial bedrock core site, and thus may contain nucleogenic 2INe concentra-
tions that are different from the core. None of the samples show obvious **Ne enrich-
ment (fig. 12), which suggests that they have smaller nucleogenic *'Ne components
than the samples from Harter Nunatak. Therefore, we consider the *'Ne measured
below 2m in the core to be an upper limit on nucleogenic *'Ne in these samples. We
estimate an approximate lower limit on nucleogenic *'Ne in these samples by forward
modeling the nucleogenic *'Ne that has accumulated since the rocks cooled below
the neon-in-quartz closure temperature. We use the method of Balco and others
(2019) and calculate nucleogenic *'Ne produced via the '"®O(a,n)*'Ne reaction as a
function of the closure age and the U and Th concentration in quartz. We assume a
neon-in-quartz closure age of 120 Myr (see discussion above), and we use the lowest
effective U concentration—which approximates total alpha production from U and
Th and is defined as [U] + 0.235[Th]—measured in the subglacial core of 0.06 ppm.
This results in a lower limit on nucleogenic *'Ne of 1.0 Matoms g~ '. We estimate
nucleogenic *'Ne in all samples not from Harter Nunatak to be 8.3 + 7.3 Matoms g,
which represents the mean and range of the estimates from the subglacial core and
from the forward calculation described above. This correction represents up to 14
percent of *'Ne excess for samples collected near the present-day ice surface at the
Pirrit and Nash Hills, with the exception of one sample, for which the correction rep-
resents 24 percent of 'Ne excess. The correction is negligible for high elevation sam-
ples from the Whitmore Mountains and Pirrit Hills.

Production Rate Calculations

We compute nuclide production rates using the method of Lifton and others
(2014) and Lifton (2016), which is based on models of cosmic-ray fluxes in the atmos-
phere. As described below, we calibrate spallation production rates for '’Be and 2°Al
locally using samoples from the Whitmore Mountains and Pirrit Hills that are saturated
with respect to '“Be and *°Al. Atmospheric pressure at sample sites is calculated using
the relation between elevation and Antarctic atmospheric pressure of Stone (2000).
Production rates for >'Ne are calculated using the 21Ne/ 10Be production-rate ratio of
Balco and others (2019). Production by muons is calculated using the method of
Balco (2017). Muon interaction cross sections for 2'Ne are from Fernandez-Mosquera
and others (2010).
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Radionuclide concentrations saturate when the production rate and the decay
rate are balanced, which, for *°Al and '’Be, can only occur in samples that have expe-
rienced prolonged exposure and negligible erosion. In non-eroding rock surfaces, ra-
dionuclide concentrations reach 98% of saturation in a period of time equal to 4/A,
where X is the decay constant for 2°Al or 'Be, which corresponds to 4.1 and 8.0 Myr
for 2°Al and '“Be, respectively. Production rates based on published calibration data-
sets (for example Borchers and others, 2016) cause "%Be concentrations of several of
the bedrock samples from the Whitmore Mountains and the Pirrit Hills to (i) exceed
"YBe saturation concentrations and (ii) have *°Al/'°Be ratios that are slightly too low
for samples at saturation. On a two-isotope plot, this means that these samples lie to
the right of and below the endpoint of the simple-exposure and steady-erosion lines
(fig. A2), which is not ghysically possible if production rates have been accurately esti-
mated. Although low *°Al/'’Be ratios are usually consistent with past ice cover, such a
scenario is unlikely given that these samples are at or near saturation with respect to
26A1 and '°Be, and they exhibit no geomorphic evidence for prolonged ice cover, as
discussed above.

Beryllium-10 concentrations in excess of saturation concentrations imply that we
are underestimating 10Be production rates. This could be due to multiple factors,
including (i) the possibility that these samples have decreased in elevation over time
due to changes in glacial isostasy, local tectonics, or mantle dynamics; (ii) the possibil-
ity that production rates over the past ~20 kyr—the time period that most produc-
tion-rate calibration samples are sensitive to (Borchers and others, 2016)—may not be
representative of production rates over the past several million years; or (iii) the possi-
bility that there are errors or biases in production-rate scaling models. Establishing
why '“Be production rates are underestimated is beyond the scope of this paper; here
we focus on long-term ice-thickness variations in West Antarctica and the age of nuna-
tak landscapes.

