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Insights into the Sea-Level History of the South Shetland Islands from Ground Penetrating

Radar on Livingston Island, Antarctica

Cameron Gernant', Alexander R. Simms’, Regina DeWitt’, Brittany Theilen’, Christopher N. Garcid?,
and Michael Goebel’

'Department of Earth Science, University of California Santa Barbara, Santa Barbara, CA 93106

’Department of Physics, East Carolina University, Greenville, NC 27858

Institute of Marine Sciences, University of California Santa Cruz, Santa Cruz, CA 95064

Abstract

Sea-level changes in polar environments are important for understanding the timing and
magnitude of past ice-sheet changes. Most of the few records of such past sea-level changes in
Antarctica are those derived from raised beach ridges. Many studies using raised beach ridges to
reconstruct past sea levels across Antarctica commonly assume that they only record falling sea
levels. However, their internal architecture may contain a record of other oscillations in relative sea-
level (RSL) change. In this study, we examine the internal architecture of a well-developed set of
raised beach ridges on Livingston Island of the Antarctic Peninsula using 10+ km of ground
penetrating radar (GPR). Recalibrated published radiocarbon ages are used in combination with new
optically stimulated luminescence (OSL) ages to compare beach morphology and stratigraphy to the
glacial history of the region. Within this flight of raised beach ridges, evidence was found for both
regressive and transgressive depositional patterns marked by progradational seaward dipping facies
deposited during periods of RSL fall followed by erosion and deposition of landward dipping
overwash and aggrading beds during interpreted periods of RSL rise. This succession is routinely
located over a notch in the bedrock interpreted to represent a wave-cut feature. The ages of raised
beach ridges underlain by wave-cut notches and composed of landward-dipping strata correlate with
known Holocene ice advances at <500, ~2000, and ~5000 cal yrs BP. We propose that these

transgressive phases are the result of glacial-isostatic adjustment (GIA). This GIA hypothesis further
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supports recent assertions of a much more dynamic RSL history for Antarctic coastlines, which may

contaminate the Last Glacial Maximum RSL signal across Antarctica.

1. Introduction

The Antarctic Peninsula (AP) (Fig. 1) contains enough meltwater equivalent ice to raise global
sea-levels by 2.4 m (Pritchard and Vaughan, 2007). Understanding how ice along the AP will
contribute to future sea-level rise is important for coastal hazard mitigation (IPCC, 2019; Portner et
al., 2022). One way to better understand how this region’s ice sheet might change in the future is by
studying how it responded to past climate changes. Such studies include not only mapping out the ice
sheet’s past distribution, which can constrain the aerial distribution of that ice, but also reconstructing
past sea levels, which in combination with glacial-isostatic adjustment (GIA) model predictions can
help constrain its past ice thicknesses. Despite their importance in the latter of these two constraints,
RSL reconstructions for Antarctica are more poorly constrained than the more northern continents.

Raised beach ridges, along with isolation basins, are the most common means of reconstructing
past RSLs across Antarctica (Hall 2010; Bentley et al., 2005a; Simms, 2023). Not only do they
preserve a record of past sea-level elevations, but also environmental conditions (e.g. Simkins et al.,
2015; Lindhorst and Schutter, 2014; Theilen et al., 2023). These past environmental conditions are
often recorded in their stratigraphic architecture (e.g. Lindhorst and Schutter, 2014; Theilen et al.,
2023). On mixed sand-gravel beaches ground penetrating radar (GPR) provides an excellent method
for documenting that stratigraphic architecture (Lindhorst and Schutter, 2014; Nielsen et al., 2017).

Previous studies have hypothesized periods of minor transgression during the overall fall in RSLs
following significant ice loss since the Last Glacial Maximum (LGM; John and Sugden, 1971; Curl,
1980; Bentley et al., 2005b; Hall, 2010), but evidence for those minor transgressions is sparse
(Bentley et al., 2005b; Hall, 2009; Watcham et al., 2011). Such evidence may be found buried
beneath the subsurface in the stratigraphic architecture of the raised beach ridges of the South
Shetland Islands (SSI). The purpose of this study is to use GPR to characterize the stratigraphic
architecture of the South Beaches on Byers Peninsula of Livingston Island of the SSI (Fig. 1). In
addition, we use optically stimulated luminescence (OSL) to add to the existing chronology for these

raised beach ridges.

2. Background

2.1. Geologic Setting
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The SSI chain is a roughly 500 km long island arc situated in maritime sub-Antarctica. Together
the two largest islands, Livingston Island and King George Island (KGI), are spread over an area 230
km long but only 35 km wide (Fig. 1) (Adie, 1977; Smellie et al., 1984). They separate the Bransfield
Basin to the south from the Drake Passage to the north (Gracia et al., 1997). The islands are
surrounded by a shallow submarine platform extending 40 to 60 km north of the islands (Fretwell et
al., 2010; Simms et al., 2011b). To the south, the continental shelf is narrower with widths less than 5
km in some locations (Lawver et al., 1996; Simms et al., 2011).

Although subduction has ceased over the rest of the northern AP, subduction continues along an
~400 km section beneath the SSI (Robertson et al., 2003; Jin et al., 2009). The subduction zone is
seismically active with as many as 150 magnitude 2-5 local earthquakes at depths up to 65 km, with
most less than 30 km, detected between 1997-1999 (Robertson et al., 2003). However, few
earthquakes greater than 5 have been observed across the islands (Robertson et al., 2003). As a result
of this subduction, the SSI are likely experiencing tectonic uplift, potentially co-seismic in nature.
The long-term tectonic uplift rates for the SSI have been estimated at between 0.39 and 0.48 m/ka
using undated but assumed Marine Isotope Stages (MIS) Se, 7, and 9 marine platforms as proxies for
uplift (Pallas et al., 1997; Watcham et al., 2011). If uplift were constant through the Holocene, the
range in long-term tectonic uplift rates of between 0.39 and 0.48 m/ka yields 3.2 to 3.8 m of the 15.5
m of total uplift over the last ~8000 years on Fildes Peninsula of KGI suggesting GIA dominates the
RSL curve (Pallas et al., 1997; Watcham et al., 2011).

2.2. Glacial History

At some point in the past, most likely during the LGM, the SSI were covered by a grounded ice
sheet that extended all the way to the shelf edge, along its southern and northern shelves (John and
Sugden, 1971; Hall et al., 2009; Simms et al., 2011b; O’Cofaigh et al., 2014). At this time, an ice
shelf likely extended across the Bransfield Basin connecting the SSI to the AP (Simms et al., 2011b;
John and Sugden, 1971). Deglaciation of Byers Peninsula, the largest ice-free area on Livingston
Island, progressed from west to east initiating at ~8,000 cal yrs BP (Toro et al., 2013; Oliva et al.,
2016; Ruiz-Fernandez and Oliva, 2016). By 6,000 cal yrs BP glaciers on the AP across the Bransfield
Basin were similar to, or smaller than present-day ice extent (Charman et al., 2018). Evidence for
multiple smaller advances and ice retreats through the Holocene are found across the SSI (Hall, 2009;
Palacios et al., 2020; Simms et al., 2021; Heredia Barion et al., 2023a,b). Although the timing of
these advances is still being refined, they appear to have been around 4,000 to 5,000 cal yrs BP, 1800

3
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cal yrs BP and within the last 700 years (Heredia Barion et al., 2023a,b). Intervening periods of ice-
free conditions with glacial ice landward of present ice margins is found in the form of re-exposed

moss banks (Yu et al., 2016; Charman et al., 2018).

2.3. Glacio-Isostatic Adjustment (GIA) and Sea Level

Despite global rising eustatic sea levels through the Holocene, RSL fell in near-field regions,
which experienced ice-mass loss and thus post-glacial rebound (Bentley et al., 2005a; Whitehouse,
2018; Palacios et al., 2020). Fretwell et al. (2010) mapped isobars of equivalent patterns of raised
beach ridges throughout the SSI interpreted to represent differential isostatic uplift experienced
throughout the island chain. This map supports prior assertions of the ice cap being centered along the
axis of the SSI chain (John and Sugden, 1971; Curl, 1980) during the local LGM (Simms et al.,
2011b).

The solid earth beneath the SSI and the AP appears to be more responsive to ice mass changes
than other places across the globe (Thomas et al., 2011; Simms et al., 2012; Whitehouse et al., 2012;
Nield et al., 2014; Simms et al., 2018). After the Larsen-B ice sheet breakup, which buttressed valley
glaciers from unimpeded flow into the ocean, GPS recorded uplift rates at Palmer Station on the
western AP ~300 km to the south of the SSI increased from 0.08 + 1.87 mm/a to 8.75 + 0.64 mm/a
(Thomas et al., 2011). Nield et al. (2014) showed that at least some of that uplift had to be
viscoelastic in nature. This response suggests the earth beneath the AP, including the SSI, may be
sensitive to Holocene ice-mass fluctuations other than just post-LGM ice-mass loss (Nield et al.,

2014; Simms et al., 2012; 2018; Zurbuchen and Simms, 2019).

2.4. Raised Beaches

Raised beaches are the most widely used geomorphic feature for reconstructing paleo-sea-level in
polar environments (Baroni and Hall, 2004; Hall and Denton, 1999; Hall and Perry, 2004; Hall, 2007;
Hall, 2010; Simms et al., 2011a; Tamura, 2012; Zurbuchen and Simms, 2019; Simms, 2023). Sea-
level index points from beach ridge crests are used with the assumption that beach ridges form at a
known elevation above sea level during storms or fair-weather wave conditions. However, beach-
ridge elevation is a function of not only mean sea level, but also wave energy, storm energy, tidal
range, grain size and shape, and sediment availability (Taylor and Stone, 1996; Lindhorst and

Schutter, 2014; Schefters et al., 2012), as well as bathymetric profile and underlying onshore bedrock
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topography. Thus, their indicative meaning varies regionally but is generally around +2 m (Otvos,
2000; Hall, 2010; Lindhorst and Schutter, 2014).

RSL curves derived from these features in Antarctica including the SSI, primarily record sea-
level fall caused from glacio-isostatic uplift (John and Sugden, 1971; Bentley et al., 2005a; Watcham
et al., 2011; Hall, 2010). Recently, studies have focused on using the internal stratigraphy and
geometry of raised beaches to refine their use in sea-level and other paleoenvironmental
reconstructions (Nielsen and Clemmensen, 2009; Lindhorst and Schutter, 2014; Costas et al., 2016;
Nielsen et al., 2017).

