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Abstract. Modeling studies and field mapping show that increases in ice thickness during glacial periods were not uniform
across Antarctica. Rather, outlet glaciers that flow through the Transantarctic Mountains (TAM) experienced the greatest
changes in ice thickness. As a result, ice-free areas that are currently exposed may have been covered by ice at various points
during the Cenozoic, thereby providing a record of past ice sheet behavior. We collected soil surface samples and depth
profiles every 5 cm to refusal (up to 30 cm) from eleven ice-free areas along the Shackleton Glacier, a major outlet glacier of
the East Antarctic Ice Sheet (EAIS) and measured meteoric °Be and NO3™ concentrations to calculate and estimate surface
exposure ages. Using °Be inventories from three locations, calculated maximum exposure ages range from 4.1 Myr at
Roberts Massif near the Polar Plateau to 0.11 Myr at Bennett Platform further north. When corrected for inheritance of °Be
from prior exposure, the ages (representing a minimum) range from 0.14 Myr at Roberts Massif to 0.04 Myr at Thanksgiving
Valley. We correlate NOs™ concentrations with meteoric °Be to estimate exposure ages for all locations with NO3™ depth
profiles but only surface °Be data. These results indicate that NOs™ concentrations can be used in conjunction with meteoric
1°Be to help interpret EAIS dynamics over time. We show that the Shackleton Glacier has the greatest fluctuations near the
Ross Ice Shelf while tributary glaciers are more stable, reflecting the sensitivity of the EAIS to climate shifts at TAM
margins.
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1. Introduction

Exposed terrestrial surfaces in Antarctica have previously been used to elucidate glacial history and assess ice sheet
stability during warm periods (Balco, 2011; Denton et al., 1993; Mackintosh et al., 2014). While Antarctica is thought to
have had a permanent ice sheet since the Eocene, both the East and West Antarctic Ice Sheets (EAIS and WAIS,
respectively) have fluctuated in extent and thickness throughout the Cenozoic (Barrett, 2013; DeConto and Pollard, 2016;
Huybrechts, 1993). The WAIS has been drastically reduced in size during interglacial periods and there is evidence from
ANDRILL marine sediment cores suggesting there have been numerous times over the last 11 Ma with open water in the
Ross Embayment (Barrett, 2013; McKay et al., 2009; Shakun et al., 2018). The most recent partial collapse of the WAIS was

during the Pleistocene, and the most recent total collapse was during the Pliocene (Naish et al., 2009; Scherer et al., 1998).

The collapse of the WAIS during the Pliocene contributed ~5 m to sea level, but Pliocene sea levels were at least 25
m higher than today, indicating additional water sources, likely from the EAIS and Greenland Ice Sheet (GIS) (Dwyer and
Chandler, 2009; Pollard and DeConto, 2009). There is substantial evidence indicating that the WAIS is susceptible to
collapse due to warming (Pollard and DeConto, 2009); however, the overall stability of the EAIS has also been questioned

(Huybrechts, 1993; Scherer et al., 2016; Sugden, 1996; Wilson, 1995).

Here, we evaluated fluctuations of the EAIS during glacial and potentially interglacial periods. Outlet glaciers are
among the most sensitive areas to glaciological change in Antarctica, and changes in their extents over time are recorded in
nearby sedimentary deposits (Golledge et al., 2013; Jones et al., 2015; Scherer et al., 2016; Spector et al., 2017). We focus
on the Shackleton Glacier, a major outlet glacier of the EAIS. The Shackleton Glacier has several exposed peaks of the
Transantarctic Mountains (TAM) along the length of glacier, including at both low and high elevations. We report
concentrations of meteoric °Be and nitrate (NOg) in soils from eleven ice-free areas and use these data to calculate and
estimate exposure ages. Our findings contribute to a growing body of work suggesting that some portions of the EAIS are

susceptible to rapid advance and retreat.
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2. Background

2.1. Stability of the EAIS

There are two competing hypotheses regarding the stability of the EAIS, though more information from various
regions in Antarctica is necessary to fully refute or support either hypothesis. “Stabilists” argue that the EAIS is stable and
has not fluctuated in size significantly over the last ~14 Ma (e.g., Denton et al., 1993), while “dynamicists” suggest that the
EAIS is dynamic and waxes and wanes (e.g., Webb and Harwood, 1991). Previous studies used a variety of
geomorphological and exposure age dating techniques at high elevations (>1000 m) in the McMurdo Dry Valleys (MDV) to
assert that the Antarctic interior maintained its aridity and cold-based glaciers since the mid-Miocene (Lewis et al., 2008;
Sugden, 1996; Sugden et al., 1993, 1995). These studies suggest major thickening of outlet glaciers but no major ice sheet

retreat during the Pliocene (Golledge et al., 2013; Golledge and Levy, 2011; Marchant et al., 1996).