To remove the potential effects of bedrock elevation change or errors in produc-
tion-rate scaling models, we calibrate '°Be and *°Al production rates locally by assum-
ing that four samples from the Whitmore Mountains with extremely high nuclide
concentrations (13-NTK-037-WHT, 13-NTK-042-WHT, 13-NTK-043-WHT, and 13-
NTK-045-WHT) are, in fact, saturated with respect to *°Al and '’Be. Calculating appa-
rent *'Ne exposure ages by (i) assuming zero erosion, (ii) basing production rates on
calibration data of Borchers and others (2016), and (iii) using a total 2INe/!"“Be pro-
duction ratio of 4.03 (Balco and others, 2019) results in exposure ages for these sam-
ples in the range of around 8 to 12 Myr. Such ages are sufficiently old to be consistent
with the idea that these samples are saturated with respect to “°Al and '’Be. After cali-
bratin% 26A1 and '°Be production rates, we also update 2INe production rates using a
total 2'Ne/!“Be production ratio of 4.03 (Balco and others, 2019). This calibration
procedure results in '’Be and *'Ne production rates that are around 2 percent higher
than those predicted by the calibration data of Borchers and others (2016) and “°Al
production rates that are around 5 percent lower.

COSMOGENIC NUCLIDE RESULTS

Here, we place quantitative constraints on the age of nunatak landscapes and on
long-term ice thickness variations. To do this, we first identify the subset of bedrock
samples that record the longest histories of exposure and ice cover. Next, for samples
from the Whitmore Mountains and from above the Pirrit Hills trimline where there is
no evidence for past ice-sheet cover, we compute exposure ages and erosion rates
from °Al, '’Be, and *'Ne data assuming uninterrupted exposure and steady erosion.
For all other samples that have been repeatedly ice-covered in the past, we develop a
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Fig. 14. 20A1-Be (left) and '°Be->'Ne (right) diagrams for sites in the Pirrit Hills and Whitmore
Mountains where geomorphic and cosmogenic-nuclide evidence indicates prolonged and continuous ex-
posure. Nuclide concentrations are normalized to the surface production rate for each sample (N*=N/P,
where N is the nuclide concentration and P is the local production rate), to remove the effect of differen-
ces in altitude, latitude, shielding, et cetera between samples. Note that the abscissa in the right-hand dia-
grams is equivalent to the apparent = Ne exposure age. Ellipses represent 68% confidence regions and are
labeled with sample height above the modern ice surface. All data are for bedrock surfaces except for the
till from the Whitmore Mountains, which is shown in red. White ellipses represent samples identified as
croded (see main text). Nuclide concentrations of continuously-exposed and non-eroding samples will lie
along the upper blue line—the “simple-exposure line”. Nuclide concentrations of samples that have
reached production-decay-erosion equilibrium will plot along the lower black line—the “steady-erosion
line”. These lines bound the “simple-exposure region”. Blue lines are contours of steady erosion (units:
cm Myr™'), and black lines are contours of constant exposure (units: Myr).

model of periodic exposure and ice cover that is consistent with geomorphic observa-
tions and explains the measured cosmogenic-nuclide concentrations.

Normalized nuclide concentrations and interpretations of these data appear in
figures 14, 15, 16, 17, 18, and 19. Note that we use the term “apparent exposure age”



658 Inferved from Nunatak Geomorphology & Cosmogenic-Nuclide Measurements

1000 | ® Mts. Tidd{ |® Mts. Tidd |
900 } & Axtell | L & Axtell |

L 400} ' Y 'Mt. Goodwin | [ ® "Mt. Goodwin |

500 | ‘ M. Seelig | Mt. Seelig |

300 [ —0—

0 . —o=0— : :
0 5 10 15 0 10 20 30
Exposure age (Myr) Erosion rate (cm Myr'1)

Fig. 15. Exposure ages and erosion rates calculated by solving the system of Equations 1-3 for bedrock
samples from above the Pirrit Hills trimline and from the Whitmore Mountains. White circles represent
samples identified as having been eroded (see main text). The red circle represents the Whitmore till.
Exposure ages calculated for samples whose nuclide concentrations significantly overlap or lie below the
steady-erosion line on a two-nuclide diagram (fig. 14) are not meaningful and are thus not shown here.

to refer to the minimum cumulative exposure duration calculated assuming zero ero-
sion. Sample information and nuclide concentrations are reported in table S1 and are
archived online in the ICE-D:ANTARCTICA database (http://antarctica.ice-d.org/).
Step-degassing results for *'Ne are reported in tables $2-4 (http://earth.geology.yale.
edu/%7eajs/SupplementaryData/2020/Spector).

Identification of Samples that Preserve the Greatest Information About Long-Term

Exposure and Ice Cover

Because the goal of this paper is to investigate the long-term glacial history, we
want to base interpretations on the subset of bedrock samples that record the longest
histories of exposure and ice cover. Despite our strategy of sampling weathered bed-
rock surfaces from stable landforms, as described above, several samples were col-
lected from sites that appear to have been glacially eroded, likely within the past few
glacial cycles. Although some high elevation samples have probably never been ice-
covered, they have nevertheless experienced different subaerial erosion rates due to
wind exposure, friability, or other factors. Here we describe a procedure for identify-
ing samples that record detectable subglacial and/or subaerial erosion so that they
can be removed from further consideration.