Raised beaches and isolation basins in Antarctica have been dated with radiocarbon (**C) (Hall
and Perry, 2004; Watcham et al., 2011; Zurbuchen and Simms, 2019), OSL (Simms et al., 2011;
Simkins et al., 2013; Hong et al., 2021; Theilen et al., 2023), and more recently cosmogenic nuclides
(Yildirim et al., 2024). However, using '“C to date in Antarctica is difficult due to uncertainties in the
1C reservoir and the dearth of organic material to date. Suggested “C reservoir corrections range
from 500 to 1400 years (Bentley et al, 2005b; Hall et al., 2010b; Divola et al., 2024). In addition to
the uncertainties of the '“C reservoir, the sparse organic material found in Antarctica results in the use
of reworked bones and organic material on the beach surface, typically yielding only minimum or
maximum ages for the beaches (Hansom, 1979; Bentley et al., 2005a; Hall, 2010). Furthermore, some
beach ridges are composite features from pre-LGM times (e.g. Gardner et al., 2006), making their
cores older than the usefulness of radiocarbon dating. Optically stimulated luminescence provides
promise, but its application to the beaches of Antarctica has been received with mixed results (e.g.
Simkins et al., 2016; Theilen et al., 2023), most notably due to the generally dim nature of the quartz

in many Antarctic materials.
2.5. Livingston Island Field Site

2.5.1. Location and Beach Characteristics

Livingston Island is located approximately 160 km north of the AP in the northeast-southwest
trending Sub-Antarctic SSI. With a total area of 798 km?, the island is the second largest in the SSI
after KGI (1,150 km?) located ~80 km to the northeast (Fig. 1). Byers Peninsula (62°34°35-
62°40°35”S, 60°54°14”-61°13°07"W) on the western end of Livingston Island is the largest ice-free
region in the SSI (60 km?), followed by Fildes Peninsula on KGI (29 km?). Rotch Dome Glacier
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covers the majority of the island including the eastern end of Byers Peninsula. It reaches a maximum
elevation of 360 m (Palacios et al., 2020).

The bedrock on Byers Peninsula is mainly composed of weak beds of marine shales and
sandstone of the Carboniferous Miers Bluff Series interbedded with friable dyke-intruded basaltic
agglomerates and augite-andesites of the Miocene Younger Volcanic Group (Adie, 1964; Barton,
1965; Hobbs, 1968). The oldest rocks on Livingston Island are the False Bay Schists, which are
Precambrian or early Paleozoic in age (Hobbs, 1968).

The geomorphology of Byers Peninsula is comprised of a set of no fewer than four terraces,
suggested to be of marine origin because of their similarity in shape to the modern shoreline, their
near uniform elevations, and their gently seaward dipping orientations (John and Sugden, 1971; Curl,
1980). The central platform at 85-100 m gently slopes from the center outward in all directions
towards the sea. The 28-50 m platform on the periphery of the central platform parallels the modern
coastline more closely than the central platform. This platform is less dissected by meltwater channels
than the central platform and retains several remnant stacks. It dips gently seaward at 0.5 to 1°, ending
in a steep slope with gradients up to 30° above the 11-17 m platform. All major platforms above the
11-17 m platform are believed to have formed prior to the LGM (Sugden and John, 1973; Simms et
al., 2024). The 11-17 m platform is less altered than the two higher platforms and retains paleo sea
stacks 2-4 m high (Hansom, 1983). It dips seaward around 1 to 2° and is dissected by even fewer
gullies than the 28-50 m marine platform. The gullies that dissect the 11-17 m platform are linked to
streams that dissect the overlying raised beach ridges (Fig. 2) and source sediment to alluvial fans
onshore and the modern beach. The formation age of the ~3-8 m platform underlying the raised
beaches is less clear, because these platforms commonly rest within glacial troughs suggesting they
formed after earlier glaciations. Striations on the 3-8 m platform are interpreted by some as related to
a pre-local LGM glaciation (John and Sugden, 1971) and by others as abrasion from debris-rich ice
(Hansom, 1983), suggesting they may post-date the local LGM or one of the later phases of Holocene
glacial advance.

Holocene raised beach ridges across the SSI cluster into three groups: 4 to 6 m, 8 to 12 m, and 15
to 20 m in elevation and overlie the 11 to 17 and 3 to 8 m platform (John and Sugden, 1971; Barsch
and Miusbacher, 1986; Simms et al., 2012). The same groups are found on Byers Peninsula but at
lower elevations than similar aged raised beach ridges located closer to the center of ice loading
(Fretwell et al., 2010) (Figs. 2 and 3). Previous work on Livingston Island was only successful in

dating raised beach ridges lower than ~11 m. The 4-6 m elevation beach ridges of the South Beaches

6
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date to 400-700 cal yrs BP (Curl, 1980; Hall, 2010; Hall, 2003; Hall and Perry, 2004), the 8-12 m
raised beach ridges date to 1800-2600 cal yrs BP (Hall and Perry, 2004; Hansom, 1979; Hall, 2010).
On other islands the 15-20 m raised beach ridges date to 6000-7000 cal yrs BP (Hall, 2010). Hall
(2010) extrapolates the RSL curve to the marine limit of 18-21 m on Byers Peninsula, which yields an
age of 7500 cal yrs BP, similar to the age of the marine limit on nearby KGI (Watcham et al., 2011),
but notes that this more than likely relates to a transgression. Regional evidence (Sugden and John,
1973; Méusbacher et al., 1989; Toro et al., 2013; Oliva et al., 2016) suggests that ice recession began
earlier between ~8300 to ~9500 cal yrs BP.

This study focuses on an area located on the South Beaches of Byers Peninsula (Fig. 2). The
beaches studied, range in width from 500-1100 m and extend 9.7 km in length from Clark Nunatak in
the east to Vietor Rock in the west with a tombolo west of Cerro Negro (Fig. 2) located near the
center (Hobbs, 1968) (Fig. 4). A similar set of raised beaches, Robbery Beaches, lie on the north side
of Byers Peninsula but are thinner with a maximum width of 100 m (Fig. 1). This difference is likely
due to differences between the submarine profile of the northern and southern sides of Byers
Peninsula. The northern Byers Peninsula shelf has a slope of 124 m/1.6 km (slope=0.077) while the
southern Byers Peninsula shelf has a slope of 18 m/1.6 km (slope=0.0112) (Curl, 1980). This
submarine profile further serves to partially protect the south facing beaches from storm waves as
they break farther offshore thus limiting erosion. The mixed sand-gravel and pebble clasts forming the
beaches (Fig. 3) are derived from the Younger Volcanic Group (Hobbs, 1968). They unconformably
lie on the lower marine terraces with bedrock supported beach deposit depths up to 2 m where
measured (John and Sugden, 1971) in the surveyed area. Tonalite cobbles are found on beach ridge
crests and are thought to have traveled via longshore currents from Barnard Point, Livingston Island
(Hobbs, 1968). Non-local ice-rafted debris (IRD) from the AP is also found on several of the raised
beach ridges whose higher abundance on some raised beach ridges are interpreted by Hall and Perry

(2004) to represent cooler periods when debris-laden icebergs would travel farther distances.

2.5.2. Climatic Setting

At an elevation of 80 m on Livingston Island the average annual temperature is -2.8 °C and the
average annual precipitation is 650 mm (John and Sugden, 1971; Baién et al., 2013; De Pablo et al.,
2014). At an elevation of 70 m on Byers Peninsula, winds are predominantly from the west to
northeast passing through north, with an average speed of 26 km/hr. Frequent storms with wind gusts

exceeding 100 km/hr (max speed 139 km/hr) were recorded between 2001 and 2003 C.E. Calm

7
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periods represent just 1.4 % of the record (Bafion et al., 2013). The incident wind direction aids in
creating larger storm waves on the western and northerly coasts where fetch is effectively limitless
across the South Pacific Ocean (Hobbs, 1968; John and Sugden, 1971; Palacios et al., 2020). The
southern coast is sheltered from these winds and storm waves to a higher degree, and fetch is limited
to around 160 km — the width of the Bransfield Strait. Summer waves in the Bransfield Strait have
wind wave periods of 1.2 s with a mean height of 0.5 m. The wind waves in the nearby Scotia Sea
have a mean period of 3 to 5 s and a mean height of 2 m. The swell waves in the Bransfield Strait
have a mean period of 3 s and a mean height of 1 m while in the Scotia Sea they are 7 to 8 s and 3 m,
respectively (Hansom, 1983). Sea ice rarely extends to the northwest of the SSI but where
encountered, can persist for up to 200 days per year in the southeastern and southern coasts and
embayments of the SSI. These locations are also protected by fast ice for 6-8 months per year (Curl,

1980).

3. Methods

3.1. GNSS

Global positioning system (GPS) surveys of the beaches were conducted using a Trimble NetR9
with a Trimble Zephyr Geodetic 2 RoHS antenna as a base station and Trimble TSC2 R7 with a
Trimble Zephyr Geodetic antenna for a Rover GPS unit. Roving Post Processing Kinematic (PPK)
data was processed using Trimble Business Center (TBC). Coordinates are based on Datum
Transformation ITRF2014, projection UTM Zone 20 South, and GEOID Model EGM96. Local base
station data was incomplete resulting in large horizontal and vertical errors. Upon failure of the base
station (G412) to collect adequate data during portions of the field campaign, GPS was processed
using a continuous base station on Livingston Island ~35 km to the east of the field site (BEJ2 -62°
39'46.88939", -60° 23' 9.42703") operated by researchers from the University of C4diz, Spain. The
Spanish, BEJ2 survey utilized a Trimble R7 GNSS Base Station with a Trimble Zephyr Geodetic 2
Dome. The Canadian Geodetic Survey (CGS) Precise Point Positioning (PPP) tool was used to
process the base station coordinates. Horizontal and vertical precision averaged 1.5 + 1.4 cm and 2.3

+ 1.9 cm across all data points and days surveyed.

3.2. Ground Penetrating Radar (GPR)

Ground penetrating radar surveys were conducted using a Sensors and Software Inc. pulse EKKO

PRO system with 200 MHz antennas and a step size of 0.5 m. Profiles were taken normal to and

8
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along shore in order to reconstruct the architecture of the raised beaches (Fig. 2). The setup allowed a
vertical resolution of 0.10 m. Surveys were processed using EkkoView Deluxe software from Sensors
and Software Inc. The data processing included standard dewow processing, a bandpass filter, and
automatic gain control. The data was migrated by converting two-way travel time (TWT) to depth
using the average radar velocity (0.101 m/ns) derived from a common midpoint (CMP) survey
collected in the field. Finally, the radar profiles were topographically corrected to show true geometric
relationships in the subsurface using post-processed synchronously collected GPS data. Radar
reflection geometry was traced and examined to differentiate and classify radar facies and surfaces.
Radar facies and surfaces were identified with criteria outlined by Neal (2004). Radar facies were
identified by shape, dip, reflection configuration, and continuity (Fig. 4). Radar surfaces were
classified by their upper and lower boundaries as observed from reflection terminations in profile

(Fig. 5).