Evidence for a dynamic EAIS is derived primarily from the diamictite rocks (tills) of the Sirius Group, which are
found throughout the Transantarctic Mountains and include well-documented outcrops at the Shackleton Glacier. The Sirius
Group deposits are characteristic of warm and polythermal based glaciers (Hambrey et al., 2003), but their age is not known.
Some of the deposits contain pieces of shrubby vegetation, suggesting that the Sirius Group formed under conditions warmer
than present with trees occupying inland portions of Antarctica (Webb et al., 1984, 1996; Webb and Harwood, 1991). Sparse
marine diatoms found in the sediments were initially interpreted as evidence for formation of the Sirius Group via glacial
over riding of the Transantarctic Mountains during the warmer Pliocene (Barrett et al., 1992), though it is now argued that
the marine diatoms were wind-derived contamination, indicating that the Sirius Group is older (Scherer et al., 2016; Stroeven
et al., 1996). Following several reviews of the stable versus dynamic EAIS debate, Barrett (2013) concluded that the EAIS
maintained polar desert conditions with minimal retreat throughout the Pliocene. More recent models have suggested that
portions of the EAIS, particularly outlet glaciers, were and still are susceptible to rapid retreat (DeConto and Pollard, 2016;
Scherer et al., 2016). However, the degree of EAIS sensitivity to warming is model-dependent and exposure ages/proxy data

are needed to constrain model results (Dolan et al., 2018).
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2.2. Cosmogenic nuclide exposure age dating and meteoric °Be systematics

19Be is a cosmogenic radionuclide with a half-life of 1.39 Ma (Nishiizumi et al., 2007) that is produced both in the
atmosphere (meteoric) and in-situ in mineral grains. In the atmosphere, N and O gases are bombarded by high energy cosmic
radiation to produce meteoric 1°Be. Particle reactive °BeO or °Be(OH); is produced and removed from the atmosphere by
wet and dry deposition (McHargue and Damon, 1991). At Earth’s surface, meteoric °Be sorbs onto clay particles and is
insoluble in most natural waters of pH greater than 4 (Brown et al., 1992; You et al., 1989). Meteoric °Be accumulation in
soils is controlled by surface exposure duration, erosion, clay particle translocation, solubility, and sedimentation. Thus,
meteoric °Be can be used as a tool to understand exposure age, erosion rates, and soil residence times (see Willenbring and

Von Blanckenburg, 2009 and references within).

The measurement and use of meteoric 1°Be has enabled researchers to date surfaces and features which otherwise
lack sufficient coarse-grained quartz for in-situ °Be analysis. Previous studies have measured meteoric °Be in MDV and
Victoria Land soils and sediments to calculate exposure ages and determine the onset of the current polar desert regime
(Dickinson et al., 2012; Graham et al., 2002; Schiller et al., 2009; Valletta et al., 2015). These previous studies generally
show that high elevation, northern fringe regions along the Ross Embayment have been hyper-arid since at least the
Pliocene. Meteoric °Be data have yet to be published from the central Transantarctic Mountains (CTAM), which represent

ice sheet dynamics closer to the Polar Plateau.

Here, we used meteoric °Be to estimate CTAM relative exposure ages, acknowledging the widespread use of in-
situ exposure age dating which we later use for cross-validation. In-situ cosmogenic nuclides, such as °Be, 2°Al, ?Ne, and
3He, have been used to determine surface exposure ages at several locations across Antarctica, particularly in the MDV and
other exposed surfaces in Victoria Land (e.g. (Balco et al., 2019; Brook et al., 1993, 1995; Bruno et al., 1997; lvy-Ochs et
al., 1995; Strasky et al., 2009). There are considerably fewer studies from the CTAM (e.g., Ackert and Kurz, 2004; Balter et
al., 2020; Bromley et al., 2010; Kaplan et al., 2017; Spector et al., 2017). Exposure ages of CTAM tills and boulders from
those previous studies ranged from <10 ka to >14 Ma, and their results suggest that the EAIS may have maintained persistent

arid conditions since as early as the Miocene. . However, many of these age-date estimates were inferred from samples
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collected at the glacier heads and may not encompass fluctuations near the glacier terminus. Additionally, in-situ dating

relies on the occurrence of coarse-grained minerals (usually quartz) in rocks and boulders, and thus is spatially limited.

3. Study sites

Shackleton Glacier (~84.5 to 86.4°S; ~130 km long and ~10 km wide) is a major outlet glacier of the EAIS which
drains north into the Ross Embayment with other CTAM outlet glaciers to form the Ross Ice Shelf (RIS) (Fig. 1). The ice
flows between exposed surfaces of the Queen Maud Mountains, which range from elevations of ~150 m near the RIS to
>3,500 m further inland. The basement geology of the Shackleton Glacier region is comprised of igneous and metamorphic
rocks formed from intruded and metamorphosed sedimentary and volcanic strata during the Ross Orogeny (450-520 Ma)
(Elliot and Fanning, 2008). The southern portion of the region consists of the Devonian-Triassic Beacon Supergroup and
Jurassic Ferrar Group, while the northern portions consists of Pre-Devonian granitoids and the Early to Mid-Cambrian
Taylor Group (Elliot and Fanning, 2008; Paulsen et al., 2004). These rocks serve as primary weathering products for soil
formation (Claridge and Campbell, 1968). Deposits of the Sirius Group, the center of the stable vs. dynamic EAIS debate,
have been previously identified in the southern portion of the Shackleton Glacier region, particularly at Roberts Massif (Fig.

2) and Bennett Platform, with a small exposure at Schroeder Hill (Hambrey et al., 2003).

