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ABSTRACT 

Glacial Retreat Patterns and Processes on Antarctic Continental 

Margins 

by 

Lindsay O’Neal Prothro 

Antarctic ice margins are complex and dynamic, and Antarctic ice sheets hold 

a volume of ice equivalent to ~53 meters of sea level rise. The necessity of 

understanding ice margins and their stability motivates advances in ice-sheet and 

sea-level modeling, but models must be tested and tuned using observational data. 

However, contemporary ice margins are difficult to access and offer a limited spatial 

and temporal glimpse of the processes that occur where the ocean meets the ice. 

Therefore, geologic investigations of now-deglaciated portions of the Antarctic 

continental shelf are used to provide a more substantial record of the timing, rates, 

and patterns of past ice sheet retreat, as well as the mechanisms that have caused 

instability in the past.  

This study merges data from sediment cores, bathymetric mapping, and 

radiocarbon dating to provide records of ice-sheet retreat on Antarctic continental 

margins. Cores from the Ross Sea have been analyzed to develop a new sediment 

facies model that is reflective of geomorphic context. This facies model is designed 

to improve interpretations of events dated with radiocarbon. Analysis of 

sedimentary facies relative to seafloor geomorphology has also revealed a 



 
 

contrasting retreat style of the East Antarctic Ice Sheet (EAIS) from the West 

Antarctic Ice Sheet (WAIS) following the Last Glacial Maximum, with the EAIS 

retreating continuously and the WAIS remaining stable for long periods of time 

before episodically retreating over large distances. Previously-published and newly-

acquired radiocarbon ages have been interpreted within the context of the updated 

facies model and have been found to reveal a highly complex EAIS retreat pattern 

that includes a major mid-Holocene ice shelf collapse, reorganization of drainage, 

and readvance of ice. Furthermore, these new results have mitigated previous 

discrepancies between marine and terrestrial records of ice sheet retreat.  

The sediment facies model has also been used to interpret previously-

published and newly-acquired radiocarbon ages in Marguerite Bay. The ancestral 

Marguerite Trough Ice Stream was underlain by a subglacial hydrological system 

that radiocarbon ages indicate was highly active from ~13-10 cal ka BP, possibly 

creating instability that prompted a major ice-sheet collapse at ~10 cal ka BP. These 

new records surpass the resolution of current ice sheet models. 
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Chapter 1 

Glacial retreat patterns and processes 

determined from integrated 

sedimentology and geomorphology 

records1 

CHAPTER 1 OVERVIEW 

Although hundreds of cores have been collected on the Antarctic continental 

shelf over the past five decades, definitive interpretations of depositional 

environments associated with marine-based ice advance and retreat are hindered 

by similarities in sediment facies and a lack of geomorphic context. The recent use of 

an advanced multibeam bathymetry system allows for more detailed ice sheet 

reconstructions from glacial landforms that were previously not resolved with older 
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generation systems. Here we present results from a recent cruise to the Ross Sea, 

Antarctica that focuses on integrating sediment facies analyses into a geomorphic 

framework to confidently determine depositional environments and 

sedimentological processes since the Last Glacial Maximum. Grain-size analysis, 

geotechnical properties, and micropaleontology from targeted sediment cores are 

used to develop improved criteria for making the distinction between subglacial 

diamictons and ice-proximal diamictons, which can be applied to geomorphically 

blind sediment cores. Our consideration of geomorphic context while interpreting 

sediment facies has also allowed us to determine that most debris melted out of the 

base of paleo-ice shelves in the Ross Sea only 1.2 km seaward of the grounded ice 

margin. Additionally, we find that agglutinated foraminifera specimens are 

characteristic of sluggish marine currents and a resulting accumulation of siliceous 

detritus rich in organic matter; however, calcareous specimens dominate in higher-

energy current settings and in ice-proximal environments with lesser amounts of 

siliceous detritus and associated organic material. Overall, sedimentary successions 

record contrasting behaviors of the West Antarctic and East Antarctic ice sheets that 

extended onto the continental shelf during the Last Glacial Maximum. Not only is 

this coupled geomorphic and sedimentologic approach useful for understanding 

glacimarine processes and ice-sheet retreat patterns, but it is essential for selecting 

appropriate facies transitions for chronological constraints of past ice sheet 

behavior. 
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1.1. Introduction 

Ice sheets grounded below sea level are particularly sensitive to climate 

change due to their direct contact with the changing ocean, prompting a rigorous 

effort by the scientific community to understand the behavior of retreating ice 

sheets and identify processes that destabilize them. The grounding line, the most 

seaward position at which the ice is coupled to the bed, is understood to be a 

potential tipping point of ice sheet stability. However, much of what is known about 

grounding lines is theoretical (e.g., Alley et al., 1987, Dupont and Alley, 2005, Schoof, 

2007, Vieli and Nick, 2011) or based on satellite and airborne remote sensing (e.g., 

De Angelis and Skvarca, 2003, Rignot et al., 2011, Le Brocq et al., 2013) and ice-

penetrating radar surveys (e.g., Anandakrishnan et al., 2007, MacGregor et al., 2011, 

Christianson et al., 2016). Direct observations of modern grounding lines and the 

processes that control their behavior are limited. The geological record provides an 

opportunity to study the factors that influence ice sheet behavior over longer 

timescales and at higher spatial resolutions than is possible with observations of 

contemporary ice sheets. 
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Figure 1.1: Location map of the Ross Sea, Antarctica with Last Glacial 

Maximum flow lines and grounded ice extent (modified from Halberstadt et 

al., 2016). Cores from cruise NBP1502A are shown, as well as selected DSDP 

Leg 28 sites and all legacy cores stored at NSF's Antarctic Research Facility. 

Transferral of all cores to Oregon State University's Marine Geology 

Repository is in progress, to be completed by early 2018. Cores discussed in 

Fig. 1.5, Fig. 1.6, Fig. 1.7 are labeled. 
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During the Last Glacial Maximum (LGM), an expanded Antarctic Ice Sheet 

covered the continental shelf (Fig. 1.1; Bentley et al., 2014). Subsequent deglaciation 

left a record of ice-sheet retreat in the form of ice-marginal landforms (i.e., 

recessional moraines and grounding-zone wedges) that mark the locations of paleo-

grounding lines and record the nature of grounding-line retreat across the 

continental shelf. Recessional moraines form either by deformational push 

processes of existing sediment at the grounded line (Boulton, 1986, Ottesen and 

Dowdeswell, 2006) or through subglacial sediment transport to the grounding line 

(Ottesen et al., 2005, Todd et al., 2007), and are characteristically symmetric and 

often roughly linear (e.g., Batchelor and Dowdeswell, 2016, Simkins et al., 2016). 

Grounding-zone wedges (Fig. 1.2a) are asymmetric features that, if large enough to 

be resolved in seismic profiles, occasionally display seaward-dipping foresets, 

indicating landform progradation and growth in the direction of ice flow through 

subglacial sediment delivery to the grounding line (Larter and Vanneste, 1995, 

Anderson, 1999, Dowdeswell and Fugelli, 2012). The asymmetry of the features and 

downlapping over existing surfaces are indicative of progradation even when 

internal foreset reflections are not resolved in seismic data, which is likely due to a 

lack of variability in lithology and, thus, no difference in acoustic properties between 

beds (Fig. 1.3). Studying the morphology and distribution of ice-marginal landforms 

provides constraints on grounding-line sediment flux (e.g., Nygård et al., 2007, 

Jakobsson et al., 2012, Batchelor and Dowdeswell, 2015), ice-sheet retreat styles 

(e.g., Dowdeswell et al., 2008, Ó Cofaigh et al., 2008, Graham et al., 2010, Halberstadt 

et al., 2016), and processes active at the grounding line, such as subglacial 
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meltwater expulsion (e.g., McMullen et al., 2006, Horgan et al., 2013, Simkins et al., 

2017). 

 

Figure 1.2: (a) Conceptual diagram of a grounding-zone wedge (GZW) and 

proglacial environment, with associated glacial and sedimentary processes. 

Definitions of terms for buoyancy equation: Hi = ice thickness, Hw = water 

depth, ρi = density of ice (917 kg m−3), ρw = density of seawater (~1025 kg 

m−3—may vary). Terrigenous input from meltwater plumes (level in water 

column unknown) is observed as far as 250 km from subglacial meltwater 

channels in the Ross Sea. (b) Formation of till pellets. (c) Deposition of basal 

meltout debris (limited to within 1.2 km of the grounding line) and debris 

flows (restricted to foreset length). (d) Open marine sedimentation 

dominated by rainout of organic detritus. (e) Reworking of glacial and 

glacimarine sediments by marine currents on banktops and the shelf margin, 

facilitated by bioturbation or iceberg turbation. 
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Figure 1.3: Example of coring transect demonstrating targeted coring along a 

grounding-zone wedge using both (a) multibeam swath bathymetry and (b) 

CHIRP data. Core locations are shown in multibeam context in Fig. 1.3a, 

seismic context in Fig. 1.3b, and regional context in Fig. 1.1. 

 

 

 

 

 

 

 



 8 

Sediment cores can complement and transcend the functionality of landform 

analyses by providing more detailed records of glacial, biological, and 

oceanographic processes, as well as potential chronostratigraphic control on past 

marine-based ice-sheet retreat. Glacial and glacimarine sediment facies 

interpretations and lithofacies descriptions have improved through time as a result 

of technological advances in subsurface imaging, bathymetric mapping, and 

sedimentological analyses (e.g., Anderson et al., 1980, Domack et al., 1999, 

Anderson, 1999, Evans and Pudsey, 2002, McKay et al., 2009, Passchier et al., 2011, 

Hillenbrand et al., 2013). To date, most published facies models have been created 

based on cores for which geomorphic setting is not explicitly known; however, 

integrating core data with precise geomorphic context is necessary for confidently 

determining depositional environments, as well as processes acting at former 

grounding-line positions. Furthermore, proper sediment facies identification is 

imperative for glacial reconstructions in selecting transitions that constrain the 

timing of ice retreat from the continental shelf during the last glacial cycle and 

previous cycles. 

We present results from a detailed multibeam bathymetric survey and 

targeted coring mission in the Ross Sea, Antarctica (Fig. 1.1), during which core sites 

were selected primarily from longitudinal transects across grounding-zone wedges 

deposited during and following the LGM (Fig. 1.3). We use sedimentological and 

micropaleontological analyses to define glacial retreat sediment facies within a 

geomorphic framework and gather information about grounding-line processes, 
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enabling the development of a standardized facies model that can be extrapolated to 

cores, including drill cores, for which precise context is unknown. 

1.2. Regional Setting 

The Ross Sea Embayment (Fig. 1.1) receives drainage from approximately 

25% of the continent's ice, making it the largest single drainage basin in Antarctica. 

Multiple ice streams from the East Antarctic Ice Sheet (EAIS) and West Antarctic Ice 

Sheet (WAIS) flow into the embayment to form the extensive (~400,000 km2) Ross 

Ice Shelf. Subglacial geomorphic features, in particular, glacial lineations (King et al., 

2009), provide a record of ice stream paleodrainage on the continental shelf 

(Greenwood et al., 2012, Anderson et al., 2014, Halberstadt et al., 2016). 