We first assume that all samples have experienced negligible erosion. For for-
merly ice-covered samples, this predicts that exposure ages monotonically increase
with elevation because of the geometric constraint that a higher-elevation sample can-
not be covered by the ice sheet without all lower-elevation samples also being covered.
For continuously exposed samples, negligible erosion predicts exposure ages that are
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Fig. 17. 2°A1'%Be (left) and 'Be-*'Ne (right) diagrams for bedrock samples from sites in the Pirrit
Hills and Nash Hills that have been ice-covered in the past. Refer to figure 16 for information about the
contour lines.

constant with elevation. Therefore, a sample that deviates from these trends—that is,
it has an apparent exposure age younger than a lower-elevation sample—must be
eroded. We implement this identification procedure for 26Al, 1OBe, and ?'Ne inde-
pendently because each nuclide is sensitive to erosion on different timescales. Eroded
samples are represented by white symbols in figures 14-18. Where a sample is
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Fig. 18. Minimum cumulative exposure age (left column), fraction of each glacial cycle that each sam-
ple is covered by ice (middle column), and total time recorded by each sample (right column) for samples
from the Pirrit Hills (upper 5 rows), Nash Hills, and Whitmore Mountains. Fraction covered and total
time are calculated by solving equations 4-6. White symbols represent samples identified as eroded (see
main text). Black symbols represent samples that are saturated with respect to a given nuclide. At satura-
tion, nuclide concentrations are no longer time dependent and only provide lower limits on total expo-
sure. For this figure, we assign saturated samples exposure ages equal to 4/}, where A is the *°Al or '’Be
decay constant, which represents 98% of the time required to reach saturation or 4.1 and 8.0 Myr for 2°Al
and " "Be, respectively. Red symbols represent the Whitmore till. Error bars represent 68% confidence
intervals. For many samples from the Whitmore Mountains and from above the trimline at the Pirrit Hills,
the calculation of ¢, does not produce meaningful values because of the assumed subaerial erosion rate
of 5cm Myr™ " (compare to fig. 15), and these samples are not shown in this figure.
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represented by two nuclides (for example, a 26A1/'%Be ratio), it is considered to be
eroded if either or both nuclides indicate erosion.

This procedure reduces the noise in the dataset caused by erosion, and it also dis-
cards samples whose nuclide concentrations reflect only brief history. It cannot, how-
ever, identify all eroded samples. For example, sample 13-NTK-003-JHN was collected
from John Nunatak from one of the only rounded landforms observed in the Pirrit
Hills (fig. 7A), and it has significantly lower *°Al and '’Be exposure ages (*'Ne was
not measured) than other samples from the same site (fig. 18). Despite the geomor-
phic evidence for glacial erosion, this sample is not labeled as eroded because it is the
lowest-elevation sample from John Nunatak.

Constraints on Exposure Age and Subaerial Erosion Rates

Bedrock samples from the Whitmore Mountains and from above the trimline at
the Pirrit Hills show no geomorphic evidence for past ice cover and have extremely
old apparent exposure ages of 2 to 12 Myr (fig. 18). Four samples from the Whitmore
Mountains are saturated with respect to 26A1 and/or 1OBe, which requires exposure
for at least ~4.1 and ~8.0 Myr, respectively. Although, as described above, our pro-
duction-rate calibration procedure assumes that these samples are saturated, this
assumption is consistent with their *'Ne exposure ages, and calibrating production
rates in any other way would make these samples appear over-saturated with respect to
%Al and '"Be. Samples from the Whitmore Mountains and from above the Pirrit Hills
trimline show large differences in 2°Al, '“Be, and ?'Ne apparent exposure ages, which
suggests that *°Al and '’Be concentrations have reached production-decay-erosion
equilibrium, but *INe concentrations have not. This is evident in two-nuclide dia-
grams where 2°Al-'’Be concentrations lie on the steady-erosion line but '’Be-*'Ne con-
centrations plot in the simple-exposure region (fig. 14). Here we assume that these
samples have experienced a single period of uninterrupted exposure at a steady ero-
sion rate. We estimate both the exposure age ¢ (years) and the erosion rate ¢ (cm
Myr ') by solving the overdetermined system of equations:

- P25 &
N%/\26+%(1_exp|:_<l%+X)t:|) (1)

Py £
el )
Nop = PQ;A (1 — exp {_T”D (3)

where N;is the nuclide concentration (atoms gfl), P; is the production rate, and ; is
the decay constant of nuclide i (Balco and others, 2014). The attenuation length for
spallation (A) is taken to be 150 g cm 2 The results indicate that the oldest bedrock
samples from the Pirrit Hills and Whitmore Mountains have been exposed for around
9 to 12 Myr at erosion rates of 0 to 5 cm Myr71 (fig. 15). This calculation does not pro-
duce meaningful ages for certain samples that overlap or lie below the steady-erosion
line (fig. 14), and hence ages for these samples are not shown in figure 15. The con-
tours in figure 14 show exposure ages and erosion rates calculated by solving equa-
tions 1-3 for the *°Al-'’Be and '’Be-*'Ne nuclide pairs.