The valleys and other ice-free areas within the region have been modified by the advance and retreat of the
Shackleton Glacier, smaller tributary glaciers, and alpine glaciers. Similar to the Beardmore Glacier region, the Shackleton
Glacier region is a polar desert, which results in high rates of salt accumulation in soils. The surface is comprised primarily
of till, weathered primary bedrock, and scree, which range in size from small boulders and cobbles to sand and silt. Clays
have been previously identified in all samples from Roberts Massif and are likely ubiquitous throughout the region (Claridge
and Campbell, 1968). However, the clays are a mixture of those derived from sedimentary rocks and contemporaneous
weathering (Claridge and Campbell, 1968). Thin, boulder belt moraines, characteristic of cold-based glaciers, were deposited
over bedrock and tills at Roberts Massif, while large moraines were deposited at Bennett Platform, characteristic of warm or

polythermal glacial dynamics (Fig. 2, Balter et al., 2020; Claridge and Campbell, 1968).
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4, Methods

4.1. Sample collection

During the 2017-2018 austral summer, we visited eleven ice-free areas along the Shackleton Glacier: Roberts
Massif, Schroeder Hill, Bennett Platform, Mt. Augustana, Mt. Heekin, Thanksgiving Valley, Taylor Nunatak, Mt. Franke,
Mt. Wasko, Nilsen Peak, and Mt. Speed (Fig. 1). Two samples (Table 1) were collected at each location (except for Nilsen
Peak and Mt. Wasko, represented by only one sample) with a plastic scoop and stored in Whirl-Pak™ bags. One sample was
collected furthest from the Shackleton Glacier or other tributary glaciers (within ~2,000 m) in a transect to represent soils
that were likely exposed during the Last Glacial Maximum (LGM) and previous recent glacial periods. A second sample was
collected closer to the glacier (between ~1,500 and 200 m from the first sample) to represent soils likely to have been

exposed by more recent ice margin retreat.

Soil pits were dug by hand at the sampling locations furthest from the glacier for Roberts Massif, Schroeder Hill,
Mt. Augustana, Bennet Platform, Mt. Heekin, Thanksgiving Valley, and Mt. Franke. Continuous samples were collected
every 5 cm until refusal (up to 30 cm) and stored frozen in Whirl-Pak™ bags. All surface (21) and depth profile (25) samples

were shipped frozen to The Ohio State University and kept frozen until analyzed.

4.2. Analytical methods

4.2.1. Meteoric °Be analysis

A total of 30 sub-samples of surface soils from all locations and depth profiles from Roberts Massif, Bennett
Platform, and Thanksgiving Valley were sieved to determine the grain size at each location. The percentages of gravel (>2
mm), sand (63-425um), and silt (<63um) are reported in Table S1. Since there is a strong grain size dependence of meteoric
1°Be where very little °Be is carried on coarse (>2 mm) grains (Pavich et al., 1986), the gravel portion of the sample was not

included in the meteoric °Be analysis. The remaining soil (<2 mm) was ground to fine powder using a shatterbox.

Meteoric 1°Be (Table 2) was extracted and purified at the NSF/UVM Community Cosmogenic Facility following
procedures originally adapted and modified from Stone (1998). First, 0.5 g of powdered soil was weighed into platinum

crucibles and 0.4 g of SPEX °Be carrier (with a concentration of 1,000 pg mL ™) was added to each sample. The samples
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were fluxed with a mixture of potassium hydrogen fluoride and sodium sulfate. Perchloric acid was then added to remove
potassium by precipitation and later evaporated. Samples were dissolved in nitric acid and precipitated as beryllium
hydroxide (Be(OH)2) gel, then packed into stainless steel cathodes for accelerator mass spectroscopy isotopic analysis at the
Purdue Rare Isotope Measurement Laboratory (PRIME Lab). Isotopic ratios were normalized to primary standard 07KNSTD
with an assumed ratio of 2.85 x 102 (Nishiizumi et al., 2007). We corrected sample ratios with a °Be/°Be blank ratio of 8.2
+ 1.9 x 10°%5, which is the average and standard deviation of two blanks processed alongside the samples. We subtracted the

blank ratio from the sample ratios and propagated uncertainties in quadrature.

4.2.2. Nitrate analysis

Separate, un-sieved sub-samples of soil from all locations and depth profiles were leached at a 1:5 soil to water ratio
for 24 hours, then filtered through a 0.4 um Nucleopore membrane filter. The leachate was analyzed on a Skalar San++
Automated Wet Chemistry Analyzer with a SA 1050 Random Access Auto-sampler (Lyons et al., 2016; Welch et al., 2010).
Concentrations are reported as NO5™ (Table S2) with accuracy, as determined using USGS 2015 standard, and precision

better than 5% (Lyons et al., 2016).

4.3. Exposure age model

We developed a mass balance using the fluxes of meteoric 1°Be in and out of Shackleton Glacier region soils to
calculate the amount of time which has passed since the soil was exposed (Pavich et al., 1984, 1986). The model assumes
that soils that were overlain by glacial ice in the past, and are now exposed, accumulated a lower surface concentration and
inventory of 1°Be than soils that were exposed throughout the glacial period (Fig. 3). The concentration of meteoric 1°Be at
the surface (N, atoms g*) per unit of time (dt) is expressed as a function (Eg. 1), where the addition of '°Be is represented as
the atmospheric flux to the surface (Q, atoms cm yrt) and the removal is due to radioactive decay, represented by a

disintegration constant (4, yr*) and erosion (E, cm yr) with respect to soil density (p, g cm?).