Geochemical and provenance studies indicate the EAIS filled the western Ross Sea 

and the WAIS dominated the eastern Ross Sea (Anderson et al., 1984, Licht et al., 

2005, Farmer et al., 2006). Lineations extend to the continental shelf margin in 

many places, marking the maximum extent of grounded ice, beyond which shelf-

edge gullies represent the immediate proglacial environment during the LGM (Gales 

et al., 2013). However, more isolated patches of glacial lineations, some of which are 

confined to the topsets of grounding-zone wedges, record changes in ice flow during 

the post-LGM retreat phase (e.g., Greenwood et al., 2012, Simkins et al., 2016). 

Recessional moraines and grounding-zone wedges overprint the lineations, and 

mark the path of retreating ice as well as providing information about retreat 

behavior (Halberstadt et al., 2016). Large grounding-zone wedges have been 

identified in the Ross Sea using seismic data (Shipp et al., 1999, Howat and Domack, 
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2003, Mosola and Anderson, 2006, Bart and Cone, 2012), but many smaller (< 10 m 

in height) grounding-zone wedges and recessional moraines—once only resolvable 

in high-frequency acoustic (i.e., CHIRP) data or side-scan sonar—are now identified 

using the latest generation multibeam swath bathymetry system to collect large 

datasets that resolve sub-meter-scale features (Halberstadt et al., 2016). 

Types of retreat features and their configurations clearly differ across the 

seafloor, with large grounding-zone wedges widely separated by pristine glacial 

lineations in the eastern Ross Sea (formerly occupied by the WAIS), in contrast to 

the western Ross Sea (formerly occupied by the EAIS) which is characterized by 

numerous, typically closely spaced, small grounding-zone wedges and recessional 

moraines (Shipp et al., 2002, Mosola and Anderson, 2006, Halberstadt et al., 2016). 

The exception is isolated composite grounding-zone wedges on the outer 

continental shelf, which suggest extended pauses in grounding-line retreat (Howat 

and Domack, 2003, Bart et al., 2017), likely during glacial maxima. By the 

association of grounding-zone wedge sediment volume with duration of pause in 

retreat (Howat and Domack, 2003), the distribution of landforms in the eastern 

Ross Sea indicates the grounding line migrated landward 10s to 100s of kilometers, 

punctuated by long pauses of grounding-line position stability (Mosola and 

Anderson, 2006). However, in the western Ross Sea, retreat occurred through 

numerous smaller events of generally less than several kilometers of retreat with 

shorter periods of stability. Though western Ross Sea grounding-zone wedges are 

relatively small, there remains considerable variability in their morphologies and 

distribution, indicating a dynamic range of grounding-line behavior during 
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deglaciation. Thus, we largely focus our sediment facies work on the western Ross 

Sea where the abundance of grounding-line features formed by EAIS retreat 

provides greater opportunity for understanding retreat patterns and processes 

based on sediment properties. 

1.3. Materials and Methods 

During the austral summer of 2015, we conducted a multibeam survey in the 

western Ross Sea aboard the RV/IB Nathaniel B. Palmer using a Kongsberg EM-122 

system on cruise NBP1502A. In conjunction with Knudsen CHIRP 3260 high-

frequency acoustic data, the multibeam data was used to target a variety of glacial 

geomorphic features for coring. In total, forty-nine Kasten cores (abbreviated as KC 

in core names) and two jumbo piston cores (JPC) were acquired (Fig. 1.1), primarily 

from the topsets, foresets, and toes of grounding-zone wedges (Fig. 1.3). Kasten 

cores were cleaned, photographed, and described before sampling onboard. 

TorVane shear strength measurements were obtained at intervals of 5–10 cm. 

Samples were taken every 5 cm for water content measurements and for grain-size 

analysis, and every 10 cm for foraminifera assemblage investigation. Remaining 

material was archived and shipped to Florida State University's Antarctic Research 

Facility (ARF), where the cores were x-rayed and analyzed using a Geotek multi-

sensor core logger (MSCL) which conducted linescan imaging, magnetic 

susceptibility, and gamma density measurements. 
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Grain-size samples were treated with a sodium hexametaphosphate solution 

to disaggregate grains. A 500-μm sieve was used to remove larger grains, and the 

finer fraction composed of sediment matrix material was analyzed using a Malvern 

Mastersizer Hydro 2000G laser particle size analyzer. Outputs of mode, cumulative 

volume percent, and frequency volume percent are generated by the Malvern 

software, and graphical percentiles of cumulative grain-size distributions were used 

to calculate grain-size mean, sorting, and skewness statistics according to Folk and 

Ward (1957). Samples for foraminifera analysis were wet-sieved through a 63-μm 

sieve and dried. Foraminifera were picked from the > 125 μm fraction. The finer 

fraction was not investigated because of strong dilution of foraminifera with 

abundant terrigenous material. In samples with abundant microfossils, dried 

samples were divided using a micro-splitter prior to picking. Specimens exhibiting 

strong discoloration, clear signs of abrasion, and/or representing species not found 

in present-day Ross Sea were considered to be reworked. Translucent specimens 

showing smooth non-etched tests were considered as potentially being in situ, and 

they were identified and quantified as separate species. The investigated material is 

housed at the Institute of Paleobiology of the Polish Academy of Sciences 

(Warszawa) under the catalog number ZPAL F.65. 

1.4. Results 

Because glacial source material and continental shelf physiography vary 

significantly in the Ross Sea, differences in the composition and texture of seafloor 

sediment should be evident across various paleo-ice stream troughs (Anderson et 
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al., 1984, Licht et al., 2005). In addition to source control, oceanographic processes, 

which are partly controlled by continental shelf margin physiography and 

bank/trough configuration, affect biological productivity and reworking of 

sediments by marine and biological processes (Dunbar et al., 1985). The potential 

for iceberg keels to disturb and rework sediments is also controlled by water depth 

and oceanography (Barnes and Lien, 1988). While such variability is recognized in 

this study, areas with high potential for iceberg reworking, such as bank tops and 

the shelf margin, were avoided when coring to obtain undisturbed sedimentary 

sections. However, sediments that have been reworked by marine currents are 

present over a large portion of the continental shelf and provide oceanographic 

information, and so are included in this analysis largely based on previous studies 

(Dunbar et al., 1985, Anderson, 1999). Including these marine-influenced deposits, 

six primary facies are identified in the Ross Sea, each representing a major glacial 

environment or process. Distinctions based on physical description, grain size, 

geotechnical properties, biogenic properties, and geomorphic setting are detailed in 

Table 1.1, with a brief description of each facies to follow. 
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Table 1.1: Ross Sea sediment facies characteristics. Diatom and biogenic silica 

data is from Cunningham et al. (1999) using core NBP9501 KC39 (same 

location as core NBP1502A KC48). Open marine and residual glacimarine 

(RGM) facies descriptions are from Anderson et al., 1980, Anderson et al., 

1984. Italicized color codes within brackets are based on the Munsell Soil 

Color Chart. 

Lithology Physical description Geotechnical properties Biogenic properties Geomorphic 

context 

Interpretation 

Facies 1 Diamicton with sandy silt matrix. 

Very dark gray [5Y 3/1]; massive; 

occasional till pellets; pebbles 
common, very poor matrix grain 

size sorting [SD >2] 

Homogeneous magnetic 

susceptibility downcore; 

water content ~15–30%; 
shear strength ~10–60 

kPa 

Calcareous benthic 

forams, some planktic, 

abundant reworked, 
altered foraminifera; 

0–4% biogenic silica 

 

Subglacial, on 

topset of 

grounding-zone 
wedge or in 

lineation field 

Till 

Facies 2 Diamicton with sandy silt matrix. 

Very dark gray [5Y 3/1]; massive; 

occasional till pellets; pebbles 
common, very poor matrix grain 

size sorting [SD >2] 

 

Homogeneous magnetic 

susceptibility downcore; 

water content ~15–30%; 
shear strength ~5–40 

kPa 

 

Calcareous benthic 

forams, few planktic, 

some reworked; 10–
30% biogenic silica 

 

Proglacial, on 

foreset of 

grounding-zone 
wedge 

Grounding zone 

proximal, 

debris flow 

Facies 3  Pelletized diamicton with sandy 

silt matrix. Dark olive gray [5Y 

3/2]; massive or weakly stratified, 
occasional bioturbation; abundant 

till pellets; pebbles common, very 

poor matrix grain size sorting [SD 
2–2.5] 

 

Variable magnetic sus-

ceptibility downcore; 

water content ~30–40%; 
shear strength ~0–20 

kPa 

Calcareous benthic 

forams, some planktic; 

15–30% biogenic 
silica, few clearly 

reworked, altered 

foraminifera 

Proglacial, near 

grounding line 

Grounding zone 

proximal, basal 

debris meltout 

Facies 4 Dark gray [5Y 4/1] silt with ~10 
μm mode; massive or weakly 

laminated; sparse to no pebbles; 

poor grain size sorting [SD 1.2–
1.8] 

 

Homogeneous magnetic 
susceptibility downcore; 

water content ~40–50%; 

shear strength ~0–10 
kPa 

 

If present, minute 
calcareous benthic 

forams and few 

planktic 

Proglacial, sea-
ward of known 

subglacial melt-

water channels 

Meltwater 
deposit 

Facies 5 Sandy silt. Olive [5Y 4/3]; 

massive, bioturbated structure; 

sparse to no pebbles; occasional 
sandy, gravelly lenses; matrix 

with poor grain size sorting [SD 

1.5–2]. Fine-skewed distribution 
 

Variable magnetic sus-

ceptibility downcore; 

water content ~30–70%; 
shear strength ~0–10 

kPa 

Agglutinated benthic 

forams, low diversity; 

≥25% biogenic silica.  
10-30% pristine 

diatoms and abundant 

fragments 
 

Draping upper 

unit, ubiquitous 

Open marine 

Facies 6 

 

 

 

Coarse-skewed grain-size 

distribution with truncation at 

~125 μm indicating winnowing of 

fine material.  Coarse material is 

primarily ice-rafted lithics but 
may also be bioclastic carbonates.  

Crudely to well-stratified 

Not measured—Coring 

not successful. 

Primarily calcareous 

benthic foraminifera; 

few, if any, diatoms 

Continental 

shelf edge, 

banktop 

Residual 

Glacimarine 

(RGM) 
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1.4.1. Facies 1: Diamicton 

Cores taken from paleo-subglacial geomorphic settings, such as from fields of 

glacial lineations and topsets of grounding-zone wedges, typically sample very 

poorly-sorted (defined as SD = 2–4φ), matrix-supported diamicton. X-radiographs 

indicate the diamicton is massive and relatively homogeneous (Fig. 1.4a). This is 

reflected by exceptional downcore uniformity in grain-size character and 

mineralogic composition (inferred from magnetic susceptibility) of the matrix 

material (e.g., bottom unit of KC19 in Fig. 1.5a), which distinguishes it from other 

lithofacies. Grain-size distributions consistently display very poor-sorting in all 

samples, but a ~10 μm mode is always dominant. Water content directly correlates 

with grain-size sorting and inversely with gamma density. There is a general 

absence of pristine biogenic material. Foraminifera are sparse and dominated by 

specimens that are clearly reworked (e.g., bottom unit of KC19 in Fig. 1.6a). 
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Figure 1.4: X-radiographs of key facies and features. (a) Facies 1, displaying 

massive texture and large scattered pebbles (dark/dense masses) within a 

fine-grained matrix. (b) Facies 3, showing massive texture and scattered 

pebbles, with some large, prominent till pellets outlined. Overall mottled 

texture is a result of smaller pellets comprising much of the matrix material. 