As discussed below, the Whitmore till was likely deposited long ago by a wet-based
mountain glacier and thus does not provide information about more recent variations
in WAIS thickness. Although the till has an apparent *'Ne exposure age of ~2.6 Myr,
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it appears to be a vestige of a larger deposit that has been mostly eroded away, suggest-
ing that the true depositional age is much older. Concentrations of *°Al, '’Be and
*INe in the till are consistent with production-decay-erosion equilibrium (fig. 14),
which precludes computing a finite exposure age using equations 1-3, but shows that
the till was deposited more than ~7 Myr ago.

Constraints on Past Ice Cover

Geomorphic observations from below the trimline at the Pirrit Hills and from the
Nash Hills indicate repeated, frozen-based ice cover and isolated instances of glacial
erosion. Based on these observations, we hypothesize that nuclide concentrations in
bedrock surfaces can be explained by a simple model in which surfaces are periodi-
cally covered by frozen-based ice for some fraction of glacial cycles. While this ice
cover typically preserves subglacial surfaces, plucking occurs occasionally (Cuffey and
others, 2000), which resets or significantly lowers nuclide concentrations. Figure 16
shows an example of how nuclide concentrations in a bedrock surface evolve accord-
ing to this model and the assumptions that (i) glacial cycles have a constant duration
(¢, assumed to be 100 kyr) and (ii) that the fraction of each cycle that a sample is cov-
ered (f;) is constant for each sample. Periodic exposure and ice cover cause nuclide
concentrations to zig-zag down and to the right in two-nuclide space. Plucking, which
decreases nuclide concentrations but does not affect nuclide ratios, moves the sample
to the left. Nuclide concentrations recover with the resumption of periodic exposure
and ice cover. This causes the sample to move to the right and eventually regain its
original trajectory. Eventually, nuclide concentrations reach a dynamic equilibrium,
whereby the pluck-recovery cycle causes them to “loop” in two-nuclide space (fig. 16).

This simple model captures many aspects of the glacial history that we infer from
geomorphic observations, and, as shown by figure 16, it also provides an explanation
for the general pattern that, in two-nuclide space, samples identified as eroded plot to
the left of where we would expect them to be based on their elevation. Because the
model, as described above, contains more parameters than we can invert for with
three-nuclide data, we simplify it by assuming that each sample was initially plucked to
sufficient depth to fully reset nuclide concentrations at some point in the past, and
that no subglacial erosion has occurred since that time. At the end of k burial-expo-
sure cycles, nuclide concentrations are given by:

Nog(K) = Nag(k — 1) exp[— A og.fi] exp {— <)\26+ %) (1 —ﬁ,)}

T R S

Nio(k) = Nig(k — 1) exp [= A 10t fy] exp [— (/\ 10+ i) (1 —ﬁ;)]

A
+ f—f}(l —exp{—()\w-l-%)]tﬂ(l —ﬁ,)) (5)
Noa(8) = (k= Dexp | (1 = ) 1+ 222 (1=emp| 1= 5] ) ®)

We assume a slow subaerial erosion rate during interglacial periods (g) of 5cm
Myr ™!, which is the average rate indicated by samples from above the Pirrit Hills trim-
line (fig. 15). For each nuclide pair, we compute f, and the total time recorded ¢, =
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ki, Because time is a discrete variable, we solve Equations 4-6 by linear interpolation
of values computed over two-nuclide space. Figures 16 and 17 are contoured for f
and Lotal-

The hypothetical scenario in figure 16 provides some intuition for how well the
model captures true glacial history. A})parent J» values at the end of the scenario are
0.43 and 0.5 for 2°A-'°Be and '"Be-*'Ne data, respectively, which are close to but
slightly higher than the true value of 0.4. Computed f, is always greater than or equal
to true f,, and therefore represents an upper limit. The shortlived nuclide pair
*AL-'"Be typically provides the best estimate of f; because the nuclide concentrations
rebound more rapidly than the longerlived pairs following a plucking event.
Apparent ¢, values at the end of the scenario are 2.6 Myr and 3.5 Myr for Al-'°Be
and '’Be-*'Ne, respectively—much lower than the true 9 Myr history. Computed #5,,,;
underestimates true {,,,; for all nuclide Ipairs if plucking has occurred, and therefore
represents a lower limit. The long-lived ‘Be-*'Ne pair always records the greatest 5,
and therefore provides the best estimate of the actual history length. If the bedrock
surface had been sampled immediately following a plucking event, we would have
greatly overestimated f;, but our estimate of t,,,, would be almost the same. If the sur-
face was sampled during the recovery phase, our estimate of f, would be closer to the
actual value, and our estimate of ¢, may be either higher or lower depending on
where the sample is in two-nuclide space (fig. 16). We would have correctly inferred
both f, and ¢, if the surface was sampled after only 1.5 Myr, before any simulated
plucking.