3.3. Tide Gauge

A Valeport 740 Portable Water Level Recorder was deployed over the first three days of the field
campaign before being entangled by kelp at 62° 39°45.7759” S, 61°0°42.8248” W. Mean tide level
(MTL) was measured by averaging the mean high water and mean low water marks from the three
days of data. The Livingston tide data was extended using the estimated 20-year National Tidal
Datum Epoch (NTDE) for nearby Palmer Station following the NOAA Computational Techniques for
Tidal Datums Handbook standard method for mixed tides (Evans et al., 2003). The corrected MTL
for Livingston Island is +0.790 m relative to mean tide level (Theilen, 2020). This elevation offset

was used to adjust the Trimble GPS elevations to local mean sea level (MSL) (Theilen, 2020).

3.4. Optically Stimulated Luminescence (OSL) Dating

Samples of both cobbles and sand were collected for OSL dating. As most of the cobbles
composing the beaches were fine-grained, presumably siltstones or volcanics, we focused our cobble
sampling on out-of-place granitic or andesitic rocks, presumably ice-rafted debris (e.g. Hall and
Perry, 2004). In addition, we dug ~50 cm deep trenches into the strandplains to observe their
sedimentary structures and collect sand samples for OSL dating from the walls of the trench. Samples
were collected by use of an opaque tarp draped over the area during sampling. Approximately 1 kg of
sediment was collected from the surrounding beach materials for use in determining the natural dose

rate.
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Sample preparation and OSL dating methods followed Simkins et al. (2016). For cobbles, the
outer 1 mm surface of the lower light-shielded part was separated following Simms et al. (2011a),
who demonstrated that this layer was reset completely after one hour of daylight exposure. The target
slices were crushed by hand using a mortar and pestle in order to avoid pressures that could erase the
luminescence signal (Bateman et al., 2012). The subsequent treatment for cobble grains was the same
as for sediment samples and followed standard procedures. The material was sieved for grain sizes
63-250 um; in cases with exceptionally small amounts of sample material, grains up to 500 um were
used. The grains were then treated with 10% HCI and 27% H,0, to remove carbonate and organic
material contaminates. The remaining sediment from sand and cobble samples were density separated
with lithium polytungstate liquid (LST) at specific gravities of 2.75, 2.62, 2.58, and 2.54 to isolate
quartz, potassium and sodium feldspars, heavy, and light grains. Feldspar grains were etched using 10
% hydrofluoric acid for 15 min. For some samples it was not possible to separate sodium and
potassium feldspars due to lack of material, and these samples were treated as “mixed” feldspars.

Measurements were conducted using a Risg TL/OSL-DA-20 reader, Risg National Laboratory,
with a bialkali PM tube (Thorn EMI 9635QB). The built-in *°St/*°Y beta source gives a dose rate of
~100 mGy/s. The exact dose rate value was calculated for the specific day on which each sample was
measured. Feldspars were stimulated with an IR LED array at 870 nm with 121 mW/cm? (90%)
power at the sample and a blue or yellow filter combination for detection. The heating rate used was 5
°C/s. The measurement procedure for feldspar was based on the single aliquot regenerative-dose
(SAR) procedure described by Murray and Wintle (2000) and Wintle and Murray (2006). The
procedure was modified such that the same temperature and 60 s duration was used for cutheat and
preheat steps (compare Blair et al., 2007). The preheat temperatures were determined for each sample
with plateau and dose recovery tests. The equivalent dose D, was determined with the central age
model (Galbraith et al., 1999).

Calculation of the dose rate followed the procedure described in detail by Simms et al. (2011a).
For cobbles, the top, light-exposed portions were crushed for dose rate estimates. Concentrations of
natural uranium, **?Th and potassium were measured with high resolution gamma spectrometry for
crushed rocks, surrounding material, and sediments. All samples were in radioactive equilibrium.
Water content for rocks was assumed to be 0. The water content for the surrounding materials and
sediment samples was measured and has an uncertainty of 3%. Alpha, Beta, and gamma dose rates
were calculated using the conversion factors published by Guérin et al. (2011). The internal K-

concentrations in the feldspar samples (for single grains as well as average values) were measured

10
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with EPMA at UCSB. To calculate the resulting internal dose rates, the grain sizes of the feldspars in
the rock samples were measured. For gamma dose rates from the rock samples themselves, correction
factors were calculated to allow for the size of the cobbles, that is smaller than the range of gamma
radiation. The cosmic dose rate, was calculated as described by Barbouti and Rastin (1983), Prescott
and Stephan (1982), and Prescott and Hutton (1994). The effective thickness was assumed to be half
the burial depth for sediments or the thickness of the rock for cobbles. The uncertainty was 5%.
Feldspar ages were fading corrected as described by Auclair et al. (2003) and Wallinga et al. (2007)
for the linear and non-linear dose ranges, respectively. All raw OSL ages reported in the tables are
given as ka while when compared to calibrated radiocarbon ages in the text, they have been adjusted

to cal yrs BP by subtracting 70 years (2020-1950).

3.5. Radiocarbon Age Dating

The single new and existing radiocarbon ages collected from the beaches of the SSI were
recalibrated using the marine curve of Calib 8.2 (Reimer et al., 2004; Heaton et al., 2020). For that
calibration, we used a local AR of 443 + 135 years obtained from historically harvested whale bones
across the Antarctic Peninsula by Divola et al. (2024). We added to that one new age collected from
a whale bone obtained from one of the beaches at Cape Sherriff on Livingston Island. The
radiocarbon age determination was run at the UCI W. M. Keck Carbon Cycle Accelerator Mass

Spectrometry (KCCAMS) Facility at the University of California Irvine.

3.6. Indicative Meaning of the Beach Ridges

Several methods have been suggested for determining the indicative meaning of beach ridges.
The elevation of these features relative to MSL is known to be influenced by wave and storm energy,
tidal range, sediment grain size and supply, and nearshore bathymetry (Otvos, 2000; Scheffers et al.,
2012; Lindhorst and Schutter, 2014). Accurately quantifying the specific paleo-MSL associated with
each raised beach ridge is therefore challenging and carries inherent uncertainty.

For this study we followed the approach suggested by Fretwell et al. (2010) for the SSI, in which
the modern beach was used as an analogue for interpreting the RSL significance of the higher beach
ridges. As such, we subtracted the elevation of the modern beach (beach 1; 1.65 + 0.20 m above
mean sea level (amsl)) from the average crest elevations of the higher beach ridges to arrive at a paleo

RSL estimate (Fig. 12).
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We acknowledge that storm conditions vary, and that grain size differs between the modern beach
and others (Fig. 9), which impacts beach morphology (Lindhorst and Schutter, 2014). However, the
fundamental mechanism for preserving these features relies on their removal from the active beach,
primarily through subsequent progradation of younger deposits and RSL fall. The observation that
major raised beach levels show general elevation consistency across the SSI, despite variations in
grain size and shore orientation and exposure (Fretwell et al., 2010; Lindhorst and Schutter, 2014),
suggests a dominant regional control rather than purely local wave energy heterogeneity. Therefore,
using the modern beach elevation at our specific study site as an analogue provides a reasonable
estimate of the typical relationship between MSL and preserved beach ridge elevation under the local

environmental conditions.

4. Results

4.1. Elevations

GPS surveys were collected along the crest of beach ridges 1 (modern beach), 2, 4, 5, and 9 (Figs.
2 and 6). Beach 1 is the modern beach where an 800 m survey along the crest has an average
elevation of 1.65 = 0.20 m amsl (Fig. 6). Above beach 1 lies a series of elevated beach ridges. Some
of these raised beach ridges stand anomalously high compared to the seaward strandplains and other
minor raised beaches (Figs. 2 and 3). These are referred to here as stranded beach ridges. Beach ridge
2 is the lowest of the stranded beach ridges identified on Byers Peninsula and has an average
elevation of 4.29 + (.78 m amsl along two ~470 m surveys of its crest (Fig. 6). Beach ridge 2 is
dissected by streams oriented normal to the coast fed by runoff from higher elevation platforms (Fig.
2). Beach ridge 2 is 3 m and 1.6 m higher than the surrounding strandplains to its seaward and
landward sides, respectively (Figs. 7 and 8). Beach ridge 3 is a poorly formed beach ridge on the
seaward flank of beach ridge 4 and its 3.85 + 0.14 m amsl elevation was measured using 15 GPS
points collected during sample collection. Beach ridge 4 is the second full-formed stranded beach
ridge with an average elevation of 8.06 = 1.03 m amsl (Fig. 6) along a cumulative 930 m transect
measured along its crest and is in places amalgamated with beach ridge 5. The crest of beach ridge 4
is 4.6 m higher than the seaward strandplain and 0.2 m higher than the strandplain landward of beach
ridge 5 (Figs. 7 and 8). Beach ridge 5 is the third stranded beach ridge and has an average elevation of
9.54 £ 0.70 m amsl along a 1400 m GPS survey of its crest (Fig. 6). Beach ridge 5 has a prominence
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of 5.9 m above the strandplain seaward of beach ridge 4 and 0.78 m higher than its landward
strandplain (Figs. 7 and 8).

Beach ridges 6, 7, and 8 are weakly developed beach ridges within the strandplain landward of
stranded beach ridges 4 and 5 and are only a few 10’s of centimeters higher than the surrounding
strandplain (Fig. 2). Beach ridge 6 has an average elevation of 9.55 + 0.21 m amsl along a 70 m
survey of its crest (Fig. 6). Beach ridge 7 has an average elevation of 11.03 £ 0.17 m amsl along a
170 m survey of its crest. Beach ridge 8 has an average elevation of 11.73 £ 0.20 m amsl along a 120
m survey of its crest. Beach ridge 9 is the fourth stranded beach ridge and is best developed east of
the prominent raised tombolo in the study area and south of Cerro Negro (Fig. 2). This is the only
location beach ridge 9 is expressed as a prominent stranded beach ridge not partially buried by scree
or alluvial fans from more landward platforms or covered by deep snow and ice. A 170 m survey
along the crest of beach ridge 9 to the east of a prominent tombolo yielded an average elevation of
13.59 + 0.19 m amsl (Fig. 6). At this location, beach ridge 9 lies 2.9 m above the seaward strandplain
and 2.4 m higher than the landward strandplain between it and the cliffs backing the South Beaches
(Fig. 7). What is thought to be the equivalent raised beach ridge to the west of the prominent tombolo
is found at a slightly higher elevation and was more difficult to survey given its burial by a snow

bank.