S=Q-aN-Z (1)

dat dz

However, this function is highly dependent on dz, which represents an unknown value of depth into the soil column
which is influenced by meteoric '°Be deposition and removal. We can account for this uncertainty and other uncertainties

7
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regarding °Be migration in the soil column by calculating the inventory (1, atoms cm-?) of the soil (Eg. 2), assuming that Q

has not changed systematically over the accumulation interval (Graly et al., 2010; Pavich et al., 1986).
I=3YN-p-dz 2

If we know the inventory of meteoric *°Be in the soil profile, the concentration at the surface, and soil density, and
use published values for erosion and °Be flux to the surface, we can combine Eq. (1) and Eq. (2), and solve for time (t,

years) (Eq. 3).

t= —1n[1- 2] 3)

Equation (3) provides a maximum exposure age assuming that soil profile did not have meteoric °Be before it was
exposed to the surface (No = 0). Since our exposure age dating technique relies on the number of atoms within the sediment
column (1), any pre-existing 1°Be atoms in the soil (No # 0) cause the calculated age to be an overestimate (Fig. 3c-d) (Graly
et al., 2010). Meteoric °Be concentrations typically decrease with depth until they reach a “background” level (Graly et al.,
2010). We can use that background value to calculate an initial inventory, also referred to as inheritance (li, atoms cm-)
using Eq. (4), where N, is the 1°Be concentration (atoms g) at the bottom of the profile (z, cm), and correct the observed
inventory (Eqg. 5). However, an accurate I; can only be determined for soil profiles which have a decrease in 1°Be
concentrations to background levels due to the downward transport of °Be from the surface. This may not be the case in

areas of permafrost where °Be is restricted to the active layer (Bierman et al., 2014).
Li=N,p-z @)

_ 1, _u-a
t=—1In [1 Q_EPN] ()

4.3.1. Model variable selection
The exposure age calculations are dependent on the selected values for the variables in Eq. (1-5). We chose a flux
value (Q) of 1.3 x 10° atoms cm2 yr* from Taylor Dome (Steig et al., 1995) due to a similar climate to that of the CTAM

and an absence of local meteoric °Be flux data. While we did not calculate erosion rates, previous studies have estimated
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rates from rocks of 1 to 65 cm Myr? in Victoria Land (Ivy-Ochs et al., 1995; Margerison et al., 2005; Morgan et al., 2010;
Strasky et al., 2009; Summerfield et al., 1999) and 5 to 35 cm Myr? further south in the Transantarctic Mountains (Ackert
and Kurz, 2004; Balter et al., 2020; Morgan et al., 2010). Balter et al. (2020) determined that erosion rates for boulders at
Roberts Massif which were less than 2 cm Myr. However, we chose a conservative value of 5 cm Myr for the Shackleton

Glacier region. Soil density (p) across the Shackleton Glacier region was approximately 2 g cm,

5. Results

5.1. Surface concentrations of meteoric °Be and grain size

Surface concentrations of meteoric °Be span more than an order of magnitude and range from 2.9 x 108 atoms g at
Mount Speed to 73 x 108 atoms g* at Roberts Massif (Fig. 4). At individual sites where samples were collected at two
locations, concentrations are typically highest for the samples furthest from the glacier, with notable exceptions at Roberts
Massif and Thanksgiving Valley. In general, concentrations of meteoric °Be increase with both distance from the coast and
elevation (Fig. 5). There is a stronger relationship with distance from the coast (R? = 0.48), compared to elevation (R? =
0.39). An exception to this trend is Bennett Platform as both surface samples from Bennett Platform have lower
concentrations than expected from the linear regression. If the samples from Bennett Platform are excluded from the linear
regression, the R? values increase to 0.67 and 0.51 for distance from the coast and elevation, respectively, with p-values <

0.001 for both regressions.

Sediment grain size is similar among the three soil profiles from Roberts Massif, Bennett Platform, and
Thanksgiving Valley; the soils are primarily comprised of sand-sized particles, with less silt-sized and smaller material (Fig.
6). The proportions of silt and gravel are similar at Roberts Massif, although the majority of the profile is sand-sized.

Thanksgiving Valley has the least fine material, while Bennett Platform has a more even grain size distribution.

5.2. Calculated maximum and inheritance-corrected exposure ages
Calculated maximum meteoric 1°Be exposure ages for Roberts Massif, Bennett Platform, and Thanksgiving Valley
range from 0.11 Myr at Bennett Platform to 4.1 Myr at Roberts Massif, assuming no inheritance (Table 3). Bennett Platform

is the only location that has exponentially decreasing °Be concentrations with depth and appears to approach background
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levels towards the bottom of the 15 cm deep profile. We used the 10-15 cm °Be concentration value to calculate the
inheritance for this location. While °Be concentrations at Roberts Massif and Thanksgiving Valley did not exponentially
decrease in a similar manner, we used the lowest concentration from each of the profiles to calculate the inheritance, which
is likely an overestimate. Using Eq. (5), the inheritance-corrected exposure ages are younger and range from 0.04 Myr at

Thanksgiving Valley to 0.14 Myr at Roberts Massif (Table 3). These corrected ages are minimum ages.