One of the main assumptions of the model is that glacial cycles have a constant
duration of 100 kyr. This assumption turns out to be unimportant. A lower value of ¢,
(for example, 40 kyr) and a proportionally greater number of cycles will produce
nearly identical results as those shown in figures 16 and 17.

The results of this model for each sample and for the °Al-'’Be and '’Be-*'Ne nu-
clide pairs are shown in figures 17 and 18. Below the Pirrit Hills trimline, f, values
increase toward the modern ice surface, where some samples appear to be covered for
more than half of each glacial cycle (figs. 18 and 19). In contrast, samples from above
the trimline and from the Whitmore Mountains indicate zero ice cover. Although the
geometric constraint that f, must decrease with elevation is not imposed in the model,
this is nonetheless what is predicted. Samples identified as eroded (white symbols in
fig. 18) imply higher f, than other samples (fig. 18), which, as discussed above, is
expected for recently plucked bedrock surfaces.

Samples below the trimline have ¢, values of 1 to 7 Myr, while those from the
Whitmore Mountains and from above the trimline record histories of ~8 Myr or lon-
ger (fig. 18). Although equations 1-3 and 4-6 are equivalent when f, = 0, some high
elevation samples show large differences between exposure ages (eqs. 1-3; fig. 17)
and t,, (eqgs. 4-6; fig. 18). This is probably due to two factors. First, ,,,, is computed
with an assumed subaerial erosion rate of 5cm Myr ™', which is not representative for
all high elevation samples (fig. 15). Second, ¢, and exposure ages are computed
from two- and three-nuclide data, respectively, and hence the results are sensitive to
different time scales in the past. Therefore, if subaerial erosion rates have, in fact,
changed over time, these two methods may produce different results depending on
which nuclide pair is used to calculate ¢, Given these considerations, exposure
ages are probably more representative than #,,,, of the true history for high elevation
samples that show no evidence for past ice cover. The shorter histories recorded by
samples below the trimline imply that these surfaces experience occasional pluck-
ing, and that the pluck-recovery loop prevents the apparent total history from
increasing beyond a few million years even though the surface has been repeatedly
glaciated by frozen-based ice for more than that amount of time. Samples identified



666 Inferved from Nunatak Geomorphology & Cosmogenic-Nuclide Measurements

as eroded yield total time estimates that are similar to estimates from other samples
(fig. 18), which is presumably due to the fact that plucking has a minor influence on
Liotal (ﬁg 16)

To summarize, we have shown that a simple model of periodic exposure and ice
cover over glacial cycles that is motivated by geomorphic observations can explain
observed nuclide concentrations in bedrock surfaces. Combined with geomorphic
observations, the results indicate that while bedrock surfaces at the Whitmore
Mountains and above the Pirrit Hills trimline have experienced millions of years of
uninterrupted exposure at very low erosion rates, surfaces below the trimline have
been repeatedly covered by frozen-based ice that occasionally and sporadically
plucked subglacial bedrock surfaces. Samples that are identified as eroded because
they do not follow monotonic age-elevation profiles can be explained as the result of
recent plucking.

DISCUSSION

Ice Thickness Variations in West Antarctica

Over glacial cycles, the two processes that exert the greatest influence on the
thickness of the WAIS are changes in the position of the margin and changes in the
accumulation rate. Advance or retreat of the margin propagates a wave of dynamic
thickening or thinning, respectively, that damps as it progresses upstream (Alley and
Whillans, 1984). This results in maximum and earliest thickness change near the mar-
gin and minimal and most delayed change at the divide. Dynamic thickness change is
opposed by changes in the accumulation rate, which increases during interglacial
periods, in part because a warmer atmosphere can hold more moisture. In West
Antarctica, the WAIS Divide ice core indicates that accumulation rates were much
lower than present for tens of millennia during the last glacial period (Buizert and
others, 2015) and roughly doubled 18 to 15 kyr ago (Fudge and others, 2016). East
Antarctic ice cores show similar patterns and indicate that reduced accumulation
rates are a consistent feature of Pleistocene glacial periods (Parrenin and others,
2007).