(c) Facies 4 with massive structure and no visible coarse material. (d) Facies 4 

as a laminated lens within Facies 3. (e) Ash laminations just above the Facies 

1/5 contact. Burrows within Facies 5 are marked where they disrupt the 

laminations. (f) Sharp contact between Facies 1 and 5, most evident in x-rays 

as a change in granule/pebble abundance. Note: Air pockets are a 

consequence of the Kasten core archiving process but have no effect on 

surrounding structures. 
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Figure 1.5: Representative downcore sedimentary successions for (a) GZW 

topset, (b) GZW foreset/toe, and (c) core with meltwater deposits, showing 

grain-size mode, shear strength, water content, and magnetic susceptibility, 

as well as representative grain-size frequency distributions for each sample 

grouped according to facies (Wentworth grain-size classifications are 

denoted above). Multibeam bathymetry for each core location are displayed 

to the right of grain-size distributions for geomorphic context. 100 kPa = 1 kg 

cm−2. 
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Figure 1.6: Representative downcore foraminiferal successions for (a) GZW 

topset, (b) GZW foreset/toe, and (c) core with meltwater deposits. Note 

different scales for graphs showing numbers of specimens per gram of dry 

sediment. Abundances of planktonic (black), benthic (light gray), and 

seemingly reworked (line pattern) foraminifera. 
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1.4.2. Facies 2: Foraminifera-bearing diamicton 

Diamicton was also recovered in cores taken from the foresets and toes of 

grounding-zone wedges. Generally, x-radiographs of this lithofacies are 

indistinguishable from Facies 1, showing a massive character with pebbles scattered 

throughout the diamicton. Additionally, the grain-size distributions of the matrix 

material show very poor-sorting (defined as SD = 2–4φ) with a ~10 μm mode. 

Unlike Facies 1, degree of sorting and grain-size mode tends to vary downcore and 

between different cores, as does magnetic susceptibility (e.g., bottom unit of KC48, 

Fig. 1.5b). This variability can be very minor (SD range 2–2.3φ), as demonstrated in 

Fig. 1.4b and 1.6a, or more extreme, displaying inconsistent sorting (SD range 1.5–

3φ), varying pebble content, and containing multiple grain-size modes as large as 

medium sand (Fig. 1.7b). Though downcore grain size may be variable, we do not 

observe grading. Regardless of grain-size character, an assemblage of pristine 

calcareous benthic foraminifera (bottom unit of Fig. 1.6b) dominated by 

Globocassidulina subglobosa is present. Seemingly reworked foraminifera are also 

present, but in minor (< 5 specimens per gram of dry sediment) amounts. In some 

cores, planktonic Neogloboquadrina pachyderma are present in moderate (up to 

30% of assemblage) amounts. We term this diamicton “foraminifera-bearing” 

because the majority of foraminifera present are in good condition compared to the 

specimens found in Facies 1 and the benthic foraminifera appear to be in situ. 
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Figure 1.7: Core photographs and whole-unit particle size distributions 

demonstrating (a) typical homogenous Facies 2 (debris flow deposits), 

and (b) more variable example of Facies 2 with a discrete layer of 

meltwater deposits (Facies 4). Contacts are typically sharp, as shown in 

Fig. 7b. The particle size distributions represent samples from every 5 cm 

within the entire Facies 2 unit, a sufficient interval to capture much of the 

variability (if any) in grain size which is evident even in a 5-cm 

photograph. VPS = very poorly sorted, PS = poorly sorted, according to 

graphical standard deviation calculations set forth by Folk and Ward, 

1957. 
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1.4.3. Facies 3: foraminifera-bearing pelletized diamicton 

A third type of diamicton occurs in several cores taken from grounding-zone 

wedge foresets and toes. The composition of this diamicton is similar to the facies 

discussed in Section 1.4.2, in that no difference is evident in grain-size distributions 

(212–225 cm of KC48 in Fig. 1.5b) or foraminifera assemblages (212–225 cm of 

KC48 in Fig. 1.6b) from Facies 2. Like Facies 1 and 2, x-radiographs of Facies 3 show 

a primarily massive structure, but differ by displaying a somewhat mottled 

appearance (Fig. 1.4b, d). This is due to the presence of abundant granule- to 

pebble-sized soft sediment pellets. The pellets, which are round or prolate semi-

consolidated clots of sediment, are referred to as soft-sediment clasts in the Mertz 

Trough of East Antarctica (McMullen et al., 2006), polymicts (Licht et al., 2009) and 

mud grains (Bonaccorsi et al., 2000) in the Ross Sea, and till pellets in the Ross Sea 

(Domack et al., 1999, Howat and Domack, 2003), McMurdo Sound (Cowan et al., 

2012, Cowan et al., 2014), and the Larsen continental shelf of NE Antarctic Peninsula 

(Evans et al., 2005). Grain-size analysis was first conducted separately on matrix 

material and chemically disaggregated isolated pellets to identify any differences 

between internal pellet grain size and matrix material. Within single intervals, no 

clear grain-size variability was identified between the pellets and the matrix; thus, 

the soft sediment clasts are derived from the same material as the hosting matrix. 

Water content is higher and shear strength is markedly lower in this unit than in 

Facies 1 and Facies 2 (Table 1.1). 
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1.4.4. Facies 4: Relatively well-sorted silt 

Cores containing relatively well-sorted fine silt with a ~10 μm dominant 

mode (e.g., 47–217 cm in KC17, Fig. 1.5c) were recovered across portions of the 

western Ross Sea. This similarity of this mode to that of Facies 1–3 implies a 

common source. This lithofacies is classified as “poorly-sorted” (defined as SD = 1–

2φ) according to Folk and Ward (1957), but we refer to it as “relatively well-sorted” 

as it is better sorted than any other lithofacies. Its split core surface has a 

distinctively smooth and waxy appearance. Facies 4 texture is massive (Fig. 1.4c) to 

weakly laminated (Fig. 1.4d) in character. Deposits range from 1 to 170 cm in 

thickness. Stratigraphically, these deposits generally occur within Facies 2, 3, or 5 

(discussed below) or at transitions from Facies 2 to Facies 5. When found within 

Facies 2 and 3 in cores on grounding-zone wedge foresets and toes, this lithofacies 

typically contains a foraminiferal assemblage of primarily minute (~150 μm) 

calcareous benthic foraminifera (e.g., 47–217 cm in KC17 in Fig. 1.6c) including 

Globocassidulina. The thickest occurrence of this lithofacies (47–217 cm in KC17) 

contains a second dominant species, Cassidulina neoteretis, which is not found in 

great abundance in other cores. The fine silts are distributed across large portions of 

the continental shelf, in most cases within tens of kilometers seaward of subglacial 

meltwater channels (Simkins et al., 2017), but they have also been recovered as far 

as 75 km seaward of the continental shelf margin and 250 km from an observed 

channel (NBP9801 PC55 in Fig. 1.8). 
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1.4.5. Facies 5: Diatomaceous sandy silt 

Diatomaceous sandy silt is a common surface sediment across the Ross Sea, 

found at the top of every NBP1502A core. Our CHIRP data show that this lithofacies 

drapes the seafloor, similar to previous observations (Shipp et al., 1999). Regionally, 

the lithofacies thickens to the west and the north (Fig. 1.9), based on cores from 

cruises DF80, NBP9401, NBP9407, NBP9501, NBP9801, NBP9902, and NBP1502A. 

Unlike the other facies discussed, this unit is olive in color and characterized by a 

Figure 1.8: Map showing channel locations and distribution of cores that 

sampled meltwater deposits. Locations of ash recovery are superimposed and 

offshore volcanic islands and seamounts are denoted, as well as currently 

active Mount Erebus on Ross Island. 
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~40 μm grain-size mode (topmost unit in each core, Fig. 1.5a–c). Occasionally the 

unit displays an additional mode at ~10 μm (e.g., KC19 and KC48, Fig. 1.5a, b). The 

40 μm silt mode is composed of diatoms and minor amounts of sponge spicules and 

radiolarians, whereas the 10 μm silt mode is dominated by terrigenous silt with 

diatom fragments (Fig. 1.10). Sand content is typically < 15% unless concentrated 

within distinct lenses of gravel and sand (e.g., KC48, Fig. 1.5b), which are interpreted 

as ice-rafted debris layers. Grain-size distributions tend to be fine-skewed, unlike 

the normal distributions of Facies 1–4, and sorting is significantly better than in 

Facies 1–3 but not as strong as Facies 4. Water content is twice as high as in Facies 

1–3, directly correlating with grain-size sorting. Ash is located near the base of this 

lithofacies in nine cores in the southwestern sector of the Ross Sea (Fig. 1.8), 

identified visually and in X-rays as thin millimeter-scale laminations (Fig. 1.4e) and 

by a magnetic susceptibility signature that is an order of magnitude higher than in 

other facies (c.f., Licht et al., 1999). This lithofacies is heavily bioturbated, indicated 

by lack of sedimentary structure (with the exception of disturbed ash laminations; 

Fig. 1.4e) and the presence of burrows that penetrate into underlying units and 

interrupt the otherwise sharp lower contact. Agglutinated foraminifera (e.g., 

Miliammina arenacea) usually greatly outnumber calcareous forms, which are rarely 

found in this unit. Sponge spicules are common, often giving the unit a somewhat 

fibrous appearance and spongy texture. 
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Figure 1.9: Surface processes on the deglaciated Ross Sea continental shelf and 

slope. Areas with potential coarse residual glacial marine (RGM) sediments 

that might inhibit coring were avoided on NBP1502A. Locations for LGM 

grounding-line extent and shelf-edge gullies are from Halberstadt et al., 2016. 

Sedimentary zones from Taviani et al., 1993, Dunbar et al., 1985, Anderson, 

1999, and this study. Diatomaceous mud thickness is interpreted from cruise 

reports of DF80, NBP9401, NBP9407, NBP9501, NBP9801, NBP9902, and 

NBP1502A cores. Exact values for diatomaceous open marine mud thickness 

should be regarded with caution, as many of the reported values are from 

piston cores which tend to lose some surface material, but general trends are 

still valid. 



 26 

 

Figure 1.10: Example of modal components of open marine grain-

size distribution. Photomicrographs of smear slides show (a) the 

fine mode is dominated by terrigenous silt and diatom fragments, 

and (b) the coarse mode is dominated by intact diatoms. Qtz = 

quartz, PPL = plane polarized light, XPL = cross polarized light. 