5.3. Estimated exposure ages for sites without meteoric °Be depth profiles
5.3.1 Maximum and inheritance-corrected estimated ages using NOs™ concentrations

Meteoric *°Be and NOs™ concentrations are correlated in the depth profiles from Roberts Massif, Bennett Platform,
and Thanksgiving Valley, with a strong power relationship between the two measurements (R? = 0.66 to 0.99) (Fig. 7c). In
addition, similar to the meteoric °Be profiles, the NO3™ concentrations are highest for the samples which were collected

furthest from the coast and at the highest elevations (Table S2).

We used the relationship between NO3™ and 1°Be to estimate 1°Be concentrations for all seven soil profiles (Table 3,
Fig. 8). The calculated and NO3™ estimated maximum exposure ages only differ by ~6-20% for Roberts Massif, Bennett
Platform, and Thanksgiving Valley, which have full data sets for both parameters. The inheritance-corrected exposure ages
have a difference of ~10-35% between the calculated and estimated ages. Since we could not calculate °Be exposure ages
for the profiles from Schroeder Hill, Mt. Augustana, Mt. Heekin, and Mt. Franke, we were not able to make similar
comparisons. However, we were able to compare the estimated surface 1°Be concentrations using NO3 to the measured °Be
concentrations. The percent differences at Schroeder Hill and Mt. Heekin are 4% and 7%, respectively, while Mt. Augustana

and Mt. Franke have higher differences of 36% and 40%, respectively (Tables 3 and 4).

5.3.2 Maximum estimated ages inferred using maximum meteoric °Be concentrations

Similar to our exposure age estimates using NOs™ concentrations, we used the relationship between the maximum
meteoric °Be concentration in the soil profile and the meteoric '°Be inventory (Graly et al., 2010) to infer 1°Be inventories
and estimate maximum exposure ages (without a correction for inheritance) for all eleven locations (Table 4, Fig. 8). As is

the case for Roberts Massif and Thanksgiving Valley, the highest concentrations may not always be at the surface for all

10
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locations; however, the relationship is sufficiently strong to provide an estimate of the °Be inventory and thus an age
estimate (Fig. S1). Compared to the measured inventories from Roberts Massif, Bennett Platform, and Thanksgiving Valley,
the inferred inventories differ by ~3-18%. The estimated inferred maximum exposure ages range from 0.13 Myr at Mt.
Speed to >14 Myr at Roberts Massif. With the exception of Roberts Massif and Thanksgiving Valley, the oldest surfaces are
those which we sampled furthest from the glacier. The sample from Roberts Massif collected closest to the glacier has an
estimated exposure age that is outside the model limits (>14 Myr). The calculated maximum ages and estimated maximum
ages from the inferred inventory differ by ~40% for Roberts Massif and Thanksgiving Valley, and the estimated age is half

the calculated age for Bennett Platform (Table 4).

6. Discussion

6.1. Calculated and estimated exposure age validation

The Shackleton Glacier region soil profiles have the highest meteoric °Be concentrations (~10° atoms g*) yet
measured in Earth’s polar regions (Fig. 7a). Though our profiles are shallower than profiles from the MDV and Victoria
Land in Antarctica (Dickinson et al., 2012; Schiller et al., 2009; Valletta et al., 2015) and Sweden and Alaska in the Arctic
(Bierman et al., 2014; Ebert et al., 2012), the soils from these previous studies reached background concentrations of °Be
within the top 40 cm, which is close to our maximum depth of 30 cm at Thanksgiving Valley. Bennett Platform is most
similar to the soil profiles from other regions in Antarctica, as they have decreasing °Be concentrations with depth, while
Thanksgiving Valley and Roberts Massif are relatively homogenous and more similar to profiles from the Arctic. As a result,

our profiles are likely sufficient for inventory and inheritance calculations.

Our calculated and estimated exposure ages are consistent with the limited in-situ exposure age data from the

Shackleton Glacier region (http://antarctica.ice-d.org; Balco, 2020). From in-situ 1°Be, 5Al, *He, and ?'Ne data, exposure

ages on the northern flank of Roberts Massif range from ~0.33 to 1.58 Myr (Balter et al., 2020; ICE-D), and our inheritance-
corrected calculated age was 0.14 Myr, with a maximum (un-corrected) value of 4.09 Myr. The inheritance-corrected NO3z”
estimated age is 0.17 Myr. To the north, the in-situ ages from Thanksgiving Valley vary greatly from ~4.3 kyr to 0.45 Myr,

though most ages appear to be around 35 kyr (ICE-D), which is close to our inheritance-corrected calculated and NO3

11
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estimated ages of ~40 kyr and ~30 kyr, respectively. Closer to the Ross Ice Shelf, the in-situ ages from Mt. Franke range
from ~29 kyr to 0.19 Myr, which is similar to our NO3™ estimated ages, which range from ~18 kyr for the inheritance-

corrected age to a maximum age of 0.23 Myr.

The in-situ ages are youngest closer to the glacier at nearly all locations along the Shackleton Glacier (Balter et al.,
2020; ICE-D), which is the same trend we observed for the meteoric °Be ages. In addition, the in-situ ages and calculated
and estimated ages from the Shackleton Glacier region are typically younger at lower elevations and decrease closer to the
Ross Ice Shelf (Fig. 8). Similar patterns have been observed in the Beardmore Glacier region. Exposure ages at the head of
the Beardmore Glacier at the Meyer Desert are the oldest (up to 5.0 Myr). However, on the western side near the Beardmore
Glacier, the ages are only ~10 kyr (Ackert and Kurz, 2004). To the north, ages from Cloudmaker range from ~9 kyr to 15 kyr
near the glacier, and ~ 600 to 3 kyr near the Ross Ice Shelf at Mt. Hope (Spector et al., 2017). We argue that while the
maximum calculated and estimated exposure ages can indicate general trends in exposure ages and are useful in establishing
an upper age limit, they are likely an overestimate and the inheritance-corrected (minimum) ages are more accurate, as

determined by comparison to previous work.