Spector and others (2019) report (i) '’Be exposure ages on glacial deposits from
the Pirrit Hills and (ii) cosmogenic ~~C measurements for many of the same bedrock
samples from Mt. Seelig that we discuss here. At the Pirrit Hills, the WAIS reached a
highstand ~330 m above present during the last ice age while accumulation rates in
West Antarctica were at their ice-age low, and subsequent thinning coincided with
retreat of the margin downstream in the Weddell Sea (Johnson and others, 2019).
Other sites in the Weddell Sea sector appear to have similar glacial histories (Bentley
and others, 2010, 2017; Hein and others, 2016; Balco and others, 2016; Nichols and
others, 2019), implying that thickness changes at these sites are primarily controlled
by the position of the margin downstream. At the Whitmore Mtns., Spector and others
(2019) find that the WAIS was thicker than present for a period of less than ~ 8 kyr
within the past 15 kyr, but was probably the same thickness or thinner than present
during the last ice age when accumulation rates in West Antarctica were at a minimum
(Fudge and others, 2016). These findings are consistent with the hypothesis that the
divide initially thickened early in the deglaciation due to the deglacial rise in the accu-
mulation rate and subsequently thinned in response to retreat of the ice-sheet margin
(Steig and others, 2001).

The results of this paper indicate that much of the behavior described by Spector
and others (2019) was not limited to the last ice age but has been a persistent pattern
of WAIS thickness change over glacial cycles. Geomorphic observations and cosmo-
genic-nuclide measurements on bedrock surfaces show that the lower flanks of the
Pirrit and Nash Hills have been repeatedly covered by a thicker WAIS, and at least
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some pre-LGM highstands were of similar magnitude to the LGM highstand of
~330m. Although '*C measurements on bedrock surfaces from the Whitmore
Mountains indicate a brief period of ice cover during the last deglaciation, 26Al, 1OBe,
and ?'Ne results demonstrate that episodes of thicker-than-present ice at the
Whitmore Mountains were very brief and rare, and that, on 105-10° year timescales,
the divide has been no thicker than present the vast majority of the time (fig. 19).

Although it is conceivable that, with the exception of rare and transient epi-
sodes of thicker ice, the divide has remained at a constant thickness over many gla-
cial cycles, this scenario is unlikely as accumulation rate changes would need to be
perfectly balanced by dynamic ice-thickness changes related to the position of the
margin. We hypothesize that the divide has typically been thinner than present.
During the Pleistocene, this would likely have been due to reduced accumulation
during glacial periods, which has been suggested for the last ice age in both East
and West Antarctica on the basis of ice-core analyses (Steig and others, 2001;
Parrenin and others, 2007) and has been simulated by ice-sheet models (Pollard
and others, 2016; Spector and others, 2018). Ice-sheet collapse events would also be
expected to draw down ice in central West Antarctica (Spector and others, 2018).
Such events, if they occurred, likely only represented a small fraction of the
Pleistocene, but may have been more prolonged during warmer climates of the late
Miocene and Pliocene.

At the Pirrit Hills, evidence for thinner ice is in the form of weathered bedrock
surfaces that intersect and appear to descend beneath the modern ice surface.
Although this implies lower ice levels in the past (Mercer, 1968; Mukhopadhyay and
others, 2012), it does not indicate the timing nor the magnitude of past thinning.
Because the WAIS at the Pirrit Hills was thicker than present during recent glacial
periods, any thinning below the modern level presumably must have occurred during
Pleistocene interglacial periods and/or earlier times during the late Miocene or
Pliocene. Although a thinner WAIS at the Pirrit Hills is consistent with the hypothesis
of past ice sheet collapse, it is equally consistent with less extreme scenarios, such as
slightly lower accumulation rates during past interglacial periods.

Mid-Miocene Formation of Alpine Glacial Landscapes

The wet-based glaciers that carved the alpine landscapes of West Antarctic nuna-
taks disappeared prior to the development of the weathered bedrock surfaces that
superimpose these landscapes. The oldest exposure ages from the Whitmore
Mountains and Pirrit Hills demonstrate that this occurred at least ~12 Myr ago, and
that, since that time, surface erosion rates have remained extraordinarily low. Such
low erosion rates result from the polar desert climate and the complete lack of liquid
water and biota in high elevation regions of Antarctica. Marine sedimentary records
indicate that this climate was established 14 to 15 Myr ago during the abrupt mid-
Miocene cooling (Zachos and others, 2001; Shevenell and others, 2004), and in
Antarctica, this hypothesis is supported by several lines of evidence (see review by
Sugden and others, 2017), summarized below.