Plane polarized light best displays opaline diatom tests. Diatoms 

are not detectable in cross polarized light, which therefore allows 

an uninhibited view of sediment grains. 
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1.4.6. Facies 6: Winnowed sand, gravel, bioclastics 

Grab samples and the tops of sediment cores from bank tops and the outer 

continental shelf, collected on previous cruises (DF80 and DF84), contain coarse-

skewed sediments with a clear truncation of material smaller than fine sand (Fig. 

1.9; Anderson et al., 1980, Anderson et al., 1984, Dunbar et al., 1985, Anderson, 

1999). Kasten coring attempts during cruise NBP1502A of banktops were 

unsuccessful, suspected to be due to contact with a coarse, impenetrable substrate. 

This lithofacies is in contrast to the finer sediments of Facies 5 that blanket much of 

the inner continental shelf. Calcareous material is present in the form of bioclastics 

and foraminifera, including some LGM-aged carbonates (Taviani et al., 1993). 

1.5. Discussion 

1.5.1. Distinguishing till from proximal glacimarine sediments 

We recognize three diamicton facies (Facies 1–3), each with subtle but 

important differences that reflect depositional processes. Facies 1 occurs in 

sediment cores from glacial lineations and grounding-zone wedge topsets, which are 

known subglacial features. The diamicton has pebbles throughout and displays 

downcore homogeneity in the matrix material, both textural (from grain-size 

measurements) and compositional (inferred from magnetic susceptibility) (Fig. 

1.5a), which is consistent with traditional sedimentological descriptions of till (e.g., 

Anderson et al., 1980, Anderson, 1999). 
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Facies 2 was recovered in cores from foresets and toes of grounding-zone 

wedges. Though it may display some grain-size variability (Fig. 1.7b), it is most often 

similar to Facies 1 with respect to grain sorting (Fig. 1.7a) and downcore textural 

and mineralogic homogeneity (Fig. 1.5b). Such similarities with till and the 

occurrence of these deposits on the foreset slope leads us to the interpretation that 

these are debris flow deposits that were transported from the grounding-zone 

wedge crest down the lee slope, building the foresets (Fig. 1.2c); thus, we interpret 

Facies 2 as a grounding-zone proximal glacimarine facies. Sedimentological 

similarities between this lithofacies and till are precisely why distinguishing the two 

is difficult in the absence of geomorphic context (Kurtz and Anderson, 1979). 

However, grounding-zone proximal settings are thought to be hospitable to 

foraminifera, resulting in the presence of pristine, presumably in situ calcareous 

benthic foraminifera (Globocassidulina, Trifarina, and Cibicides) found in NBP1502A 

cores (Fig. 1.6b) and other identified grounding-zone proximal facies (Anderson, 

1972, Majewski and Anderson, 2009, Bart and Cone, 2012, Bart et al., 2016). These 

foraminifera are assumed to inhabit the environment just seaward of the grounding 

line along grounding-zone wedge foresets and toes, and are locally incorporated 

into the debris flows along with noticeably reworked specimens. We find that 

planktonic Neogloboquadrina pachyderma and seemingly reworked foraminifera are 

also present in minor amounts; however, the largely pristine foraminiferal 

assemblage sets this lithofacies apart from till, which is instead dominated by 

reworked specimens (Fig. 1.6a). 
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Facies 3 is also recovered in cores from foresets and toes of grounding-zone 

wedges. Abundant pebbles, a very poorly-sorted (SD = 2–4φ) matrix grain-size 

distribution, and dominance of pristine, seemingly in situ Globocassidulina 

subglobosa in the foraminiferal assemblage leads us to interpret this facies as a 

grounding-zone proximal glacimarine facies. However, the presence of pellets 

suggests deposition via a different process from Facies 2. Given the similarity of 

their internal grain-size distributions to that of till (Facies 1), we refer to the pellets 

as “till pellets.” They are thought to form when sediment pore water temperature 

within tills drops below the pressure-melting point and subglacial water within the 

till is extracted upward, bringing aggregates of sediment with it to accrete on the ice 

base (Fig. 1.2b; Christoffersen and Tulaczyk, 2003, Cowan et al., 2012). As accretion 

of basal debris continues, till pellets can migrate several meters above the ice-bed 

interface, evidenced by the “mud clots” recognized as high as 4.83 m above the bed 

in the 1968 Byrd Station ice core (Gow et al., 1979). The till pellets are transported 

within the basal debris layer of flowing ice to the grounding line and some distance 

beyond, at which point the sediment-laden ice base is exposed to seawater and basal 

melting causes rain-out of till pellets and other basal debris (Fig. 1.2c; Domack et al., 

1999, Cowan et al., 2012). Therefore, Facies 3 is interpreted to represent deposition 

directly from melting of sediment-laden basal ice. The distribution of this facies is 

constrained to within 1.2 km (0.8 km on average) of the nearest grounding-zone 

wedge (Fig. 1.11), providing an upper limit on the extent of paleo-basal debris 

meltout extent from the grounding line. This estimate is similar to the observed 

sediment rain-out from the contemporary Mackay Glacier that extends no further 
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than 1.5 km past the grounding line (Powell et al., 1996) and a basal meltout zone of 

~500 m from the Whillans Ice Stream grounding line (Christianson et al., 2016). 

 

 

 

Figure 1.11: Distance of cores with and without pellets from 

nearest landward GZW-crest. Stippled pattern represents cores 

that contain the pelletized grounding-zone proximal sediments 

representative of pure basal melt, and hatched pattern represents 

cores that do not. The maximum extent of the basal debris 

meltout occurs within 1.2 km from the grounding line, and is 

compared to other constraints on basal debris extent. 
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We find that extent of Facies 3 beyond the grounding line is independent of 

corresponding grounding-zone wedge geometries (e.g., width and height), but there 

is a rough correlation between the thickness of the facies and grounding-zone 

wedge height (Fig. 1.12). This suggests that landform height may partially manifest 

in the accumulation of the basal debris meltout deposits. Furthermore, grounding-

zone wedge sediment volume, which is a function of sediment supply to the 

grounding line (Batchelor and Dowdeswell, 2015), has been suggested to correlate 

with the duration of the pause in retreat (Howat and Domack, 2003, Ó Cofaigh et al., 

2008, Jakobsson et al., 2012). Thereby, the relationship between the thickness of 

Facies 3 and grounding-zone wedge size (here expressed as height) should provide 

some relative indication of grounding-line position stability, where larger, longer-

lived grounding-zone wedges are associated with thicker units of Facies 3 than 

smaller grounding-zone wedges that likely formed over shorter periods of time. 

However, we acknowledge that other controls on the thickness of Facies 3 might 

include basal melt rates seaward of the grounding line, as well as thermal conditions 

at the base of the grounded ice which control the amount of debris entrained within 

the flowing ice. 
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1.5.2. Evidence of subglacial meltwater delivery to paleo-grounding lines 

Multibeam data has revealed anastomosing channels cut into bedrock on the 

Antarctic continental shelf in, for example, Marguerite Bay (Anderson and Oakes-

Fretwell, 2008) and Pine Island Bay (Lowe and Anderson, 2003, Nitsche et al., 

2013). In both these regions, conspicuous terrigenous silts have been observed 

within glacimarine sediments (Kennedy and Anderson, 1989, Kilfeather et al., 2011, 

Hillenbrand et al., 2013, Witus et al., 2014). In Pine Island Bay, these silt deposits are 

Figure 1.12: Correlation between Facies 3 thickness and GZW 

height suggests that the pelletized unit thickness can be used to 

estimate the relative stability of a paleo-grounding line. 
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relatively well-sorted with a ~10 μm mode and are widely dispersed as a seafloor 

draping unit. This led to the interpretation that they originate from buoyant plumes 

sourced from subglacial meltwater discharge at the grounding line (Witus et al., 

2014), consistent with the observation of suspended sediments (Jacobs et al., 2011) 

and similar deposits (Smith et al., 2017) beneath the modern ice shelf. Seaward of 

subglacial meltwater channels that are incised into sedimentary substrate in the 

western Ross Sea (Fig. 7; Wellner et al., 2006, Greenwood et al., 2012, Simkins et al., 

2017), we observe the same distinct fine silt deposits (Facies 4; Fig. 1.5c) bounded 

by or within grounding-zone proximal (Facies 2–3) and open marine deposits 

(Facies 5; discussed in Section 1.5.3.1). These combined observations support the 

interpretation of Facies 4 as meltwater plume deposits, and their discovery within 

or directly above Facies 2 or 3 suggests meltwater systems were active during 

grounding-line retreat. The prevalent ~10 μm mode we identify in this lithofacies is 

also conspicuous within the till, supporting a subglacial source for Facies 4. 

Improved sorting likely occurs due to channelized and/or distributed subglacial 

meltwater transport and proglacial sediment suspension in buoyant meltwater 

plumes. Meltwater deposits recovered near grounding-zone wedges contain 

proximal glacimarine foraminifera assemblages, dominated by Globocassidulina 

subglobosa and other calcareous benthics such as Cassidulina neoteritis. However, all 

foraminifera appear to be small and juvenile. In some cores, this lithofacies is barren 

of foraminifera (e.g., 47–110 cm in Fig. 1.6c), likely due to periods of intense 

meltwater activity resulting in rapid sedimentation (Ó Cofaigh and Dowdeswell, 

2001). 
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1.5.3. Open marine sedimentation reflects oceanographic condition 

1.5.3.1. Low-energy open marine depositional environments 

Facies 5 is composed of primarily terrigenous silt that settled from 

suspension, with < 15% sand interpreted as ice-rafted debris and a significant (10–

30%) diatom component. Equivalent facies have been referred to as “compound 

glacial marine” to reflect a blend of both fine, current-derived sediments and 

coarser, ice-rafted sediments (Anderson et al., 1980); however, we use the term 

“open marine” to describe this facies from a glacial retreat perspective rather than 

by composition. In the Ross Sea, pebbles and sand are rare in diatomaceous open 

marine sediments. Some cores contain discrete lenses of gravel and sand at the base 

of the lithofacies (Fig. 1.5b), which we interpret as rare but intense episodes of ice-

rafting during ice-shelf collapse which has been shown to have occurred at least 

twice during post-LGM ice sheet-retreat in the Ross Sea (i.e., Yokoyama et al., 2016). 

The majority of Facies 5 has a grain-size distribution that tends to be fine-

skewed with a ~40 μm mode that is composed of primarily intact diatoms (Fig. 

1.10b). The fine tail of the grain-size distribution is composed of terrigenous silt and 

diatom fragments (Fig. 1.10a) and is likely delivered to the area by marine currents. 

Modern year-averaged marine currents in the southwestern Ross Sea generally flow 

to the south and west at 5–9 cm/s (Pillsbury and Jacobs, 1985, Picco et al., 1999). 

Dunbar et al. (1985) suggested currents are strong enough to transport fine 

sediments from the outer continental shelf and bank tops to the deep troughs and 

basins of the western Ross Sea. However, Jaeger et al. (1996) argued that these 
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currents are variable in direction and speed and, therefore, incapable of significant 

lateral transport, suggesting much of the siliceous material is locally derived. 