4.2. Radar Facies

Six radar facies were identified based on the scheme proposed by Neal (2004) (Fig. 4). The most
widespread, the seaward dipping facies (rf-s) consist of moderately continuous, sinuous/wavy and
subparallel to oblique/non-parallel, seaward dipping reflections with a true dip (TD) of 6 to 15° (Figs.
4,7, and 8). Landward dipping facies (rf-1) consist of moderately continuous subparallel,
parallel/sinuous, landward dipping reflections with a TD of 2-5° (Fig. 4). Discontinuous facies (rf-d)
consist of discontinuous randomly dipping, semi-chaotic reflections (Fig. 4). Aggradation facies (1f-
ag) consist of continuous horizontal and concave-down reflections with low TDs of 1 to 2°. These
facies are often observed draped over seaward topographic breaks in topography (Fig. 4). Flat-lying
facies (rf-f) consist of continuous and strong planar horizontal reflections located between beach
ridges in topographic lows on the beach surface. Reflections terminate in a planar fashion against
bedding with little to no apparent erosion (Fig. 4). Channelized facies (1f-c) consist of chaotic, or lack

of reflections overlain by discrete areas where surrounding reflections abruptly terminate and the
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space between the abrupt terminations is marked by flat lying and continuous reflections that

terminate against the same surface.

4.3. Radar Surfaces

Three radar surfaces were identified based on radar reflection terminations (Fig. 5). Radar surface
s1-e is defined by reflections onlapping another set of seaward dipping reflections (Fig. 5). This
surface most often separates two packages of facies rf-s within the strandplain. Surface s2-b is
marked by an increase in hyperbolas overlying ringing multiples and/or regions absent of reflections
(Fig. 5). This surface most often separates facies rf-s, and to a lesser extent facies rf-ag and rf-1, above
from interpreted bedrock below. Surface s4-tl is marked by toplap of lower seaward dipping

reflections below with strong horizontal-planar rf-ag or rf-f reflections above (Fig. 5).

4.4. Beach Architecture

The beach plain was composed of wide strandplains interrupted by 3 to 4 stranded beach ridges
on the order of 3 to 5 m’s above the surrounding strandplain (Fig. 7 and 8). Additionally, landward of
beach ridge 5 was another 2 to 3 weakly developed beaches that lacked the significant relief of the
stranded beaches. In general, cobbles and gravels within the strandplain deposits were more angular
in nature while the cobbles and gravels within the stranded beach ridge were well rounded and in
many cases oblate in shape (Fig. 9). Beach ridge deposits are between 3 and 3.5 m thick while
strandplain deposits are between 2 and 2.5 m thick. Thickness varies little within each beach ridge.

Ground penetrating radar profiles across stranded beach ridges 2, 4, and 5 (as well as one example
from beach ridge 9) contain facies rf-s separated from the overlying rf-1 and rf-ag radar facies by
radar surface s1-e (Figs. 7 and 8). A similar architecture is observed within beach ridge 3 as that
within the stranded beach ridges: an erosional truncation of radar facies rf-s overlain by facies rf-ag
and in some occasions rf-1 (Fig. 7). However, beach ridge 3 lacks the bedrock support of a scarp and
rests on the seaward flank of stranded beach ridge 4 and 5 deposits, which are underlain by a bedrock
scarp (Fig. 8). In stream cuts within beach ridges 2, 4, 5, and 9 immediately along strike of GPR
profiles, these seaward steps in elevation of radar surface s2-b appear to correlate with erosional
scarps cut into the underlying bedrock platforms draped with beach deposits (Fig. 3). With one
potential exception from beach ridge 4, radar facies rf-s is not observed continuously across the

bedrock scarps.
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The predominant facies observed within the strandplains between these stranded beach ridges is
rf-s and to a lesser extent rf-ag (Fig. 7). These facies are separated by seaward dipping erosional
surfaces (s1-e) with a TD near that of the rf-s facies. There is one exception landward of beach ridge
9 where 1f-s is observed with vertically aggrading bed geometry (Fig. 7c). The flat-lying facies (rf-f)
is located overlying the strandplain and seaward dipping reflections (rf-s), which they truncate in
some areas (Fig. 7). Facies rf-f are observed with possible interfingering of aggradational facies (rf-
ag) in some locations. The channelized facies (1f-c) are located within the strandplain region and
appear to erode into both the seaward dipping facies (rf-s) as well as into the top bedrock surface s2-
b. Unlike the flat-lying facies (rf-f), no coherent radar facies are located beneath the channelized

facies.

4.5. OSL Ages

Forty-six samples were collected for OSL dating. Detailed information on the OSL results can be
found in Tables S1 and S2 of the supplementary materials. Although feldspars are generally known to
have brighter signals than quartz (e.g. Aitken 1998), only 27 samples had measurable signals (13
cobbles and 14 sediment samples) which were often dim as well. Mineral analysis did identify the
grains as plagioclase or potassium feldspars, and further detailed analysis would be necessary to
explain the low signal intensities of the samples. The OSL characteristics of the samples were on
average poor. Dose recovery tests yielded unreasonably large differences between measured and
given doses, well above 10%, and fading rates with g-values larger than 10% per decade made fading
corrections impossible. OSL ages ranged in age from 61.7 +/- 11.0 ka to <0.1 ka (Table 1). Samples
from the same beach ridge did not always return the same age (Table 1). Only 5 samples could be
considered “good.”. For those samples, almost all aliquots passed the standard reliability tests and
fading rates were low enough to allow fading corrections. For another 4 samples most aliquots passed
reliability tests, but their fading rates were high. For those samples we used the ages without fading

correction and treated them as minimum ages.

4.6. Sediment Trenches

Sediment trenches provided control to the observations made using GPR. In total, 28 sediment
trenches were dug to collect OSL samples. Sedimentary beds of coarse sand between 5 and 15 cm are
common within beach ridges. These beds are routinely interrupted by gravel and pebble beds ~5 cm

thick. Strandplains contained more silt-sized particles and fewer pebble and cobble beds landward of
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beach ridge 5. However, beach ridge 8 contains 10 to 15 cm thick sandy gravel beds. Sediment pits
from beach ridges 2, 4, 5, and 9 yielded more pebble-rich beds compared to the strandplains. Beach
ridge 4, often identified by the coarseness of its surficial deposits, was coarser than the strandplain
deposits but notably finer internally than beach ridges 7, 8, and beach 1 (Fig. 9). All pits displayed a
pebble veneer at the surface regardless of underlying coarseness. Bedrock was never reached on the
Holocene beach ridges within these pits but was observed at depths of 2 to 3 m within stream cuts

(Fig. 3).

5. Discussion

5.1. Interpretation of Ground Penetrating Radar

5.1.1. Radar Facies

Radar facies were interpreted based on previous work on sandy and mixed sand and gravel beach
ridges (Billy et al., 2014; Carter, 1986; Clemmensen and Nielsen, 2009; Engels and Roberts, 2005;
Lindhorst and Schutter, 2014; Souza et al., 2018; Zurbuchen and Simms, 2019). Based on the
seaward dip and continuous nature of radar reflections, rf-s is interpreted to be sediments deposited by
swash processes on the foreshore during periods of lower wave energy and abundant sediment supply
(Fig. 4). The seaward dipping reflections support overall shoreline progradation — likely driven by the
overall fall in RSL though the Holocene. Based on the landward dip, radar facies rf-1 was interpreted
as sediments deposited by overwash processes during periods of increased wave energy or a decrease
in sediment supply resulting from strandplain cannibalization and reworking into a beach ridge
(McKay and Terich, 1992; Lindhorst and Schutter, 2014) (Fig. 4). The internal complexity to the
landward dipping reflections including multiple packages of internal onlapping reflections suggests
the overwash likely occurred over an extended period time — likely more than one storm (Fig. 8).
Based on its horizontal and concave down orientation and location within topographic highs and
upper beds of stranded beach ridges, rf-ag is interpreted as sediments deposited during periods of
wave runup and overtopping, which suggests increased wave energy, a decrease in sediment supply,
or arise in RSL (Lindhorst and Schutter, 2014; McKay and Terich, 1992). This aggradational radar
facies, rf-ag, is found interfingering with flat lying deposits of rf-f. Erosional truncation is rare within
this facies. Based on its chaotic reflections not typically observed in profiles from prograding beaches,
radar facies rf-d is interpreted as a region of reworked sediment or a cobble rich bed resting on

bedrock attenuating the GPR signal (Fig. 4). Based on its location in topographic lows, horizontal-
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planar nature, higher silt content within sediment pit LV19-32 along GPR line 25, and observations of
lagoons existing between beach ridges, radar facies rf-f is interpreted as lagoon deposits (Fig. 7).
Tidal circulation and sedimentation is possible in the lagoons if tidal inlets connected the lagoon with
the open ocean when the region between stranded beach ridges was at or below sea level. Tidal inlets
were observed on the South Beaches connecting the open ocean with lagoons between beach ridges 2
and 4 and beach 1 and beach ridge 2 (Fig. 3). Fluvial processes are another likely sediment transport
mechanism as active streams were observed crosscutting abandoned lagoon deposits to reach the
modern lagoon behind beach 1. The armoring of the beach surface observed in every sediment pit
suggests fine-grained sediments were winnowed by the wind. Based on observations of fluvial
deposits during GPR collection, bedrock erosion and channelization in GPR profiles, landward and
seaward dipping reflection orientations, and truncation of older seaward dipping reflections, radar

facies rf-c is interpreted as fluvial deposits (Figs. 4 and 7).

5.1.2. Radar Surfaces

Radar surfaces are interpreted following the methods of Lindhorst and Schutter (2014) and Neal
(2004) (Fig. 5). Based on the seaward dipping nature of the surfaces and their location between beds
of rf-s, radar surface s1-e is interpreted as the result of wave erosion of the strandplain deposits.
Lindhorst and Schutter (2014) suggests the degree of shelter a coast receives controls the number of
erosional unconformities preserved and therefore the quality of that beach as a recorder of past sea
levels. The South Beaches are relatively sheltered due to their south facing direction and contain more
erosional surfaces compared to beaches from similar studies in the AP region (Lindhorst and
Schutter, 2014; Zurbuchen and Simms, 2019).