6.2. NOgs as an efficient exposure age dating tool

This study is not the first to attempt to use water-soluble NOs™ to help understand glacial history, but it is the first
use NOs™ concentrations to directly estimate meteoric °Be concentrations. Previous studies have argued that atmosphere-
derived salt concentrations at the surface may correlate with exposure ages and wetting ages in Antarctica (Graham et al.,
2002; Graly et al., 2018; Lyons et al., 2016; Schiller et al., 2009). Graly et al. (2018) showed that, in particular, water-soluble
NOs™ and boron exhibited the strongest relationships (R = 0.9 and 0.99, respectively). Lyons et al. (2016) used nitrate
concentrations to estimate the amount of time since the soils were last wetted and Graham et al. (2002) attempted to calculate
exposure ages using the inventory of nitrate in the soil. Graly et al. (2018) argue that boron is preferable to nitrate due to
concerns over nitrate mobility under sub-arid conditions (e.g. Frey et al., 2009; Michalski et al., 2005), and given that
uncertainties in local accumulation rates and ion transport can result in inaccurate ages when using NO3™ alone (Graham et

al., 2002; Schiller et al., 2009). Based on the results presented here for hyper-arid CTAM ice-free regions and the concerns
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with boron mobility depending on whether the B species present in the soils is BO3* (borate) or H3BOj3 (boric acid), we

conclude that NO3™ appears suitable for relative age dating and producing age estimates.

Through a coupled approach using both meteoric °Be and NOs™ concentrations, we developed a useful model for
estimating soil exposure ages. We show that the percent differences between calculated and NO; estimated ages are low (see
Section 4.4.) and argue that the relationship between meteoric °Be and NOs™ can be used to expand our current exposure age
database for the TAM; compared to cosmogenic radionuclide analyses, NO3™ analyses are rapid and cost effective. However,
a model using NOg3™ or salts alone is likely insufficient, unless the anion accumulation rates are known (Graham et al., 2002;
Schiller et al., 2009). Though the regressions between NOs™ and 1°Be are strong (Fig. 7c), each of the three profiles from
Roberts Massif, Bennett Platform, and Thanksgiving Valley have different regression coefficients and slopes. In other words,
the relationship between meteoric °Be and NOs™ is not uniform across the Shackleton Glacier region and varies depending
on the location, likely due to local glacial history and climate, soil development, and geography. To address these
uncertainties, some °Be data, surface samples for all locations and a few depth profiles in particular, are necessary to choose

the proper regression to minimize the associated error.

We tested our meteoric °Be — NOs™ model with data from Arena Valley (Graham et al., 2002) and found that our
model is roughly applicable to other TAM ice-free areas. The power relationship between °Be and NOs™ throughout the
profile is not as strong for the Arena Valley samples compared to Shackleton Glacier samples; there is stronger correlation in
the top 20 cm (R? = 0.61) than the bottom 70 cm (R? < 0.01). The estimated inventory is 7.22 x 10° atoms cm2, while the
calculated inventory is 1.3 x 10%° atoms cm, and the exposure ages (without erosion and inheritance corrections) are 56 kyr
and 87 kyr, respectively. Though our inheritance-corrected NOs™ estimated ages are validated using in-situ data from
previous studies, until our estimated exposure dating technique can be tested more broadly, we interpret these ages as

relative or estimated ages.

6.3. Implications for ice sheet dynamics
Sirius Group deposits were only observed at Roberts Massif (Fig. 2a) and were either deposited or exposed as the

Shackleton Glacier retreated in this region. At sample site RM2-8, where soil collected closest to the Shackleton Glacier, we
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documented a large diamictite that is underlain by soils estimated to be a maximum of >14 Myr in age. While this soil age is
likely an overestimate given previously published in-situ ages (Balter et al., 2020), the Sirius Group was not observed near
the relatively younger RM2-1 soils, with an inheritance-corrected age of 0.14 Myr. We interpret these sparse data to suggest
that either the tills were transported from further inland during previous glacial retreat, or that the Sirius Group formed over
an extended period of time. However, considering we did not observe any diamictite on younger soils, these observations
support previous studies (e.g. Barrett, 2013; Sugden et al., 1993, 1995; Sugden, 1996), which argue that, at least for the

southern Shackleton Glacier region, the Sirius Group likely formed prior to the Pliocene.