Westward thickening of Facies 5 (Fig. 1.9) reflects a combination of greater 

primary productivity and regional circulation patterns. An association between the 

location of open water and high percentages of organic carbon and biogenic silica 

led Dunbar et al. (1985) to conclude that the persistent Terra Nova Bay polynya in 

the western Ross Sea (Kurtz and Bromwich, 1985) drives relatively high primary 

productivity due to more sunlight exposure and potentially warmer surface waters. 

Arrigo and van Dijken (2003) observed a significant relationship between polynya 

size and rate of annual primary production, with larger polynyas being more 

productive than smaller polynyas, thus leading to enhanced biogenic sedimentation. 

Facies 5 also thickens to the north (Fig. 1.9), which reflects greater longevity of open 

marine conditions following the LGM on the outer shelf in western Ross Sea. 

The exact source of terrigenous silt in Facies 5 is uncertain. Anderson et al. 

(1984) favor reworking and winnowing of glacial sediments on the outer 

continental shelf and banks and transport by impinging geostrophic currents as an 

important source of terrigenous silt on the shelf. While we recognize this may be a 

contributor, we also consider delivery by subglacial meltwater in light of the recent 

discovery of meltwater channels and distinct meltwater facies (Facies 4). Grain-size 

distributions of the open marine facies occasionally display an additional dominant 

mode at ~10 μm (Fig. 1.5b), analogous to the ~10 μm mode found in subglacial tills 

and meltwater deposits. We interpret specific intervals of dominance of this mode 



 36 

within the open marine facies (Fig. 1.5b) to represent episodes of meltwater 

delivery to the grounding line during which sediment-laden plumes propagate 

seaward to open water. 

The shallow (≤ 430 m) calcite compensation depth (CCD) in the Ross Sea 

today (Kennett, 1968) is reflected in the lack of calcareous benthic foraminifera and 

high proportion of agglutinated species in the open marine facies. Sluggish current 

conditions and associated accumulations of siliceous detritus on the seafloor 

facilitates organic decay, which produces CO2 that inhibits CaCO3 stability, thereby 

elevating the CCD and preventing preservation of calcareous foraminifera (Kennett, 

1968). A similar relationship is found in the Weddell Sea (Anderson, 1975) and the 

George V-Adelie continental margin (Milam and Anderson, 1981). These combined 

observations of fine sediments, abundance of siliceous biogenic material, and lack of 

calcareous foraminifera are all reflective of the sluggish current conditions that exist 

on much of the Ross Sea continental shelf. 

1.5.3.2. Marine current influence on marine sedimentation 

Facies 6 occupies a significant portion of the outer continental shelf, slope, 

and banks (RGM, Fig. 1.9). Due to the coarse and often impenetrable nature of these 

sediments, we avoided coring these regions. However, these sediments are 

important oceanographic indicators, and so we rely on published work to assess 

their relationship with other surface sediments discussed above. Coarse-skewed 

grain-size distributions indicate winnowing of sediments finer than ~125 μm 

(Anderson et al., 1984, Dunbar et al., 1985). The source material was likely glacial or 
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glacimarine sediments that were exposed to vigorous marine currents following ice-

sheet retreat, and so we recognize the final product as “open marine.” However, 

these sediments have clearly been subjected to marine current reworking, leading 

us to instead refer to the winnowed sediments as “residual glacimarine (RGM),” 

following Anderson et al. (1980). 

Currents on the shelf break have mean velocities between 17 and 18 cm/s 

(Jacobs et al., 1974). These conditions are reflected in bottom photographs, where 

current ripples indicate bedload transport of sorted sands (Anderson et al., 1984). 

Singer and Anderson (1984) performed laboratory flume experiments in which a 

maximum sustained current velocity of ~18 cm/s generated RGM-like sediments 

from till-like beds that were continuously mixed. Mixing of the sediments results in 

a reduction in cohesion, otherwise only a thin armored surface is created. This 

mixing on the Ross Sea floor is likely achieved primarily through bioturbation; 

bottom photographs show abundant benthic life and bioturbation in these areas. An 

abundance of randomly-oriented iceberg furrows atop banks (Fig. 1.9) indicates 

that iceberg turbation may also play a role in mixing sediments at shallow water 

depths. Similar associations between surface sediments and marine currents are 

recognized in the Weddell Sea and on the Wilkes Land and Pennell Coast continental 

shelves, where size grading has been related to variations in measured current 

velocities (Anderson, 1999). Offshore of the Pennell Coast, volcaniclastic sands 

derived from Cape Adare have been distributed westward along and onto a wide 

portion of the continental shelf by strong currents associated with impinging 

boundary currents (Rodriguez and Anderson, 2004). The wide spatial and 
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bathymetric distribution of RGM and associated sands suggests that similar deposits 

may be present, and perhaps even more pervasive in the pre-LGM stratigraphic 

record. 

Today, Modified Circumpolar Deep Water (MCDW), an extension of 

Circumpolar Deep Water (CDW), is a relatively warm water mass that impinges onto 

the Ross Sea continental shelf at intermediate and surface levels within the water 

column (Jacobs et al., 1985, Anderson, 1999). It impinges at high velocities (Jacobs 

et al., 1974) along the eastern sides of troughs and adjacent bank edges (Orsi and 

Wiederwohl, 2009, Dinniman et al., 2003, Dinniman et al., 2011) while colder, 

denser water is directed offshore along the western sides of troughs (Gordon et al., 

2004, Orsi and Wiederwohl, 2009). While some of the winnowed fine material from 

the banktops and outer shelf is swept seaward by outflow, we believe that much of 

the fine material is driven by high current velocities associated with the inflow of 

MCDW along the eastern sides of troughs into the middle and inner continental shelf 

where lower current velocities allow it to settle (Pillsbury and Jacobs, 1985, Picco et 

al., 1999). This fine material is represented by the fine silt and diatom fragment 

component of Facies 5 (Fig. 1.10a). 

By sweeping away diatoms and preventing the accumulation of corrosive 

siliceous detritus, the strong currents leave the outer shelf and banks more 

conducive for calcite preservation than the inner shelf. As a result, calcareous 

foraminifera are stable in regions of MCDW incursion (Osterman and Kellogg, 1979, 

Milam and Anderson, 1981). Additionally, the nutrients delivered by impinging 
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MCDW allows other carbonate organisms to thrive (Taviani et al., 1993, Elverhoi 

and Roaldset, 1983, Anderson, 1999). In the northwestern Ross Sea, cold-water 

bioclastic carbonates, including bryozoans, barnacles, pelecypods, and corals (Fig. 

1.9) occur on the outer shelf and on banks. Radiocarbon ages for these deposits 

range back to the LGM, so these banks were refugia for carbonate organisms during 

more extreme glacial conditions (Reid, 1989, Taviani et al., 1993). In summary, the 

presence of RGM facies indicates impinging MCDW on the outer shelf, whereas 

Facies 5 reflects little influence of marine currents on the inner/middle continental 

shelf. Because impinging warm currents have been shown to affect modern 

grounding-line stability (Shepherd et al., 2004, Thoma et al., 2008, Jacobs et al., 

2011), it is important to be able to recognize signs of their influence in the paleo-

record as well. 

1.5.4. Sedimentary record of ice-sheet retreat 

Geomorphic features indicate the ice streams originating from the WAIS in 

the eastern Ross Sea experienced large grounding-line-retreat events of 10s to 100s 

of kilometers that were punctuated by relatively long periods of stability, while ice 

streams of the EAIS in the western Ross Sea generally experienced numerous 

smaller (100s of meters to several kilometers) grounding-line-retreat events, with 

the exception of larger grounding-line-retreat events from LGM positions in 

Northern Drygalski Trough and Joides Trough (Halberstadt et al., 2016). One of the 

objectives of this study was to determine if these differences are manifest in the 
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sedimentary record, to be used for interpreting retreat patterns from cores that lack 

geomorphic context. 

The vast majority of the cores collected in Ross Sea have sampled till 

(Anderson et al., 1980, Anderson et al., 1984, Domack et al., 1999, Mosola and 

Anderson, 2006, McGlannan et al., 2017), according to the criteria outlined by 

Anderson (1999). These data were used to argue for expansion of the ice sheet 

across the continental shelf, an argument that is now substantiated by multibeam 

data showing shelf-wide occurrence of subglacial features (Anderson et al., 2014). 

While we initially expected the sedimentological properties of till to reflect 

differences in subglacial processes and past ice-stream behavior across the Ross Sea 

(e.g., soft and stiff tills of Dowdeswell et al., 2004), distinct patterns do not appear to 

exist. Ongoing research focuses on variability in till properties, such as shear 

strength and water content, in relation to geomorphic features and substrate 

beneath the till. Classical evidence of structural deformation (shear planes, aligned 

clasts) is not clear in our core x-rays as it is in previous studies elsewhere in 

Antarctica (e.g., Ó Cofaigh et al., 2005, Ó Cofaigh et al., 2007); however, others 

suggest that homogenization, a result of thorough deformation, eliminates 

macroscopic evidence of deformation (Evans et al., 2006, Reinardy et al., 2011). 

There has been some success with analysis of microfabrics in distinguishing 

different types of diamictons (e.g., Menzies, 2000, Van der Meer et al., 2003, Menzies 

et al., 2006, Reinardy et al., 2011), and in the future this method may show the best 

evidence of subglacial transport processes by indicating the nature and magnitude 

of subglacial stresses. 
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Within a single-phase grounding-line-retreat scenario, facies successions are 

represented by increasingly ice-distal facies upcore. In the Ross Sea, typical 

grounding-zone wedge topset and glacial lineation facies successions are 

represented by till sharply overlain by open marine sediments (Fig. 1.4f, 5a). 

Previous studies have suggested that this is the most common succession across the 

Ross Sea (Anderson et al., 1984, Anderson et al., 1991), especially in the eastern 

Ross Sea (Mosola and Anderson, 2006). However, we find that cores collected on 

grounding-zone wedge foresets and toes contain grounding-zone proximal 

sediments sharply overlain by draping open marine deposits (Fig. 1.5b). 

We consider grounding-zone proximal sediments the most important 

sediment facies for indicating retreat style. They contain evidence of multiple 

sedimentary processes acting at paleo-grounding lines. Non-pelletized grounding-

zone proximal sediment (Facies 2) is interpreted to represent debris flows that 

construct grounding-zone wedge foresets; therefore, the facies extent should be 

roughly equal to foreset length (Fig. 1.2a). Because the foreset length varies amongst 

grounding-zone wedges, precise proximity to a paleo-grounding line cannot be 

determined in geomorphically-blind cores that contain this unit. However, the 

pelletized grounding-zone proximal facies (Facies 3) is interpreted to represent 

meltout of basal debris (Fig. 1.2a, c). Because basal debris is deposited within ~1.2 

km of the grounding line (Fig. 1.11), the majority of any extensive ice shelf would 

have been debris-free, with the exception of englacial eolian material and material 

entrained along the margins of nunataks, volcanoes, and other bedrock features. 

This is reflected in the minimal coarse, ice-rafted material observed in Facies 5, 



 42 

which suggests that calving icebergs from the ice shelf did not contain significant 

englacial material. 