Fossil organisms and pollen in terrestrial and marine sediments from sites span-
ning the continent show that a tundra environment existed during the mid-Miocene
and appears to have gone extinct ~14 Myr ago, replaced by polar conditions that
have persisted to the present (Ashworth and Cantrill, 2004; Lewis and others, 2008;
Warny and others, 2009; Anderson and others, 2011; Wei and others, 2014; Ashworth
and Erwin, 2016). In southern Victoria Land, recovered taxa suggest mean summer
temperatures up to ~5 to 10 °C prior to the cooling (Lewis and others, 2008; Warny
and others, 2009), and there is an array of well preserved subglacial erosional features,
such as scabland and pothole systems, that formed ~14 Myr ago (Denton and
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Sugden, 2005). A switch from wet- to frozen-based glaciation in the Olympus Range
has also been dated to ~14 Myr B.P. and implies a cooling of ~8 °C (Lewis and
others, 2007, 2008), similar to the 6 to 7 °C cooling estimated for surface waters in the
southwest Pacific (Shevenell and others, 2004). In inland Marie Byrd Land, volcanoes
with well developed cirques are only found on pre-mid-Miocene edifices (Rocchi and
others, 2006), suggesting a switch to frozen-based glaciation at this time.

Based on (i) this evidence for the establishment of the polar desert climate 14 to
15 Myr ago and (ii) exposure ages that demonstrate bedrock surface preservation for
at least 12 Myr, we hypothesize that alpine landscapes in West Antarctica were carved
by mountain glaciers during the relatively warm climates of the mid-Miocene (and
possibly also during the early Miocene), and that they have been preserved as vestiges
of that time since the subsequent cooling 14 to 15 Myr ago. Support for this hypothe-
sis comes from ice-sheet model simulations forced by warm mid-Miocene boundary
conditions that depict a largely deglaciated West Antarctica with wet-based glaciers
and small ice caps persisting in mountain regions (Jamieson and others, 2010;
Gasson and others, 2016). Marine sedimentary records indicate that such climates
existed for at least a few million years prior to the mid-Miocene cooling (for example
Zachos and others, 2001), which would be sufficient for the development of alpine
landscapes. This hypothesis predicts that no rock surface in West Antarctica is older
than 14 to 15 Myr, and a recent compilation of exposure-age data shows that this is,
in fact, the case for surfaces across Antarctica (Spector and Balco, 2020). The simplest
explanation for the Whitmore till, which as described above, is characteristic of wet-
based glacial deposits, is that it was deposited during or shortly before the mid-
Miocene cooling.

Extension of the Ellsworth Trimline in the Pirrit Hills

The trimline in the Pirrit Hills occurs across the massif at an elevation of around
1600 to 1700 m and marks a transition between blunt-crested ridges below and ser-
rated ridge crests above. Above the trimline all bedrock surfaces show advanced stages
of subaerial weathering and there is zero indication of past ice cover, while below,
bedrock surfaces are generally less weathered, and there is isolated evidence for gla-
cial erosion. The trimline coincides with or is similar to the height of the LGM deposi-
tional limit, below which glacial debris has exposure ages ranging from Holocene to
at least ~1 Myr (Spector and others, 2019), indicating deposition over multiple ice
ages.

8 Denton and others (1992) describe a very similar trimline in the Ellsworth
Mountains to the north of the Pirrit Hills, and we summarize their descriptions here.
The Ellsworth trimline is etched across ridges and spurs of the relic alpine landscape
of the Ellsworth Mountains and delineates highly serrated ridge crests above from
smoothed crests below. The serrations commonly form closely spaced, delicate spires
that are up to 30 m in height. Below the trimline, the alpine topography is well pre-
served, but ridge crests are blunted. Striations are common below the trimline, and,
in places, particularly at lower elevation, bedrock surfaces are mantled with glacial de-
bris. Evidence for past ice cover is completely absent above the trimline.

The trimline is most conspicuous in the Sentinel Range, which comprises the
northern and higher elevation portion of the Ellsworth Mountains. Most of the
Heritage Range to the south lies below the trimline, which occurs there discontinu-
ously on high peaks and ridges. Trimline elevations vary smoothly over the length of
the Sentinel Range in a pattern consistent with the surface of an ice sheet or ice cap
(fig. 20). The trimline is highest on the west side of the Sentinel Range; it is found at
lower elevations both on the east side of the Sentinel Range (not shown in fig. 20)
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Fig. 20. Trimline elevations in the Ellsworth Mountains (Denton and others, 1992) and Pirrit Hills as
a function of latitude. Denton and others (1992) report that on the east side of the Sentinel Range (not
shown in figure), trimline elevations are 2440-2680 m near the range divide, and further east, adjacent to
Rutford Ice Stream range, from 1950 in the south to 2470 m in the north.

and in the Heritage Range. The trimline in the Pirrit Hills is slightly lower than the
trimline in the Heritage Range.