Our data support models and previous studies suggesting that EAIS advance and retreat was not synchronous during
the LGM and throughout the late Cenozoic (DeConto and Pollard, 2016; Golledge et al., 2013; Marchant et al., 1994;
Scherer et al., 2016). Calculated and estimated exposure ages (including both maximum and inheritance-corrected) are
youngest near the coast and greatest at the head of the Shackleton Glacier (Fig. 8). The furthest inland sample at Mt. Franke
indicates that deglaciation occurred as recently as ~0.02 Myr in the northern portion of the region, although the samples
closest to the glacier are likely younger in age and may indicate that deglaciation continued into the late Pleistocene/ early
Holocene (Spector et al., 2017). Deglaciation in the southern portion of the region likely occurred earlier, with the furthest
inland samples from Roberts Massif, Schroeder Hill, and Bennett Platform exposed since shortly before or after the onset of
the last glacial period (~0.10 Myr) (Blunier and Brook, 2001; Clark et al., 2009; Mackintosh et al., 2014). Previous data from
Roberts Massif also suggests that much, if not all of this location was ice-free throughout the last glacial period (Balter et al.,
2020). However, our inferred maximum estimated ages also indicate that, similar to the more northern locations, the samples

collected closest to the glacier are likely younger and were more recently exposed due to ice retreat (Fig. 8).

Tributary glaciers in the Shackleton Glacier region appear to behave differently than the Shackleton Glacier itself.
This is best demonstrated by the Bennett Platform samples, collected near the tributary Gallup Glacier. Bennett Platform is
unique in being the only location we sampled with large lateral moraines and several nearby medial moraines (Fig. 2c). The
surface concentration of meteoric °Be is lower at Bennett Platform than what would be expected from regression models

relating concentration with elevation and distance from the coast (Fig. 5). The lower concentrations of 1°Be, in turn, result in
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relatively lower calculated and estimated exposure ages (Fig. 8; Table 3). Specifically, the exposure ages suggest that glacier

retreat following termination of the last glacial period was delayed at Bennett Platform.

We argue that the younger than anticipated exposure age is due to differing glacial dynamics between tributary and
major outlet glaciers. Meteoric °Be concentrations and exposure ages at Mt. Augustana are also lower than anticipated given
its distance from the coast and elevation. Similar to Bennett Platform, Mt. Augustana is along a tributary glacier, McGregor
Glacier. We did not observe the same large moraines from Bennett Platform, but it is possible that McGregor Glacier and
Gallup Glacier behave similarly and have a comparatively delayed response to the transition from glacial to interglacial
periods. Previous work in the Royal Society Mountains found that marine and land-terminating glaciers behave
asynchronously; although sea-level rise likely induced grounding line retreat in the Ross Sea following the LGM, alpine
glaciers have since advanced (Higgins et al., 2000; Jackson et al., 2018). The Shackleton Glacier is marine terminating and
likely susceptible to ice shelf stability and sea level rise, while the regional tributary glaciers are likely grounded on bedrock
troughs and are resulting more stable with respect to changes in climate. Though the physical properties of Gallup and
McGregor Glaciers are unknown during the LGM and previous glacial periods (i.e. cold vs. polythermal, shallow vs. deep
grounding), these glaciers possibly represent the dynamics of other tributary glaciers in the CTAM, which may similarly

have a delayed response to climate shifts.

7. Conclusions

We measured concentrations of meteoric 1°Be and NOs" in soils from eleven ice-free areas along the Shackleton
Glacier, Antarctica, which include the highest measured meteoric °Be concentrations from the polar regions. Calculated
maximum and inheritance-corrected (minimum) exposure ages are well-correlated with estimated ages, determined using
NOs™ concentrations and inferred 1°Be inventories. In particular, coupling NO3™ concentrations with 1°Be measurements
represents an efficient method to attain a greater number of exposure ages in the CTAM, a region with currently sparse data.
However, while the relationship between NO3™ and 1°Be is strong in the Shackleton Glacier region, its widespread

applicability has yet to be addressed.
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Soil exposure ages are generally youngest at lower elevations and closer to the Ross Ice Shelf, but are also younger
closer to the Shackleton Glacier or other tributary glaciers. Though we could only estimate maximum inferred ages, our soil
transects likely encompass the LGM transition. Inheritance-corrected calculated and estimated ages at Roberts Massif (~1
km from the glacier) indicate that the Shackleton Glacier was likely present in its current form since at least the Pleistocene
in southern portions of the region. More northern samples indicate that towards the glacier terminus, the Shackleton Glacier
is more susceptible to changes in climate and has likely retreated in the past. However, tributary glaciers likely had a delayed
retreat following the LGM. These data represent a comprehensive analysis of meteoric °Be to demonstrate the dynamic

behavior of CTAM outlet glaciers at glacier termini and stability at glacier heads.
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Figures:

Figure 1: Overview map of the Shackleton Glacier region, located in the Queen Maud Mountains of the Central
Transantarctic Mountains. The red circles represent our eleven sampling locations, with an emphasis on Roberts Massif
(orange), Bennett Platform (green), and Thanksgiving Valley (blue), which have the most comprehensive dataset in this
study. The bedrock serves as primary weathering product for soil formation (Elliot and Fanning, 2008; Paulsen et al., 2004).
Base maps provided by the Polar Geospatial Center.
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395

396  Figure 2: The Sirius Group was documented at Roberts Massif near the RM2-8 sampling location (a). Cold-based glacier

397 moraines were observed at Roberts Massif (b) and large polythermal moraines were observed at Bennett Platform (c).
398