Traditionally, facies models recognize a sub-ice shelf facies usually described 

as either muddy gravel or pebble-free muds (Kennedy and Anderson, 1989, Domack 

et al., 1999, Anderson et al., 1991, McKay et al., 2009). The muddy gravel facies is 

equivalent to our grounding-zone proximal facies (Facies 2, and perhaps Facies 3), 

whereas pebble-free muds could represent meltwater deposits (Facies 4; Kennedy 

and Anderson, 1989, Anderson et al., 1991, McKay et al., 2009) or transport of 

material from the grounding line by ocean currents (Domack et al., 1999). Because 

basal debris melts out near the grounding line and we see very little evidence of IRD 

in open marine deposits, we argue that the only significant sedimentation that 

occurred beneath paleo-Ross Sea ice shelves was via meltwater plumite deposition 

(Fig. 1.2a), though advection of biogenic material and fine sediments beneath the ice 

shelf may also occur to a minor degree. Over 50 sediment cores collected through 

access holes in the modern Ross Ice Shelf were found to contain only 

overcompacted till, providing an example of a sub-ice shelf setting where no modern 

terrigenous sedimentation or advection of diatoms occurs beneath the ice shelf 

(Kellogg and Kellogg, 1986, Kellogg and Kellogg, 1988). Thus, we do not recognize 

an exclusive “sub-ice shelf” facies, as it is essentially a zone of non-deposition in the 

absence of meltwater or marine current influence, which are not unique to sub-ice 

shelf environments. Although a distinct facies is not observed (or expected), 

Yokoyama et al. (2016) demonstrate that coupled analysis of diatom and beryllium-



 43 

10 concentrations in sediment cores is useful for identifying the presence of past ice 

shelves. 

Sedimentary successions are clearly highly dependent on geomorphic 

context. However, the question remains whether these successions contain 

information about retreat patterns. The seascape in the western Ross Sea is 

dominated by many closely spaced recessional features that record frequent but 

short-lived periods of grounding-line-position stability (Fig. 1.13a–c; Halberstadt et 

al., 2016, Simkins et al., 2017). Associated cores display a variety of successions, 

dependent on proximity to the grounding line, meltwater channels, and volcanic 

provinces. Therefore, a single core is not useful for determining retreat patterns 

where geomorphic context is unknown. However, examination of the sedimentary 

successions in a transect or network of cores in such a region is more telling. A wide 

spatial distribution of thin pelletized units (Facies 3) below the open marine facies 

(Fig. 1.13d) in cores suggests a western Ross Sea-style retreat. Conversely, the 

seascape in the eastern Ross Sea is characterized by widely spaced grounding-zone 

wedges separated by tens of kilometer stretches of seafloor with pristine glacial 

lineations (Fig. 1.13e–g). This is reflected in the majority of sediment cores from the 

eastern Ross Sea being composed of till that is directly overlain by open marine 

sediments (Mosola and Anderson, 2006). Even though the pelletized facies (Facies 

3) can be thick where there are large composite wedges in the eastern Ross Sea, it is 

highly localized (Fig. 1.13h). 
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Figure 1.13: Western Ross Sea (EAIS) retreat scenario (a) Grounded ice extends out to 

mid-shelf at the LGM; (b) Ice shelf collapses during initial retreat, forming deep iceberg 

furrows. Ice begins to retreat in small steps in the upstream direction and onto prominent 

banks (Yokoyama et al., 2016); (c) Continuous retreat, forming small GZWs and moraines 

during short pauses. Ice shelf may reform during brief periods of stability; (d) Present-

day deglaciated continental shelf, with hypothetical core locations. Eastern Ross Sea 

(WAIS) retreat scenario (e) Grounded ice extends to the outer continental shelf at the 

LGM creating shelf-edge gullies; (f) Ice remains stable for long periods of time, forming 

large composite GZWs; (g) Ice lifts off the bed and retreats hundreds of kilometers 

upstream, leaving pristine MSGLs; (h) Present-day deglaciated continental shelf, with 

hypothetical core locations; (i) Expected sedimentary succession for a core obtained near 

a paleo-grounding line, represented in (d) and (h); (j) Expected sedimentary succession 

for a core obtained on the topset of a GZW or within an MSGL field, represented in (d) and 

(h). 
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Strategic coring of specific geomorphic features provides context for accurate 

facies interpretations, which in turn has allowed us to match certain facies 

successions to particular geomorphic environments. Single cores cannot reveal 

overall retreat patterns, but the presence of Facies 3 in a core is indicative of a 

nearby grounding line. Only the observation of this facies (or lack thereof) in several 

cores may be used to determine the relative amount (and possibly size, Fig. 1.12) of 

grounding-zone wedges, and thus retreat patterns. 

1.5.5. Applications to pre-LGM glacial history 

Another motivation of this study is to extrapolate what has been learned 

from facies analysis in geomorphic context to pre-LGM sediments. The seismic data 

that is used to select drill sites for upcoming projects such as IODP Expedition 374: 

Ross Sea West Antarctic Ice Sheet History (McKay et al., 2017) is not of sufficient 

resolution to capture small-scale grounding-zone wedges and channels. Therefore, 

facies interpretations of ancient sediments are often done without clear context. The 

limitations involved with obtaining and studying ancient, pre-LGM glacial deposits 

almost necessitates a Lyellian approach of using recent deposits to interpret older 

sediments and speculate geomorphic settings. Combined seismic data and drill 

cores indicate marine ice sheet expansion in the Ross Sea as early as late Oligocene 

time (see Anderson et al., 2018). Prior results also indicate that glacial conditions 

were very different prior to the Pliocene; diatomaceous sediments were not 

prevalent and diamictons interpreted as till occurred less frequently (Barrett, 1975, 

Balshaw-Biddle, 1981). However, closer inspection of late Oligocene and Miocene 
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stratigraphy reveals some similarities to the post-LGM sediments discussed in this 

study. Within the late Oligocene-early Miocene section sampled in Site 270, there 

are diverse calcareous foraminiferal assemblages present and two intervals of soft 

sediment clasts (Hayes and Frakes, 1975, Leckie and Webb, 1983). The clasts are 

also found within a similar interval in Site 272 (Hayes and Frakes, 1975). Previous 

researchers speculated the sediment clasts form by slumping of semi-lithified muds 

(Hayes and Frakes, 1975, Leckie and Webb, 1983); however, Hayes and Frakes 

(1975) note that the units themselves are undeformed. Additionally, Leckie and 

Webb (1983) discovered recycled Late Cretaceous and Paleogene foraminifera 

within the soft sediment clasts. These observations are consistent with the Cowan et 

al. (2012) model of basal freeze-on of till material which rains out as pellets at the 

grounding line, and with our descriptions of pelletized grounding-zone proximal 

glacimarine facies. Therefore, we interpret the sediment clasts as evidence of nearby 

marine-based grounded ice, and perhaps no more than ~1.2 km from the grounding 

line if the ice shelf basal temperature regime and volume of entrained debris were 

similar to the post-LGM deglaciation. 

During the Miocene, foraminifera underwent a distinct shift from diverse 

calcareous benthic assemblages dominated by Globocassidulina spp. to a 60% 

agglutinated assemblage (Leckie and Webb, 1983). This change could reflect gradual 

cooling and more saline waters or increased diatom concentrations, leading to an 

elevated CCD and poor calcite preservation (Leckie and Webb, 1983). Grain-size 

distributions (Barrett, 1975) show no evidence of winnowing, indicating currents 

were sluggish during this time, facilitating organic decay and further inhibiting 
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calcite preservation (Milam and Anderson, 1981, Dunbar et al., 1985). The presence 

of Globocassidulina is consistent with the post-LGM grounding-zone proximal facies, 

whereas diatom abundance and a shift from calcareous to agglutinated foraminifera 

assemblages is consistent with the post-LGM open marine facies, suggesting largely 

quiescent marine currents. Furthermore, some samples within the agglutinated 

zone even show bimodality with strong coarse silt and fine silt components (Barrett, 

1975), similar to the open marine facies in this study. If the same processes control 

these modes as in the post-LGM record, diatoms and meltwater processes may both 

have been significant contributors to deposition during the early Miocene, though 

large outwash channels are not seen in seismic records until the middle Miocene 

(Anderson and Bartek, 1992). These similarities to post-LGM sediments suggest that 

the post-LGM record may be our best resource for interpreting more ancient 

stratigraphic records. 

1.6. Conclusions 

1. The Ross Sea is dominated by six primary sediment facies, though 

variations may be present due to localized processes. Till (Facies 1) is 

characterized by downcore homogeneity in mineralogy and texture, is 

very poorly-sorted and may contain reworked foraminifera, if any. Two 

primary grounding-zone proximal processes create unique glacimarine 

facies. Debris flow deposits (Facies 2) consist of very poorly-sorted 

diamicton and basal debris meltout deposits (Facies 3) consist of very 

poorly-sorted pelletized diamicton. Both deposits may exhibit downcore 
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variability and, along with some clearly reworked specimens, primarily 

contain a diverse in situ calcareous foraminifera assemblage that 

distinguishes them from till. Subglacial meltwater deposits (Facies 4) are 

relatively well-sorted fine silts with a dominant ~10 μm mode. This facies 

is widespread and occurs within grounding-zone proximal and open 

marine deposits. In grounding-zone proximal cores it typically marks the 

transition from grounding-zone proximal to open marine. Thus, 

meltwater discharge was active during grounding-line retreat. Open 

marine deposits (Facies 5) are diatomaceous and have an agglutinated 

foraminifera assemblage due to an elevated CCD and sluggish marine 

currents. They are often fine-skewed, demonstrating partial origin as the 

winnowed product of other sediments. The residual glacimarine 

sediments (Facies 6) from which they are partially derived are located on 

the outer continental shelf and banks and are coarse-skewed with 

truncations that exclude the finer sediments that have been swept away 

by strong currents. They contain calcareous foraminifera and 

macrofossils. 

2. The basal debris meltout zone (Facies 3) extends no further than ~1.2 km 

from the grounding line, and averages ~750 m. Thus, the presence of this 

facies in a geomorphically-blind core indicates a nearby grounding zone. 

3. Foraminifera data integrated with sedimentology reveals that calcareous 

foraminifera occur in grounding-zone proximal glacimarine deposits and 

residual glacimarine sediments. The latter represent high energy open 
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marine settings where currents deliver nutrients and sweep away 

siliceous material. 

4. Small scale grounding-line retreat events characterize the western Ross 

Sea, and are reflected in sediment cores by the prevalence of the 

pelletized grounding-zone proximal glacimarine facies, which is the best-

constrained indication of nearby grounding-zones. In contrast, the 

pelletized facies is rarely found in the eastern Ross Sea, where retreat 

episodes are marked by widely separated grounding-zone wedges 

indicative of episodic retreat and long-lived pauses of the grounding line, 

and sedimentary successions are dominated by till overlain by open 

marine facies with rare proximal glacimarine facies. Thus, a single core is 

not indicative of overall retreat patterns, but a transect or network of 

cores may be useful. 