The very similar geomorphic characteristics and the consistent elevation pat-
tern of the Pirrit Hills and Ellsworth trimlines suggest that they are part of the same
feature. The primary differences are that (i) ridge crest serrations in the Pirrit Hills
are more subtle than those in the Ellsworth Mountains, and (ii) evidence for wet-
based glacial erosion below the trimline is absent in the Pirrit Hills. These differen-
ces can be explained by differences in lithology. In the Ellsworth Mountains, the
trimline is primarily cut into the resistant Crashsite Group quartzite, which holds
striations well and does not easily weather by granular disintegration or exfoliation
(Denton and others, 1992). In contrast, the Pirrit Hills granite weathers primarily by
granular disintegration and exfoliation, and we do not expect it to hold striations as
well as Crashsite quartzite. Notably, striations have been observed in (i) sedimentary
rocks near the modern ice level at Moreland Nunatak, a minor peak ~20 km west of
the Pirrit Hills and (ii) a few hundred meters above the modern ice level in the
Martin Hills, 110 km southwest of the Pirrit Hills (The Polar Rock Repository, 2009).
Therefore, to summarize, because differences between the Pirrit Hills and Ellsworth
trimlines can be easily accounted for, we conclude that they are, in fact, the same
feature.

Denton and others (1992) argue that the trimline formed at or a short distance
below a former ice surface on the basis of (i) the smoothly-varying elevation of the
trimline; (ii) the complete absence of evidence for ice cover above it; (iii) the orienta-
tion of striations below the trimline, which are perpendicular to the implied former
ice surface; and (iv) the scarcity of glacial debris near the trimline, which is consistent
with the idea that it formed in an accumulation zone where flowlines are oriented
downward. This scenario implies that the trimline was etched by thin, yet wet-based
ice cover sometime after the development of the alpine glacier landscape, which, as
discussed above, appears to have formed during or prior to the mid-Miocene climate
transition 14 to 15 Myr ago. Sugden and others (2017) suggest that the main phase of
trimline erosion occurred during or shortly after the mid-Miocene cooling and the
transition from alpine to continental glaciation.

Sugden and others (2017) also report exposure-age data from the Heritage
Range that place a minimum age of ~3.5 Myr on the development of eroded surfaces
below the trimline. This age is the sum of apparent exposure and burial ages assuming
a two-stage exposure-burial history. Using this method, bedrock samples from below
the trimline at the Pirrit Hills record similar minimum exposure-burial histories of up
to ~3.6 Myr. Although this may appear to suggest that the trimline formed long after
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the mid-Miocene, the model we described above demonstrates how apparent histories
of a few million years can be consistent with much longer histories of exposure, fro-
zen-based ice cover, and occasional subglacial plucking. Stronger constraints on the
age of the trimline could likely be derived from exposure dating of the striated bed-
rock surfaces located just below the trimline in the Sentinel Range.

CONCLUSIONS

At the Whitmore Mountains and above the trimline in the Pirrit Hills there is no
evidence for past ice cover, and cosmogenic nuclide concentrations in the oldest bed-
rock surfaces indicate continuous exposure for ~12 Myr at extremely low erosion
rates. This establishes that alpine landforms at these sites were carved by mountain
glaciers prior to this time, and we hypothesize that this occurred during the relatively
warm climates prior to the mid-Miocene climate transition 14 to 15 Myr ago. Below
the trimline, bedrock surfaces have nuclide concentrations that are most easily
explained by repeated frozen-based ice cover and occasional subglacial plucking,
which is consistent with geomorphic observations. Surfaces near the modern ice level
appear to have been covered for more than half of the time, while higher elevation
surfaces indicate progressively less ice cover.

At all of our field sites, weathered bedrock surfaces with very high cosmogenic-
nuclide concentrations intersect the modern ice level, implying lower ice levels in
the past. At the Pirrit Hills and Nash Hills, the WAIS was thicker than present dur-
ing glacial periods, and so any thinning presumably occurred during past intergla-
cial periods. In contrast, at the Whitmore Mountains the WAIS has almost never
been thicker than present, and we hypothesize that the divide here was typically
thinner than present during Pleistocene glacial periods when accumulation rates
were very low.

Based on the similarity of the Pirrit Hills and Ellsworth trimlines and their asso-
ciated geomorphic features, we conclude that they are, in fact, part of the same fea-
ture. Although bedrock surfaces below the trimline have apparent exposure
histories up to ~3.5 Myr, the trimline is hypothesized to have formed 14-15 Myr ago
during warmer-than-present climates of the mid-Miocene (Sugden and others,
2017). We demonstrate that this apparent contradiction can be explained by the
scenario of repeated frozen-based ice cover and occasional subglacial plucking
described above.
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APPENDIX
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Fig. Al. Beryllium yield for bedrock samples reported in this paper and for glacial deposits described
by Spector and others (2019). Beryllium yield is the quotient of the Be mass measured by ICPOES and the
Be mass added as carrier. Error bars represent 68% confidence intervals.
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