399
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Figure 3: Conceptual diagram of meteoric °Be accumulation in soils during glacial advance and retreat. In “ideal”
conditions, 1°Be accumulates in exposed soils and °Be concentrations beneath the glacier are negligible (a). As the glacier
retreats, °Be can begin accumulating in the recently exposed soil and an inventory can be measured to calculate exposure
ages. In the case where the glacier has waxed and waned numerous times and the soils already contain a non-negligible
background concentration of 1°Be, inventories need to be corrected for 1°Be inheritance (c-d).
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Figure 4: Spatial distribution of surface meteoric °Be concentrations in the Shackleton Glacier region. Where possible, two
samples were collected at each location to represent surfaces closest to the glacier, which might have been glaciated during
recent glacial periods, and samples furthest from the glacier that are likely to have been exposed during recent glacial
periods. Insets of Roberts Massif (orange), Bennett Platform (green), and Thanksgiving Valley (blue) are included (color
scheme consistent throughout), as these locations serve as the basis for our relative exposure age models. Base maps
provided by the Polar Geospatial Center.
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415 Figure 5: Concentration of meteoric °Be with elevation and distance from coast. The solid black lines are linear regressions.
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418  Figure 6: The grain size composition of soil profiles collected from Roberts Massif (a, orange), Bennett Platform (b, green),
419  and Thanksgiving Valley (c, blue). The soil pits from Bennett Platform and Thanksgiving Valley are also shown with
420  distinct soil horizons.
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Figure 7: Soil profiles of meteoric 1°Be concentrations for Roberts Massif (orange), Bennett Platform (green), and
Thanksgiving Valley (blue) compared to profiles from the Antarctic (Dickinson et al., 2012"; Schiller et al., 2009; Valletta
et al., 2015%) and Arctic (Bierman et al., 20147; Ebert et al., 20128) (a). The '°Be concentration profiles were also compared
to NOj3™ concentration profiles (b) and a power function was fit to the data (c).
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430  Figure 8: Estimated maximum age versus distance from the coast (a) and elevation (b). The blue triangles represent the

431  maximum age estimates using the relationship between NO3™ and '°Be, black and white triangles represent maximum age
432  estimates using inferred °Be inventories. Upward facing triangles are samples collected furthest from the glacier, while

433  downward triangles are samples collected closest to the glacier. Sample RM2-8 (Roberts Massif, closest to glacier) is outside
434  the range. Linear regression lines are plotted for the three datasets where the solid line is for the NOs" estimate, the dashed
435 line is the inferred estimate for samples furthest from the glacier, and the dotted line is the inferred estimate for samples

436  closest to the glacier. The estimated maximum ages (blue) and inheritance-corrected ages (grey) using the NOg’

437  concentrations are overlaid on a map of the Shackleton Glacier region (c).
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Tables:

Table 1: Geographic data of samples collected from eleven ice-free areas along the Shackleton Glacier. Distance from the
coast (aerial) was measured post-collection using ArcMap 10.3 software. Samples of the format “X-1" are samples collected
furthest from the glacier in the transect.

Location Sample name Latitude Longitude Elevation Distance from
(m) coast (km)
Mt. Augustana AV2-1 -85.1706 -174.1338 1410 72
Mt. Augustana AV2-8 -85.1676 -174.1393 1378 72
Bennett Platform BP2-1 -85.2121 -177.3576 1410 82
Bennett Platform BP2-8 -85.2024 -177.3907 1222 82
Mt. Franke MF2-1 -84.6236 -176.7353 480
Mt. Franke MF2-4 -84.6237 -176.7252 424
Mt. Heekin MH2-1 -85.0299 -177.2405 1098 63
Mt. Heekin MH2-8 -85.0528 -177.4099 1209 63
Mt. Speed MSP2-1 -84.4819 -176.5070 270
Mt. Speed MSP2-4 -84.4811 -176.4864 181
Mt. Speed MSP4-1 -84.4661 -177.1224 276
Mt. Wasko MW4-1 -84.5600 -176.8177 345 10
Nilsen Peak NP2-5 -84.6227 -176.7501 522 0
Roberts Massif RM2-1 -85.4879 -177.1844 1776 120
Roberts Massif RM2-8 -85.4857 -177.1549 1747 120
Schroeder Hill SH3-2 -85.3597 -175.0693 2137 94
Schroeder Hill SH3-8 -85.3569 -175.1621 2057 94
Tha\'}ifﬁ;}‘/"”g TGV2-1 -84.9190 -177.0603 1107 45
Tha{}ifﬁ;}‘/"”g TGV2-8 -84.9145 -176.8860 912 45
Taylor Nunatak TN3-1 -84.9227 -176.1242 1097 45
Taylor Nunatak TN3-5 -84.9182 -176.1282 940 45
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454  Table 4: Estimated exposure ages using relationship between maximum °Be concentration and inventory in Figure
455  S1 (Bierman et al., 2014).

Sample Estimated inventory (10* | Estimated max exposure
name atoms cm?) age (10° yrs)
AV2-1 0.38 0.35
AV2-8 0.33 0.30
BP2-1 0.31 0.27
BP2-8 0.31 0.27
MF2-1 0.21 0.17
MF2-4 0.18 0.15
MH2-1 0.59 0.62
MH2-8 0.42 0.40
MSP2-1 0.16 0.13
MSP2-4 0.18 0.15
MSP4-1 0.24 0.20
MWwW4-1 0.24 0.20
N2-5 0.42 0.39
RM2-1 1.24 2.65
RM2-8 1.50 >14*
SH3-2 1.07 1.75
SH3-8 0.67 0.74
TGV2-1 0.34 0.31
TGV2-8 0.38 0.35
TN3-1 1.06 1.70
TN3-5 0.62 0.68
*Qutside of model range
456
457
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