5. The results presented here are applicable through the Plio-Pleistocene, 

much of the Miocene, and perhaps portions of the late Oligocene. Miocene 

sediments appear to demonstrate the same relationships between 

foraminifera composition and diatom presence that we observe in post-

LGM sediments. Grain-size analyses for pre-LGM sediments are limited 

but those that have been performed suggest sediment facies that are 

similar to those of the post-LGM. Soft sediment clasts that appear to have 

been created in the same manner as our grounding-zone proximal 

pelletized facies may be useful in identifying paleo-grounding-line 

locations. A coarse-skewed grain-size distribution with clear evidence of 
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winnowing (RGM) is indicative of strong currents, such as those 

associated with MCDW today. Its presence in cores from earlier glacial 

cycles may be indicative of similar phenomena. 
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Chapter 2 

The Dynamic Retreat of the East 

Antarctic Ice Sheet: An Assessment of 

Timing, Pathways, and Forcings2 

CHAPTER 2 OVERVIEW 

 

 

2This chapter has been edited and reformatted from the following manuscript in review: 
Prothro, L.O., Majewski, W., Yokoyama, Y., Simkins, L.M., Anderson, J.B., Yamane, M., Miyairi,Y., 

Ohkouchi, N., 2018. The Dynamic Retreat of the East Antarctic Ice Sheet: An Assessment of 
Timing, Pathways, and Forcings, Quaternary Science Reviews 
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2.1. Introduction 

Perhaps the most concerning possible outcome of future climate change is 

large-scale mass wasting of Antarctica’s ice sheets, the largest reservoirs of ice on 

Earth. The volume of future ice loss is less important than the rate of change, which 

will determine how quickly coastal communities will be impacted by changing sea 

levels. The West Antarctic Ice Sheet (WAIS) and portions of the East Antarctic Ice 

Sheet (EAIS) are largely based below sea level, leading to direct contact of marginal 

ice with the changing ocean. Because large sectors are resting on a bed above sea 

level, the EAIS is considered less vulnerable to climate change than the WAIS. 

However, while the WAIS contains a volume of ice equivalent to ~4 m sea level rise, 

the EAIS holds ~53 m of sea level equivalent ice (Fretwell et al., 2013) with sectors 
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that are easily perturbed by climate change (Golledge et al., 2017; Gulick et al., 2017, 

Wilson et al., 2018). Antarctica’s ice sheets have experienced an acceleration in ice 

mass loss of 14.5 ± 2 Gt yr2 over recent decades (Rignot et al., 2011). Worst-case 

modeling scenarios suggest the Antarctic ice sheets could add 1 meter to global 

mean sea level (GMSL) by the end of the century and over 15 meters by 2500, at 

times contributing to global rates of rise up to 6 cm yr-1 (DeConto et al., 2016). 

Ice sheet models are continuously refined (e.g., Huybrechts, 1990; 

Winkelmann et al., 2011; Pollard and DeConto, 2012a, 2012b; Sato and Greve, 2012; 

de Boer et al., 2013; Thoma et al., 2014; Pollard et al., 2017), requiring observational 

data to test, tune, and validate the physics and boundary conditions. However, 

mechanisms driving retreat are not well understood. Modern instrumentation (i.e., 

remote operating vehicles, ice-penetrating radar, satellite and airborne remote 

sensing) remains incapable of analyzing contemporary ice margins over both large 

areas and extended lengths of time. Spatial and temporal ranges of contemporary 

systems can be extended by examining the geologic history as recorded by 

geomorphic features and sediment cores from deglaciated continental shelves, 

leading to more realistic and representative ice sheet models. Despite the utility of 

geologic observations, ice-sheet extent and the absolute timing of retreat events in 

the paleo-record is unknown or disputed for much of the Antarctic continental 

margin. Contention between reconstructions is due largely to difficulties in 

obtaining accurate radiocarbon dates as a result of a poorly constrained marine 

reservoir effect, bias from glacially-reworked carbon, and uncertainty in glacial-
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retreat sediment facies (e.g., Andrews et al., 1999; Licht et al., 1999, Prothro et al., 

2018). 

In spite of such difficulties, the consensus gained through an investigation of 

the last deglaciation of Antarctic continental shelves is that the ice sheets and 

individual ice streams behave independently (Bentley et al., 2014). The ice sheets 

did not reach maximum extent in every sector of Antarctica synchronously during 

the Last Glacial Maximum (LGM; 26.5—19 ka BP; Clark et al., 2009), nor did they 

retreat at the same time (Anderson et al., 2002; Livingstone et al., 2012; Bentley et 

al., 2014; Yokoyama et al., 2018) or in the same manner (Simkins et al., 2018). Much 

of this variability has been attributed to local factors, such as bed physiography 

(Alley et al., 2007, Schoof et al., 2007), intrusion of warm ocean currents (Shepherd 

et al., 2004), and the atmospheric and precipitation regime in the respective 

catchment areas (Morris and Vaughan, 2003). Thus, controls on the behavior of 

individual ice streams must be given careful consideration when making large-scale 

paleo-reconstructions. A single core is not likely to capture the dynamic history of a 

retreating ice stream, let alone a large, complex drainage basin such as the Ross Sea 

Embayment. To begin to understand a comprehensive retreat history of any 

drainage basin, a detailed analysis of geomorphology, sedimentology, and 

micropaleontology should be carried out for as many cores as possible. 

We explore the post-LGM retreat history of the Ross Sea Embayment, where 

six troughs mark the former paths of at least seven paleo-ice streams (Fig. 1) and 

the convergence of the West Antarctic and East Antarctic ice sheets during the LGM. 
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Geomorphic reconstructions of post-LGM retreat from the Ross Sea Embayment 

suggest diachronous and complex retreat of individual ice streams (Halberstadt et 

al., 2016), but this has not yet been clearly confirmed by radiometric dating. 

Previously, the marine record of ice retreat in the Ross Sea (e.g., Anderson et al., 

2014) has often been downplayed in relation to the terrestrial record (e.g., Conway 

et al., 1999) for describing Ross Sea deglacial history. We seek to solidify the marine 

record using radiocarbon dating of key events and transitions selected based on 

detailed sedimentologic facies analysis of 52 sediment cores collected within a 

geomorphic framework during cruise NBP1502A, as well as cores from previous 

cruises. We focus on the record of the EAIS in the western Ross Sea, where retreat 

appears to have been most spatially and temporally variable (Halberstadt et al., 

2016). Our protocol of establishing geomorphic context before analyzing 

sedimentology and micropaleontology has allowed confidence in interpreting 

sediment facies and establishing viability of new and previously reported 

radiocarbon dates. We evaluate the merits of three different dating methods (acid 

insoluble organic, carbonate, and compound-specific) with respect to our facies 

model and place ages into a standardized ranking system to determine their validity. 

From these combined investigations, we seek to improve the deglacial record of the 

western Ross Sea, provide a reference of meaningful published ages for future 

studies, and establish new protocols for conducting chronological reconstructions in 

glacial settings. 
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 Figure 2.1: Map showing location of the Ross Sea Embayment with all 

mentioned marine and terrestrial locations labeled, as well as core locations 

for Figure 1.6 (shown as Fig. 6). Black boxes represent locations for Figure 

1.8 and 1.9 (shown as Fig. 8 and 9). See Appendix B for other information for 

NBP cores. 
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2.2. Regional setting and relevant background 

2.2.1. Ice sheet instability 

Potential for marine-ice sheet retreat is exacerbated when ice margins are 

situated on a reverse bed slope, a topographic configuration that is common on 

Antarctic continental margins (Anderson, 1999). Foredeepened continental shelves, 

created by repeated cycles of glacial erosion during which sediments are removed 

from the inner continental shelf and deposited on the outer shelf (ten Brink et al., 

1995; De Santis et al.,1999), can lead to marine ice sheet instability (MISI).  This 

scenario results when grounded ice becomes buoyant due to water level changes or 

thins due to accelerated flow (Joughin et al., 2003) or undermelting by relatively 

warm ocean masses (Dutrieux et al., 2014), inherently forcing retreat into deeper 

waters (Weertman, 1974; Schoof, 2007). The resulting runaway retreat feedback, 

MISI, can be halted and neutral buoyancy reached when the grounding line (the line 

that demarcates grounded ice from floating ice) encounters a forward slope or 

bathymetric high that effectively reduces the height of the water column 

(Weertman, 1974; Schoof, 2007). Additionally, enhanced lateral drag from a 

bathymetric bottleneck (Gudmunsson et al., 2012; Jamieson et al., 2012) or the 

presence of an extensive buttressing ice shelf —especially if pinned on a 

bathymetric rise—can also mitigate the effects of MISI. The Ross and Ronne-

Filchner ice shelves are examples of extensive ice shelves pinned on highs that exert 

backstresses on the grounded ice and reduce ice flow velocities (Dupont and Alley, 
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2005; Bentley, 2010; Fürst et al., 2016), resulting in two portions of the WAIS that 

are in a state of positive mass balance (Rignot et al., 2008; Liu et al., 2015).  

2.2.2. Study area: Ross Sea continental shelf 

The Ross Sea Embayment (Fig. 2.1) is the location of the richest collection of 

marine sediment cores, multibeam bathymetric data, and seismic records around 

Antarctica, yet continues to have one of the least understood post-LGM grounding-

line retreat histories. Offshore records of ice sheet retreat are often limited by the 

aforementioned uncertainties (Section 2.1) and are disconnected from the well-

studied terrestrial record of grounding-line retreat. However, dating methods are 

improving, and the offshore record becomes more complex as more data is 

collected, indicating ice dynamics at a sub-ice stream scale may be important drivers 

of large-scale retreat patterns. We focus our study on the western Ross Sea 

continental shelf to highlight the complexities of ice-sheet retreat in the marine 

realm, and to begin to explain the offshore and terrestrial records within in a united 

reconstruction. 

2.2.2.1. Geomorphic framework 

This investigation relies on recent geomorphic reconstructions that use 

glacial lineations to reconstruct paleodrainage and ice-marginal landforms, 

specifically grounding-zone wedges and moraines, to reconstruct retreat patterns 

for the Ross Sea (Fig. 2.2; Halberstadt et al.., 2017; Lee et al.., 2017; Simkins et al., 

2018; Greenwood et al., 2018). Grounding-zone wedges are wedge-shaped features 
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that result from accumulation of sediment at or near the grounding line.  They 

record relative stability of the grounding line position, demonstrated by glacial 

lineations that extend across the top surface of wedges (Simkins et al., 2018) and 

seaward-dipping foresets seen in some seismic profiles, which implies landform 

progradation and sediment delivery to the grounding line in the direction of ice flow 

(Larter and Vanneste, 1995; Anderson, 1999; Dowdeswell and Fugelli, 2012). 