Based on the abundance of refraction hyperbolas and/or absence of reflections beneath it, radar
surface s2-b is interpreted as the top of the bedrock with a veneer of cobbles (Fig. 5). This bedrock is
observed within stream cuts immediately adjacent to beach ridges where bedrock scarps are
interpreted in GPR profiles (Fig. 3). Based on its toplap overlain by strong planar horizontal
reflections, observations of beach surfaces armored with a pebble veneer, and considering the wind

regime of the SSI, radar surface s4-tl is interpreted as an aeolian deflation pavement.

5.2. Beach Ridge Age

We obtained 27 OSL ages from both sand and cobble surfaces. As mentioned above, most of the

ages were deemed “unreliable” based on poor OSL characteristics leaving only five of the 27 ages
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with very good OSL characteristics and another four providing minimum OSL ages. Another
potential reason for the poor OSL age agreement is the possibility that the beaches are composite
features (e.g. Gardiner et al., 2006). However, in the case of Gardiner et al. (2006) study, the
composite nature of the beach ridges was due to their reoccupation over several sea-level highstands
at glacial interglacial temporal scales. Only one of our “unreliable” ages predates the LGM, thus the
poor age characteristics are not likely a reflection of reoccupation. In addition, outside of the storm-
induced surfaces (sl-e) and fluvial facies (rf-f), no other large unconformities within the beach
deposits themselves were recognized, which would be expected in the case of reoccupation,
suggesting the beach ridges of Livingston Island do not represent composite features at the scale of
those identified by Gardiner et al. (2006). Thus, we compared our five “good” ages with 23
radiocarbon ages from the same beach ridges compiled by Hall (2010). In the compilation of Hall
(2010), she identified six radiocarbon ages (Table 2) interpreted as dating the formation of the beach
with the remaining 17 ages providing only a minimum age of the beach. The formation ages included
were from bones incorporated into the framework of the beach deposits at the time of its formation
while those samples providing a minimum age of the beach were deposited on top of the beach after
its formation (Hall, 2010). We added a 7" unpublished age to those radiocarbon ages, which was
obtained from a whalebone sampled from the strandplain between the 1* and 2™ stranded beach
ridges at an elevation of 4.7+1.4 m above high tide (determined via barometer) on Cape Sherriff on
the northside of Livingston Island ~20 km northeast of the Byers Peninsula (Table 2). This age is
interpreted to provide a minimum age of the 1* stranded beach ridge equivalent to our stranded beach
ridge 2.

Beach ridge 2 was dated in this study with one reliable OSL cobble age (0.49 + 0.15 ka or 420 +
120 cal yrs BP; Table 3; we also note that we had a second “unreliable” OSL age of 0.47 + 0.12 ka or
400 £ 120 cal yrs BP; Table 1) and by Hall (2010) with three radiocarbon ages: 680 + 295, 599 + 289,
and 529 + 289 cal yrs BP (Table 2). These four ages overlap within error. We also interpret our
radiocarbon age of 380 + 292 cal yrs BP (UCIAMS# 270265) to represent a minimum age for this
beach ridge. Averaging our OSL age (adjusted to 1950 AD), and three existing radiocarbon ages,
suggests an age of 560 + 525 cal yrs BP for beach ridge 2. Beach ridge 4 was dated in this study with
two reliable OSL cobble ages (0.96 £ 0.17 and 2.44 + 0.39 ka or 890 £ 170 cal yrs BP and 2370 +
390 cal yrs BP) while closely associated beach ridge 5 is dated by Hall (2010) with three radiocarbon
ages: 2206 + 406, 2199 + 415, and 1839 + 390 cal yrs BP. The older of the two OSL ages fits within
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error of the radiocarbon ages. Thus, we use the average of these four ages (OSL adjusted to 1950 AD)
as the age of beach ridges 4 and 5 giving an age of 2155 + 800 cal yrs BP.

Beach Ridges 7 and 9, which differed in elevation by <2 m were only dated with OSL, but they
returned reversed ages with the weakly developed beach ridge 7 at an average elevation of 11.7 m
having a sand OSL age of 8.14 + 1.10 ka (8070 £ 1100 cal yrs BP) and stranded beach ridge 9 at an
average elevation of 13.6 m returning an OSL age of 4.19 + 0.95 ka (4120 £ 950 cal yrs BP). Without
radiocarbon ages from these two beaches, it is difficult to determine which age is most likely correct.
However, although no ages have been obtained from the highest beach ridge on Livingston Island,

radiocarbon ages are available from the higher Holocene beach ridges and marine limit on other

islands within the SSI. Nearby on KGI, radiocarbon ages from the highest interpreted Holocene
beaches (15.4 to 18.0 m elevation) on Potter and Fildes Peninsulas fall between approximately 5478 +
637 and 6452 + 396 cal yrs BP (Sugden and John, 1973; Barsch and Méusbacher, 1986; Del Valle et
al., 2002; Hall, 2010 — recalibrated using the reservoir correction of Divola et al., 2024; Table 2).
These KGI beach ages are closer to, and thus might support, the younger OSL age of 4.19 + 0.95 ka
(4120 £ 950 cal yrs BP) obtained for beach ridge 9. However, ages from isolation basins on KGI
suggests the marine limit was reached earlier, around 8000 cal yrs BP (Watcham et al., 2011), which
would align better with the older OSL age of 8.14 £ 1.10 ka (8070 £ 1100 cal yrs BP) from beach
ridge 7. As the ~5900 cal yrs BP ages are derived from raised beach ridges, we favor the OSL age of
beach ridge 9 at 4.19 ka (4120 + 950 cal yrs BP), but acknowledge the large uncertainty in its age.

5.3. Controls on Beach Ridge Architecture

One of the most prominent characteristics of the raised beach plain geomorphology of Byers
Peninsula is the prevalence of stranded raised beach ridges 3 to 6 m above the seaward strandplain,
separated by 70 to 400 m of lower-lying strandplain. These levels appear to correlate across the SSI
(Fretwell et al., 2010). Their formation may reflect a number of potential formative mechanisms
including: (1) co-seismic uplift, (2) tsunamis, (3) changes in wave direction and energy, or (4) GIA-

induced oscillations in RSL.

5.3.1. Co-seismic uplift (Earthquakes)

One possible mechanism for the formation of the stranded beaches is co-seismic uplift. Coseismic
uplift is a common occurrence on some subduction margins. Tectonic uplift of the entire island chain

as one block would be needed given the widespread correlation of the raised beaches (Sugden and
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John, 1973; Hansom, 1983; Fretwell et al., 2010). Uplift of an area equivalent in size to the whole
island chain was observed during the 1964 M9.2 earthquake and tsunami off the coast of Alaska.
Uplift of 15 m across an area of 965 km by 210 km were observed (Plafker, 1969) and is more than
adequate to encompass the dimensions of the SSI. However, the length of the rupture of the 1964
Alaskan subduction zone earthquake of >800 km (Plafker, 1965) is far greater than the entire SSI
trench length of 400 km (Maldonado et al., 1994). Similarly, the paucity of any +5 magnitude
earthquakes within the SSI compared to their common occurrence in Alaska (Doser et al., 2002)
suggest such large megathrust earthquakes in the SSI are unlikely (Maurice et al., 2003).

The architecture of the stranded beach ridges as recorded in GPR reflections do not fit what might
be expected if beach formation were a result of coseismic uplift. Beach material is observed to drape
across the seaward edge of scarps that underlie the beach ridges (Figs. 7 and 8). If the beaches were
raised predominantly by coseismic uplift, one would not expect to see smaller, less defined “parasitic”
beaches (e.g., beach ridge 3) with weaker developed internal beach facies (Fig. 7) on their seaward
flanks, which would not exist if coseismic uplift during the Holocene created these beach ridges
during a singular event. Furthermore, radar facies rf-s and rf-1 truncate across most scarps while rf-ag
drapes the scarp. These three separate radar facies are all suggestive of multiple periods of different
wave conditions acting during their deposition. Creating three distinct wave conditions during a
singular coseismic event would be very unlikely.

Furthermore, the age of stranded raised beaches 2 and 4 is similar to raised beaches with a similar
architecture on Joinville Island (Zurbuchen and Simms, 2019; Theilen et al., 2023) (Fig. 10). Joinville
Island is not located over the SSI subduction zone and is separated tectonically by spreading within
the Bransfield Basin (Maldonado et al., 1994). The similarity in ages within a completely different

tectonic setting supports a regional, non-tectonic origin for their development.

5.3.2. Tsunami

Due to the active tectonic setting of the SSI, tsunamis are a likely occurrence on the region’s
coastlines. However, a tsunami origin for the stranded beach ridges is unlikely due to their compound
sedimentary architecture in that they are composed of several sedimentary packages separated by
erosional surfaces (Fig. 8). These surfaces suggest multiple periods of ridge growth separated by
erosive surfaces of varying ages. Like coseismic uplift, a tsunami is a one-time event usually creating
a single, non-compound feature (Costa and Andrade, 2020). Additionally, tsunamis would impact

beaches along different facing coasts with different bathymetric profiles in a non-uniform manner due
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to their high spatial variability along even a single coastline (Koster et al., 2013). This is not observed
in the SSI where beaches in every orientation share similar elevations regardless of orientation
towards the Southern Ocean or the Bransfield Basin (Fretwell et al., 2010). The beaches on the

northern and southern facing coasts of Byers Peninsula provide a good example of this (Fig. 1).

5.3.3. Wave Energy

Lindhorst and Schutter (2014) proposed a model of gravel beach-ridge plain evolution on nearby
KGI to explain the architectural difference between strandplains and beach ridges. Their model of
beach formation assumes a constant fall in RSL throughout the Holocene and proposes two modes of
beach formation. Mode 1 is net strandplain progradation by swash sedimentation. The progradation
and width of the strandplain is controlled by sediment supply and storm interval. Mode 2 is the
building of berm ridges due to less sea-ice coverage and increasing storminess, both of which
cannibalize the strandplain to build a beach ridge. As beach ridges aggrade vertically, they eventually
cross a critical elevation where sediment transport can no longer build the beach ridge (Orford and
Carter, 1982; Lindhorst and Schutter, 2014). Following beach ridge abandonment, swash
sedimentation and progradation of the strandplain continues stranding the beach ridge. This restarts
the model where a new beach ridge forms seaward of the older beach ridge. Lindhorst and Schutter
(2014) tested their storm interval and wave energy formation model by comparing three field sites
with different wave exposures. They found more beach ridges preserved on more sheltered coasts
with fewer but larger beach ridges with more erosional surfaces preserved on more exposed coasts.
Additionally, they suggested that an observed change in beach ridge orientations could not be caused
by changes in wave action alone but rather was likely influenced by changing basin geometry and
ensuing changes in wave refraction as RSL fell. This model may have contributed in some part to the
formation of stranded beach ridges, e.g. the landward dipping facies, but this model fails to address

the elevation difference between the strandplains landward and seaward of the stranded beach ridges.

3.3.4. Glacial-Isostatic Adjustment (GIA) induced oscillations in RSL

The stranded beach ridges have a few signature characteristics that need to be explained by any
model of their formation including their overlying a bedrock scarp and their internal architecture of
progradational beach facies overlain by an erosional surface and overwash deposits. Our favored
model interpretation for the development of these beach ridges is GIA-induced RSL oscillations (Fig.

11). In our model, facies rf-s, characteristic of strandplain progradation, represents sedimentation
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during background rates of RSL fall. The erosion to produce the bedrock scarp indicates a slowdown
in or cessation of RSL fall or RSL rise accompanied by transgression that eroded into older prograded
beach deposits (rf-s) as well as into the underlying bedrock, cutting the scarp observed beneath the
stranded beach ridges (Fig. 8). The overlying deposits of rf-1 representing overwash may be a
reflection of increased water depth with a local RSL rise, allowing larger waves to reach farther
inland along the shallow inner parts of the coast. Alternatively, the landward dipping reflections of rf-
1 could represent a large storm or period of increased storminess. The presence of internal onlap
surfaces suggests it is more than a single storm. The landward dipping beds could represent an
extended period of more storminess, which we cannot rule out. However, increased storminess alone
could not explain the other aspects of the raised beach ridges — their anomalous height and their
overlying a bedrock scarp. Then, a return or even an acceleration in RSL fall may have led to the
rapid abandonment of the stranded beach ridges (Fig. 11).

What could drive these RSL rises and falls (Fig. 12)? We suggest GIA. Ice advances may lead to
local RSL rise causing minor transgressions while their retreat would lead to rejuvenated uplift seen
as increased rates of RSL fall (Fig. 11). The homogeneity regardless of shore orientation, varying
wave energy, lack of fault scarps, and presence of parasitic beaches on the seaward flank of stranded
beach ridges does not align with stranded beach ridge formation by coseismic uplift, higher wave
energy, or tsunamis. The granulometry of stranded beach ridge deposits versus strandplain deposits
supports our GIA induced model. The strandplain deposits are finer and more angular than those of
the stranded beach ridges (Fig. 9). If the stranded beach ridges formed during periods of
transgression, the deposits might be expected to be more rounded as they are cannibalized from older
beach deposits. Also, if local water depths were deeper, larger waves could transport larger grains. In
addition, the glacial advances causing the minor transgressions may have introduced new, larger
sediments to the littoral systems (e.g. Hall and Perry, 2004).

Such GIA-driven adjustment of Earth’s surface to smaller scale oscillations (as opposed to an
LGM-like expansion) in the ice would require a weak rheology similar to what is found beneath the
SSI and northern AP (Thomas et al., 2011; Simms et al., 2012; Nield et al., 2014; Simms et al., 2018;
Zurbuchen and Simms, 2019). Similarly, these advances likely have a more regional character and

thus could explain the similar timing as that seen on Joinville Island (Fig. 10).

5.4. Timing of Scarps and Stranded Beach Ridges: Relationship to Known Ice Advances
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One test of our GIA-induced periods of RSL oscillations (Fig. 12) is their timing with respect to
known periods of glacial advance and retreat. Previous work has identified evidence of Holocene
glacial advances in the SSI and northern AP (Sugden and John, 1973; Curl, 1980; Hall and Perry,
2004; Hall, 2007; Hall, 2009; Hall, 2010; Simms et al., 2012; Guglielmin et al., 2016; Yu et al., 2016,
Chu et al., 2017). If the scarps and stranded beach ridges formed due to GIA-induced periods of RSL
change, the ages of stranded beach ridges 2, 4 and 5, and 9 should reflect periods of ice retreat after
ice advances. The age of stranded beach ridge 2 (560 + 525 cal yrs BP) is broadly consistent with the
end of the Little Ice Age (LIA) (Fig. 12). Local evidence for a LIA at this time includes the work of
Hall (2007) who used radiocarbon dating of mosses within moraines on Fildes Peninsula, KGI, to
show that the most extensive advance of the Collins Ice Cap within the last ~3500 cal yrs BP
occurred after ~650 cal yrs BP. Similarly, Yu et al. (2016) and Guglielmin et al. (2016) both used
moss adjacent to ice fronts near Palmer and Rothera stations, respectively, and found evidence of ice
advance 760 to 600 cal yrs BP and between 671 to 317 cal yrs BP, respectively. Simms et al. (2021)
found evidence of an ice advance on Greenwich Island of the SSI within the last ~375 years. Hall and
Perry (2004) used the concentration of IRD on stranded beach ridges 2 and 4 on the South Beaches,
Byers Peninsula to infer cooler periods of glacial advance at 250 '*C years BP and 1750 "C yrs BP,
respectively.

Evidence for an ice advance during the time of formation for stranded beach ridges 4 and 5 (2155
+ 800 cal yrs BP) may be found in sediment cores from Domo Lake on Byers Peninsula that were
dated using "“C, thermoluminescence, and tephrochronology. Oliva et al. (2016) determined the
glacier front readvanced an unknown distance back over Domo Lake after 2300 + 700 cal yrs BP
where it remained until at least 1800 cal yrs BP (Oliva et al., 2016). Similarly, Heredia Barion et al.
(2023a, b) found evidence of glacial advance on KGI from 1400 to 1700 cal yrs BP. On nearby James
Ross Island, Kaplan et al. (2020) found evidence for a readvance in the form of moraines dated to
between ~1000 to 2400 cal yrs BP. Chu et al. (2017) analyzed a 9.24 m sediment core from a fjord on
Fildes Peninsula, KGI using *C, loss on ignition, grain size, magnetic susceptibility, and elements.
Within this core, evidence for a neoglacial advance is found between 2700 and 2000 cal yrs BP, at
which point the core record ends. Hall and Perry (2004) used the increased IRD concentrations on the
beach ridges of Byers Peninsula to suggest an ice advance and cooler conditions during the formation
of our beach ridges 4 and 5. Other proxy evidence from the AP supports widespread cooling with
glacial advances noted between 2800 and 1400 cal yrs BP (Bjorck et al., 1996; Domack et al., 2003;
Bentley et al., 2009; Michalchuk et al., 2009; Shevenell et al., 2011).
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Hall (2009) cites ice advances on the AP and nearby islands that date to ~5500-4500 cal yrs BP
and ~8000 to 7000 cal yrs BP based on '’Be CRE dating of glacially polished bedrock. The younger
of these correlates with the OSL age of beach ridge 9 while the latter of these at 8000-7000 cal yrs BP
is similar to the OSL age of beach ridge 8. However, both beach ridge ages cannot be correct since
beach ridge 8 is located seaward of 9. Evidence for advances on the SSI is present for both time
periods. Palacios et al. (2020) uses **Cl and '’Be CRE dating of erratic boulders ~150 m from the
Rotch Dome ice front on beach ridges at a reported elevation of 10-12 m on Byers Peninsula,
interpreting the ~4000 cal yrs BP age as the timing of a local ice advance. Hansom and Flint (1989)
date marine shells of now locally extant species found within glacial till 0.4 m above the high-water
mark and under a 10-15 m tall ice cliff on Brabant Island ~200 km SSW of Byers Peninsula. The
reservoir-corrected ages suggest they were growing at ~5000 cal yrs BP, which is interpreted to mean
ice was at or near its present location before that time. The fresh nature of the shells suggests a
neoglacial advance at ~5000 cal yrs BP. In the same core from a fjord on Fildes Peninsula, KGI in
which Chu et al. (2017) found evidence of a late neoglacial advance between 2700 and 2000 cal yrs
BP, evidence for a period of minor cooling between 5800 and 4800 cal yrs BP was also found. If the
beach ridge crest dates the timing of beach ridge abandonment before the last time of marine
influence, then our calibrated and isobar correlated age assigned to beach 9 (4120£950 cal yrs BP)
falls within the range of known ice advances ~5800-4000 cal yrs BP. The similarity in ages of
stranded beach ridges to the timing of known ice advances or cooler periods supports the GIA model
response to ice loading (Fig. 12). Preliminary models of GIA suggest small scale Holocene glacial
fluctuations are capable of impacting late Holocene RSL of the SSI (Simms et al., 2012), which we

observe in the stratigraphic succession of RSL fall and transgression associated facies.

5.5. Implications for the RSL of the SSI

Weak Earth structure within the SSI and the northern AP has previously been attributed to the
tectonic and volcanic setting of the region (Taylor et al., 2008; Watcham et al., 2011; Simms et al.,
2012; Nield et al., 2014). This weak structure results in heightened sensitivity to surface loading
compared to more tectonically stable or cratonic areas. The RSL response to local ice-mass loading
suggested in this study supports this notion of sensitivity to Holocene advances. RSL reconstructions
in this region assume that the recent uplift reflects GIA from the LGM (Bentley et al., 2005a; Roberts
et al., 2011). By documenting significant RSL oscillations driven by Holocene ice fluctuations, our

study provides strong empirical support for previous assertions that this recent ice-mass loading
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generates a GIA signal capable of masking or at the least contaminating the longer-term rebound
signal from LGM deglaciation (Simms et al., 2012; Simms et al., 2018; Zurbuchen and Simms,
2019). Therefore, accurately calculating the Antarctic ice mass at the LGM from RSL data requires

accounting for these demonstrated Holocene GIA effects.

6. Conclusions

Over 10 km of GPR profiles were collected on the South Beaches of Byers Peninsula, Livingston
Island to look for evidence of RSL rise during the overall RSL fall experienced since the LGM. Six
radar facies and three radar surface types were identified in the GPR profiles. The radar facies
identified included seaward dipping reflections (1f-s) interpreted as prograding beach deposits,
landward dipping reflections (rf-1) interpreted as overwash deposits, and a flat and concave-down
aggradational facies (rf-ag) interpreted as wave-overtopped deposits. Additional radar facies include a
discontinuous reflection configuration interpreted to represent a cobble bed overlying bedrock (rf-d),
lagoon facies deposited behind the active beach and connected to the ocean via tidal inlets (rf-f), and
fluvial deposits observed on the Holocene beaches and linked to gullies incising the seaward edge of
the 28 to 50 m platform (rf-c). Radar surfaces identified include an erosional truncation surface (s1-e),
the top of the bedrock, which lacked reflections below and was often covered in cobbles, likely
causing ringing hyperbola reflections (s2-b), and a deflation pavement surface (s4-tl) located
primarily above rf-s. A repeated succession of facies and surfaces was observed beneath isolated,
anomalously high stranded beach ridges. This succession consisted of a seaward scarp in the bedrock
overlain by progradational beach deposits (rf-s), in turn overlain by overwash and aggradational beds
(rf-1 and rf-ag). This succession was observed across scarps beneath stranded beach ridges 9,4 & 5,
and 2. The ages of these beach ridges corresponds to reported glacial advances in the SSI at < 500,
~2000, and ~5000 cal yrs BP.

The succession of surfaces and deposits beneath the stranded beach ridges is interpreted to
represent high-frequency oscillations in RSL driven by the GIA response of the earth to local ice
advances and retreats during the Holocene. Beaches prograded during RSL fall. Subsequent glacial
readvances caused isostatic depression of the earth causing RSL rise and erosion of the shoreline
producing the scarps. This RSL rise also increased the local water depth and thus the ability of waves
to build and break closer to the shore, resulting in overwash deposition. This process repeats itself
during each ice advance that decreases the rate of RSL fall or causes RSL rise, producing the flight of

stranded raised beaches observed throughout the SSI.
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This study further supports assertions of GIA-induced Holocene transgressions within the SSI
during a period of overall RSL fall. The sensitivity to local or regional ice-mass fluctuations recorded
in the beach stratigraphy indicates that RSL curves from this region should be applied with caution

when used to test GIA predictions of ice-mass loss following the LGM.
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sample Dose (Gy) g (%/decade) DR total (Gy/a) | Age unfaded (ka) Age faded (ka)  |Reliable? Beach Ridge # | Sample Elevation (m) [ Comment

LV19-03 6.55 . 0.25 2.828 + 046 | 816+ 1.13 0.80 + 0.11 0.96 + 0.17 * 4 7.4 Auclair
[V19-05 524, 0.2 1324 5 0.36 | 425+ 055 1.23 4 017 4 88 min age
Vi19-07 326, 0.14 1899+ 1.34 | 549+ 056 0.59 ; 0.07 4 8.9 min age
LVi9-10 794, 0.4 1361 + 0.59 | 516+ 055 154 ; 0.18 9 13.8 min age
LV19-14 (SOSL) 11.09 . 0.89 732+ 23 | 175+ 0.08 6.34 + 0.59 13.05 + 1.78 9 15.3 Auclair
LV19-16 (SOSL) 743, 1.33 o fading 218+ 0.09 3.40 ; 0.62 9 16.5

LV19-17 (SOSL) 1214, 1.23 no fading 125+ 018 968+ 1.71 8 10.7

LV19-19 1.23 4 0.07 95+ 073 | 5590+ 072 0.22/; 0.03 0.47 1 0.12 2 4.7 Auclair
LVig-21 0.507 , 0.031 1422 ; 017 | 086+ 0.09 059 + 0.07 2 45 min age
LVi9-22 1.075 » 0.035 97 :13 | 484+ 049 0.22; 0.02 0.49 3 0.15 * 2 4.6 Auclair
LV19-25 (SOSL) 364 . 0.4 56+49 | 1.70+ 016 214 ; 0.31 3.34 ; 3.39 2 4.9 Auclair
LV19-26 (SOSL) 294, 0.29 496+ 32 | 190+ 0.10 1564+ 0.17 2.23 5 1.04 2 4.6 Auclair
LV19-27 (SOSL) 516, 0.71 no fading 157+ 0.06 3.28'; 0.47 5 9.5

LV19-28 (SOSL) 6.06 . 0.54 no fading 1.64+ 010 3.70 + 0.40 5 9.6

1[V19-29 541, 0.41 no fading 0.65+ 0.08 8.35 + 1.25 5 9.7

LV19-30 (SOSL) 9.23 ; 0.48 no fading 152+ 0.15 6.08 + 0.66 4 8.6

LV19-31 (SOSL) 585, 0.26 6.04:59 | 163+ 0.09 358+ 0.26 5.98 3 14.09 4 8.6 Auclair
LV19-40 (SOSL) 12.43 ; 0.73 o fading 153 £ 0.19 814 3 1.10 ¥ 7 10.9

LV19-41 (SOSL) 14.05 » 1.55 136 + 5.1 1.46+ 019 9.60 + 1.61 7 1.1 min age
LV19-45 10.18 4 0.44 758+ 039 | 477+ 074 213 0.34 419 + 0.95 * 9" 13.9 Auclair
LV19-46 6.87 , 0.33 no fading 242+ 047 284+ 057 o 137

LV19-49 (SOSL) 595, 0.41 9.06 1 2 127+ 022 470 ; 0.88 12.89 4 11.62 o 13.7 Auclair
LV19-51 (SOSL) gggi gjgg :z:’l) 331422 | 131 10419 61.69 4+ 10.99 7 10.9 Wallinga
LV19-54 (SOSL) 831, 1.03 7712 146+ 014 569+ 0.90 1232 4 7.17 2 3.9 Auclair
V19-58 0.151 5 0.01 898+ 673 | 418+ 0.70 0.04 + 0.01 0.05 ; 0.03 2 43 Auclair
LV19-59 96+ 037 2835+ 0.14 | 479+ 0.68 2,00+ 0.30 244 3 039 | 2 4.8 Auclair
LV19-60 0.114 5 0.015 19.1 & 8.1 435+ 068 0.03; 0.01 1 17 min age

All samples labelled "LV-x" are rock samples. Samples labelled with "LV-x (SOSL)" are sediment samples.
Dose for LV19-51: The fading correction method by Wallinga et al. (2007) was used. The dose value is given once as measured and once after fading correction.
g-value: fading rate as described by Auclair et al. (2003)
Age unfaded: Dose / Dose rate; no "unfaded" age is quoted for samples where the fading correction method by Wallinga et al. (2007) was used
Age faded: The final age, after fading correction, where applicable.
Beach height: Height of the beach in m, where the sample was collected.
The final age for each sample is in bold print. The fading correction method , either by Auclair et al. (2003) or Wallinga et al. (2007) is cited.
For some samples the fading rate was too high and fading correction was not possible. For those samples a minimum age is given.
Samples that had good luminescence properties and yielded sufficient material are labelled as "reliable".
*On beach east of large tombolo
77 1 **Sampled landward of main raised beach ridge 2

772 Table 1. OSL ages from this study
773

Lab Code Material “C Age Calendar Age* | Error AR Reported Sample Elevation (m) Equivalent Beach Number Source
SR-1087 Whalebone 3121£35 2206 406 | 443+135 10.1 5 Hansom, 1979
AA-45934 Bone 3115447 2199 415 443+135 9 5 Hall, 2010
SR-1086 Whalebone 2823+40 1839 390 [ 443+135 10.3 5 Hansom, 1979
AA-45933 Whalebone 1715442 680 295 443+135 4 2 Hall, 2010
AA-45932 Whalebone 1625+42 599 289 [ 443135 5 2 Hall, 2010
AA-45936 Whalebone 1545446 529 289 443+135 4 2 Hall, 2010
HD9425-910 Pengiuin Bone 6650+90 6452 396 443+135 18 9 Barsch and Mausbacher, 1986
HD8426-910 Pengiuin Bone 6560155 6355 343 443+135 18 9 Barsch and Mausbacher, 1986
Bed3 Pengiuin Bone 5840140 5578 339 443+135 15.4 9 Del Valle et al., 2002
Bed5 Pengiuin Bone 575040 5478 367 443+135 16.3 9 Del Valle et al., 2002
UCIAMS 270265 Whalebone 1380450 380 292 | 443+135 4.7 2" This study

*Calibrated using Calib 8.2 with the Antarctic marine reservoir of Divola et al. (2024)

7 74 **See text

775  Table 2. Published radiocarbon ages from the raised beaches of Livingston Island used to estimate

776  the ages of the raised beach ridges surveyed in this study.
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Sugden & John (1971)
Beach Number (This Study]  Equivalent SSI Beach  |GPS Transect Distance (m)| Elevation m (amsl) + 2S |nterpreted Age + 2S (cal yrs BP)

1 modern 800 1.65+0.20 0

2 6m 950 4.29+0.78 560 * 525
3* - * 3.85+0.14 -

4 10m 930 8.06 +1.03 2155 + 800**
5 12m 1410 9.54 +0.70 2155 + 800**
6 - 70 9.55 +0.21 -

7 - 170 11.03 £0.17 -

8 - 120 11.73 £0.20 -

9 18m 170 13.59 £0.19 4120 + 950

Figures:

28

measurements; the remainder are from calculated GPS transects. **See text.

Table 3. Raised beach ridge numbers, equivalent beaches in literature, elevations, and ages. Dash *-*

denotes no corresponding SSI beach. *Beach 3 elevation is computed from a series of individual
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787  Figure 1. A. Map of Antarctica showing the general location of the northern Antarctica Peninsula and

788  tectonic plate orientation. (B.). C. Satellite photograph (from GoogleEarth) of Byers Peninsula on
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792  Figure 2. Satellite photograph (from GoogleEarth) of raised beach ridges surveyed in this study (left)

793  and the location of our ground penetrating radar profiles (right).
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796  Figure 3. Photographs of the raised beach ridges and their deposits on the South Beaches of

797  Livingston Island.
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Radar Facies
Name Explanation Interpretation
Seaward dipping reflecti 25-50" . .
R BAE Prograding foreshore deposits
AD; 6-157 TD), sinuous/wavy, : 5
rf-s : formed during RSL fall with
subparallel to oblique/non-parallel, di Lt
moderately continuous A £e
. . h beach d it
-l Landward dipping reflections (9-20" Ov?wa.s i : eposits foxmed
Ry : during times of increased wave
AD; 2-5° TD), parallel/sinuous,
subparallel, moderately continuous SRR MR e e gt
d transport
) . i - Reworked sediment and/or coarse
ri-d Discontinuous variable dipping St ik Bt ARG
landward and seaward, semi-chaotic P : N
Aenticis pebbles to cobbles, typically
o overlying bedrock
rfag Horizontal and concave downward | Storm-wave run up and vertical
reflections with a TD of 1-2°, aggrading beds that sourced from
continuous washover (rf-l) events
Continuous and strong planar Lagoon deposits sourced by tidal,
ri-f horizontal reflections in topographic | fluvial, and aeolian sediment
lows transport
Chaatic, or lack of reflections
lai di h
overkin by discrete areas where |\ ) o aroding fnmo sl
rf-¢ surrounding reflectors abruptly il beadli ik
terminate, accompanied with s2-b LETCHC gt
incision. Channel morphology

799

800 Figure 4. Summary of the radar facies found within the ground-penetrating radar profiles collected in

801 this study.
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Radar Surfaces

Name

sl-e

s2-b

s4-tl

Explanation

Interpretation

Reflection of terminations in
linear arrangement or linear
reflection

Erosional surface

Hyperbola dense layer
underlain by ringing multiples
and/or absent of reflections

Bedrock covered in cobble
pavement

Reflections that pinch out on
their upper boundary against the
overlying surface or reflector

Deflation surface

Figure 5. Summary of the radar surfaces found within the ground-penetrating radar profiles collected

in this study.
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Figure 6. Elevation profiles surveyed along the crests of the modern beach and other raised beach

ridges (ridge number in the bottom left hand corner of each profile) on Byers Peninsula.
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815  Figure 7. Ground penetrating radar profiles (top) and interpreted reflections and radar facies (bottom)

816 for GPR lines 19, 12, and 34.
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819 Figure 8. Ground penetrating radar profiles (top) and interpreted reflections and radar facies (bottom)

820  for GPR lines 21 and 25. Inset shows a closer look at the seaward portion of GPR line 21.
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827 Figure 10. Ground penetrating radar profiles and interpreted reflections on Livingston Island (this

828  study) and Joinville Island (Theilen et al., 2023).
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831 Figure 11. Summary model for the relative sea-level changes (left column), the resulting raised beach
832  ridge stratigraphic architecture (middle), and the expansion and recession of glaciers (right column)
833  on Livingston Island.
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835 Figure 12. (Upper) Interpreted relative sea-level curve for the South Shetland Islands plotted against
836  the age and elevation of the raised beaches on the South Beaches of Livingston Island. In order to
837  correct for the indicative meaning of the beach ridges, RSL elevations were obtained by subtracting
838  the elevation of the modern beach (beach 1) from the elevations of the higher beach ridges (e.g.

839  Fretwell et al., 2010). (Lower) Chart comparing climatic proxies from the northern Antarctic

840 Peninsula (rows) with the ages of the stranded raised beaches (grey columns) of Livingston Island.
841 'Heredia Barion et al. (2023), 2Mulvaney et al. (2012), *Kaplan et al. (2020), and “Shevenell et al.
842 (2011).

843
844  Supplemental Information:

845
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846

sample |rock ype mineral _[fiter combi | grain size (4ym) | n measured | nused | PH(«C) Dose (Gy) overdisp (%) | g (%/decade) _|tc
V1903 |romblendetonalte _ [Kfsp___|biue 63-500 o 3 760 655 025 7 2828 ;046 | 4n
V1905 |iotite tonalite mixed fsp_|blue 63-500 2 % 180 524, 02 T 1324, 036 | _35h
LV19-07 Biotite homtiende K fsp blue 63-500 21 21 180 3264 0.14 13 18994 134 | 4n
tonalite
Lvie-10 B“’“I‘e homblende |k fgp |pue 63-500 28 28 180 7.94 4 04 0 13614059 | 4n
tonalite
[Vi9-14 (SOSL) mived fsp_|blue 90212 &9 2 760 7109 089 % 732, 23 an
V1916 (SOSL) Nafsp _|bue 63212 57 79 780 743, 133 % o fading
LV19-17 (SOSL) Kfsp___|bue 53212 5 2 160 214, 123 = o fading
V1919 |homblende tonalite___[Kfsp___|blue 63500 Y 20 150 23, 007 20 955073 | _n
V1921 | horblende tonalite__|med fsp_|biue 63500 % 75 160 05507, 0.031 76 1422, 017 | 850
Lvi9-22 b‘°“f? homblende K isp blue 63-500 43 27 160 1.075 + 0.035 27 97413 3.5h
toralite
[Vi9-25 (SOSL) Kisp _ |bue 63212 a7 2 760 364 04 30 56449 an
[V19:26 (SOSL) Kisp _[blue 53212 % 77 780 254, 029 2 496,32 | 45
[V19-27 (SOSL) Nafsp _|biue 125-150 59 75 160 516, 071 78 o fading
TV19-28 (SOSL) Kisp _[yelow 150212 a7 2 180 5.06, 054 16 o fading
Lvigeg  Morzodiorite/dorite |y fp yolow 63212 72 22 160 5414 041 19 no fading
(fine-crained)
[Vi9-30 (SOSL) Kisp __ |bue 63212 &3 % 760 923, 048 9 o fading
[Vi9:37 (SOSL) Kisp __ |bue 150212 66 23 780 585, 026 07 604,59 | 350
[V19-40 (SOSL) Kfsp __|blue 63212 52 39 780 7243, 073 1 o fading 5h
V1941 (SOSL) Kisp __|bue 63212 79 % 70 1405, 155 % 1365 5.1 an
V1945 |homblende tonalite___[Kfsp___|blue 63500 % 3 160 7018, 044 8 758+ 039 | 45n
V1946 |horblende tonalite___|med fsp_|biue 63-500 E 36 180 6.67 . 033 20 o fading 35h
[V19-49 (SOSL) Kisp __|bue 63212 5 2 760 595, 041 2 906, 2 an
29 64.72 , 406 (pre) 2
- - 1 1 = .. .
LV19-51 (SOSL) Kisp  |ble 63212 4 = 70 s8] {532 (poet - 331,22 5
V1954 (SOSL) Kfsp __[biue 53212 50 79 780 831, 1.03 %3 7722 h
V1958 |homblende tonalite___|med fsp_|biue 63500 % 75 160 0.151 , 0.1 2 898+ 673 | 4n
Lvig-s9 |biotite homblende Kisp blue 63-500 30 28 180 961 037 8 28354 014 | 4n
tonalite
LV19-60 ?DUT'E homblende i sp oue 63-500 17 8 150 0.114 5 0.015 % 194481 | 350
onalite

All samples labelled "LV-x" are rock samples. Samples labelled with "LV-x (SOSL)" are sediment samples.
minerals: For samples with sufficient materials, feldspars were separated into K-feldspar (<2.58) and Na-feldspar (>2.58). For all other samples the fraction <2.62 was measured as "mixed" feldspars.
filter combi: in general the brichtest signal was used for dating. For most mixed feldspars and K-feldspars this was the biue signal, while Na-feldspars were brighter in yellow. There are some exceptions as listed.
grainsize: the grain size obtained after sifting of sediments or after crushingand sifting of rock slizes
nmeasured and nused: the number of aliquots that were measured for a sample and the number of resulting reliable aliquots that were ued for dose calculation
PH: preheat temperature resulting from plateau and dose recovery tests
overdisp: the overdisperion of the dose values as determined from the central age model (Galbraith, 1999)
g-value: fading rate as described by Auclair et al. (2003)
tc: reference time for fading measurement (Auclair et al, 2003)
847 LV19-51: The fading correction method by Wallinga et al (2007) was used. The dose value is given once as measured and once after fading correction.

848 Table S1. OSL Doses
849

sample rock type mineral filter combi | grain size (ym) | n measured | n used PH (<C) Dose (Gy) overdisp (%) g (%/decade) |tc

V1903 |homblende toralite _ |Kfsp __ |blue 63-500 0 34 160 655, 025 7 28285 046 | 4n

V1905 |Biotite tonalite mixed fsp_|blue £3-500 2 28 180 524, 02 i 1324 036 | 3.5h

LV19-07 Biotite hornblende K fsp blue 63-500 21 21 180 3.26 4 0.14 13 18.99 4 1.34 4h
tonalite

LV19-10 Bi°t‘|‘? homblende |k fsp  oiue 63-500 28 28 180 7.94 4 04 0 1361+ 059 | 4h
tonalite

TV19-14 (S0SL) mived fsp_|blue 90212 59 2 760 17,09 0.89 %5 7325 23 h

TV19-16 (SOSL) Nafsp  [ble 63212 57 19 180 743, 133 7 no fading

TVi9-17 (505L) Kisp  |blue 63212 57 21 760 214, 1.23 23 no fading
V1919 |nomblende toralite  |Kfsp__ |blue £3-500 30 20 150 1234 007 20 95:073 | 4n
vig-21 hornblende tonalite __|mved fsp_[blue 63-500 3% 15 160 0507 4 0.031 16 1422+ 017 | 35h
Lvi9-22 b“’“fe homblende it tsp  |biue 63-500 43 27 160 1075 + 0.035 27 97+13 | 35h

tonalite

TV19-25 (SOSL) Kisp biue 63212 %7 21 760 364, 04 30 56,49 h

TVi9-26 (S05L) Risp biue 63212 g7 77 180 294, 029 32 796,32 | 45h

TVi9-27 (S05L) Nafsp  |biue 125-150 59 15 160 516, 0.71 18 no fading

TV19-28 (SOSL) Kisp  |yelow 150-212 a7 21 180 6.06 4 054 16 no fading
LV19-29 Morzodiorite/diorite ¢ 5, yellow 63-212 72 22 160 541 4 041 19 no fading

(fine-arained)

TV19-30 (SOSL) Kfsp  |biue 63212 53 % 160 923 ; 048 9 no fading

TV19-31 (S0SL) Kfsp  |biue 150-212 %6 23 180 585, 0.26 0? 604,59 | 35h

TV19-40 (SOSL) Kisp  |ble 63212 52 kS 180 243, 0.73 14 no fading 5h

TVi9-41 (505L) Kisp  |blue 63212 79 24 170 1405, 1.55 %5 1365 51 Zh
V945 |nomblende toralite |[Kfsp__|blue £3-500 3 3 160 1018 5 0.44 g 758 + 039 | 45n
LV19-46 hornblende tonalite mixed fsp |blue 63-500 58 36 180 6.87 . 0.33 20 no fading 3.5h

TV19-49 (505L) Kfsp _ |biue 63212 53 2 760 595, 041 22 9065 2 h

29 6472 » 4.06 (pre) 24
LV19-51 (SOSL) K bl 63-212 41 170 3 331 422 5h
(SOsL) P ue %9 80.60 ; 8.32 (posl) 2 *

TV19-54 (S05L) Kfsp  |biue 63212 50 79 780 831, 103 7 7722 h
[Vi958  |hormblende tonalite | mixed fsp_|biue 63-500 % 15 160 0151 5 0.01 B 8984673 | 4h
LV19-59 biotite homblende K fsp blue 63-500 30 28 180 9.6 4+ 0.37 8 28354 0.14 | 4h

tonalite
850 LV19-60 E‘O“E homblende ¢ fsp |bive 63-500 17 8 150 0.114 + 0.015 2% 194581 | 35h
onalite

851 Table S2. OSL Dose rates
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Data Availability

https://www.usap-dc.org/view/dataset/601633

Simms, A. R. (2022) "Ground-Penetrating Radar data from Livingston Island in the Antarctic
Peninsula" U.S. Antarctic Program (USAP) Data Center. doi:
https://doi.org/10.15784/601633.
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