Marginal moraines are similar to grounding-zone wedges in that they mark the 

former ice margin during retreat, but they differ in that they are more-or-less 

symmetrical features in the Ross Sea (Simkins et al., 2018) and are generally 

thought to be created by deformational push processes of proglacial sediments 

(Boulton, 1986; Otteson and Dowdeswell, 2006) and/or through subglacial 

sediment transport to the grounding line (Otteson et al., 2005; Todd et al., 2007), 

although Simkins et al. (2018) find evidence of deformation and deposition as 

formative processes in both types of ice-marginal landforms in the Ross Sea. The 

advent of improved high-frequency CHIRP seismic and advanced multibeam swath 

bathymetry, in conjunction with legacy side-scan sonar records, has allowed 

imaging of small grounding-zone wedges and moraines that were not observed in 

previous studies (e.g. Shipp et al., 1999), yielding a more detailed record of ice sheet 

retreat in western Ross Sea (Halberstadt et al., 2016; Lee et al., 2017; Simkins et al., 

2018; Greenwood et al., 2018). 
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2.2.2.2. Marine records of post-LGM ice-sheet retreat 

An assessment of Ross Sea Late Quaternary glacial history places initial post-

LGM retreat of the EAIS after 13 cal ka BP with rapid retreat during the Holocene 

(Anderson et al., 2014), based on acid insoluble organic (AIO) dating of glacimarine 

Figure 2.2: Reconstruction of grounding-line retreat based on 

geomorphology as interpreted by Halberstadt et al., (2016). 

Dashed lines indicate inferred grounding-line position and solid 

lines indicated geomorphically-constrained grounding-line 

position. Reconstruction progresses from LGM (blue) to near-

present (red). 
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sediments in a core just north of the inferred (from Licht et al., 1996) LGM 

grounding line in JOIDES Trough (Fig. 2.1), (Cunningham et al., 1999). Existing data 

regarding timing of grounding line retreat in individual troughs are sparse. Timing 

of initial grounding line retreat in the westernmost trough (Drygalski) is poorly-

constrained the maximum extent of the grounding line is inferred from a large 

grounding-zone wedge just north of Coulman Island (Shipp et al., 1999; Halberstadt 

et al., 2016). Licht et al. (1996) report outer continental shelf AIO ages ranging from 

20 to 29 cal ka BP in glacimarine sediments and suggest this is evidence that the ice 

sheet did not advance far past Coulman Island prior to and during the LGM. This is 

consistent with the occurrence of bioclastic carbonates on the outer portion of 

Mawson Bank that have yielded LGM ages (Taviani et al., 1993).  By ~11 cal ka BP, 

the grounding line in Drygalski Trough is thought to have retreated to the vicinity of 

the modern Drygalski Ice Tongue (Licht et al., 1996; Cunningham et al., 1999; 

Domack et al., 1999), but a floating ice shelf appears to have persisted as far north as 

Terra Nova Bay until ~8 cal ka BP (Yokoyama et al., 2016). While the ice shelf 

remained widespread, the grounding line appears to have rapidly retreated 

southward to the vicinity of Ross Island by 8.6 cal ka BP (McKay et al., 2016) and to 

the south of Ross Island by ~7.8 cal ka BP (Licht et al., 1996; McKay et al., 2008, 

2016). McKay et al. (2016) suggested that the observed increase in diatoms and 

coarse sediment at the Ross Island-adjacent sites indicates a short period of open 

water closely associated with grounding line retreat, but noted that advection 

beneath an ice shelf could possibly be responsible for the this facies change. The 

aforementioned 13 cal ka BP grounding line retreat in JOIDES Trough (Anderson et 
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al., 2014) is supported by a single radiocarbon age from carbonate material that 

places grounding line retreat sometime after ~18 cal ka BP (Yokoyama et al., 2016). 

Based on ages from the onset of diatomaceous sediment accumulation, the outer 

continental shelf of JOIDES Trough was reported to have been fully marine by ~11 

cal ka BP (Cunningham et al., 1999; Domack et al., 1999). Pennell Trough, to the 

east, has been sparsely studied. A single core from the flank of Pennell Bank was 

used to suggest grounding line retreat occurred at ~13.3 cal ka BP (Domack et al., 

1999), but this AIO age has since been negated by a compound specific radiocarbon 

age at the same location and depth of ~5 cal ka BP (Yokoyama et al., 2016). 

However, this late Holocene age is not necessarily reflective of grounding line 

retreat in Pennell Trough but rather the collapse of a bank-pinned ice shelf that 

occurred across much of the western Ross Sea at this time (Yokoyama et al., 2016). 

Anderson et al. (2014) argue for possible asynchronous retreat between the 

western, central, and eastern Ross Sea but are careful to note that the timing is 

largely unresolved. AIO ages are highly biased by relict carbon and thus 

overestimate absolute ages of events (Licht and Andrews, 2002; Mosola and 

Anderson, 2006). In Whales Deep, where streaming ice was supplied by the WAIS, 

foraminifera are more abundant within sediments (Majewski et al., 2018), allowing 

for radiocarbon dating of carbonate material. Though generally assumed to be more 

reliable than AIO ages, radiocarbon dating from foraminifera in the eastern Ross Sea 

has yielded ages that tend to be in excess of ~20 cal ka BP (Licht and Andrews, 

2002) and even as high as ~30.8 cal ka BP at a mid-shelf location in Glomar-

Challenger Basin (Bart and Cone, 2012). These ages are often doubted due to the 
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possibility of reworking from sediment gravity flows or iceberg turbation (Mosola 

and Anderson, 2006). With careful selection of in-situ foraminifera, Bart et al., 

(2018) have constrained the retreat of grounded ice from outer Whales Deep at 

~11.5 cal ka BP. The ice shelf history in the eastern Ross Sea has recently been 

improved by Yokoyama et al. (2016) who demonstrate with compound specific 

radiocarbon dating that, beginning at ~5 cal ka BP, a late-stage ice shelf retreated 

from outer Whales Deep to near its present position by ~1.5 cal ka BP.  

Recent work regarding grounding line retreat patterns, as suggested by 

seafloor geomorphology, calls several aspects of prior studies of retreat history into 

question. Analysis of retreat paths based on mapping of glacial lineations and ice-

marginal landforms such as moraines and grounding-zone wedges suggests retreat 

in the western Ross Sea was complex, with ice streams retreating from deep within 

troughs up onto banks, at times from south to north (Halberstadt et al., 2016; Lee et 

al., 2017; Simkins et al, 2017; Greenwood et al., 2018). The scale and spacing of 

terminal features differs between the western and eastern Ross Sea, with large, 

widely-spaced grounding-zone wedges suggesting large backstepping events 

punctuated by long periods of stability in the eastern Ross Sea, and many closely-

spaced small wedges and moraines suggesting nearly continuous retreat in the 

western Ross Sea (Halberstadt et al., 2016; Prothro et al., 2018; Simkins et al., 2018). 

The opening of a grounding line embayment in the central Ross Sea (Halberstadt et 

al., 2016) may have enabled an ice flow direction change in the western Ross Sea 

and triggered enhanced flow and associated ice sheet readvance from outlet glaciers 

along the South Victoria Land Transantarctic Mountains (TAMs; Greenwood et al., 
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2018). Preexisting simple north to south retreat scenarios and regional 

generalizations (e.g. Conway et al., 1999) are considered inadequate for describing 

the evidently complex ice sheet retreat history of the Ross Sea as observed in the 

offshore bathymetry. 

2.2.2.3. Terrestrial records of post-LGM ice-sheet retreat 

Records of past ice-sheet thinning, determined by dating the exposure of 

nunataks and the formation of terrestrial moraines and lakes, are commonly 

presented as proxies for downstream marine grounding-line retreat. However, lag 

times between marine grounding-line retreat and upstream (terrestrial) thinning 

are unknown, at present constrained only by modelling studies (Anderson et al., 

2004; Payne et al., 2004; Favier et al., 2014; Joughin et al., 2014) rather than 

observational data. Additionally, given the vast size of the Ross Sea, parts of the 

grounding line likely respond to local perturbations that have little effect on ice 

thickness at the lateral terrestrial margin. Still, the history of ice sheet thinning on 

the terrestrial margin of the Ross Sea is well-studied and is essential for 

understanding feedbacks between the marine and terrestrial records of ice-sheet 

behavior. The most widely cited terrestrial reconstruction of post-LGM Ross Sea 

deglaciation describes the retreating ice as a “swinging gate” hinged on a pinning 

point created by Roosevelt Island and rapidly opening southward along the TAMs 

(Stuiver et al., 1981; Conway et al., 1999). Previous and subsequent terrestrial 

studies do not strongly deviate from this model, but rather have added better 

constraints on rates of retreat southward along the Transantarctic Mountains (e.g. 
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Hall et al., 2004; 2013). The “swinging gate” model was originally based only on data 

from Roosevelt Island and two locations along the Transantarctic Mountains—Cape 

Ross (southern Scott Coast) and farther south near Hatherton Glacier (Fig. 2.1). A 

later study by Baroni and Hall (2004) contributed the most northern constraint on 

grounding line retreat past Terra Nova Bay, where organic material from raised 

beaches gives a grounded ice unloading date of ~8 cal ka BP. Along the southern 

Scott Coast, similar data suggest the grounding line retreated to the north side of 

Ross Island by ~7.8 cal ka BP (Hall et al., 2004; Hall et al., 2013). These 

interpretations are supported by evidence of periods of increased beach formation 

in southern Victoria Land from 5.0–6.0 cal ka BP, 3.0–4.0 cal ka BP, and 0.6–2.0 cal 

ka BP, which are interpreted to be times when the coast was unshielded from wave 

energy due to periods of reduced sea ice (Simkins et al., 2015). However, the 

extrapolation of observations from Roosevelt Island to the TAMs explicitly implies 

ice streams behaved similarly to each other, which is inconsistent with the marine 

record. 

Farther south at Taylor Valley, near where the modern ice-shelf edge is 

located in the main Ross Sea Embayment, LGM moraines indicate initial drawdown 

of ice ranging from 18 to 13 cal ka BP (Hall and Denton, 2000a; Hall et al., 2013), and 

~16 to 14 cal ka BP near Blue Glacier (Brook et al., 1995; Hall et al., 2013). Locally, 

grounded ice is reported to have been present in McMurdo Sound from 28.5 to at 

least 9.0 cal ka BP (Stuiver et al., 1981; Clayton-Greene et al., 1988; Hall and Denton, 

2000a; 2010a; Hall et al., 2013). At Hatherton Glacier, drawdown of ice began at 

13.0 cal ka BP and reached present-day elevations by 6.8 cal ka BP (Bockheim et al., 
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1989; Hall et al., 2013), and is reported as the southernmost constraint on the 

original ‘swinging gate’ model (Conway et al., 1999). This age of 6.8 cal ka BP has 

since been adjusted to 7.9 cal ka BP following the discovery of a modelled 1.1 ky lag 

between grounding-line retreat of ice in the Ross Sea and upstream thinning for the 

Hatherton Glacier system (Anderson et al., 2004). Spector et al., (2017) find 

evidence for subsequent rapid grounding line retreat over ~1 ky from Hatherton 

Glacier to Shackleton Glacier, followed by slower retreat as Scott Glacier thinned to 

modern ice elevation over the next ~3 ky. Reedy and Scott glaciers were at their 

maximum until ~14 cal ka BP, after which thinning has continued (Todd et al., 2010; 

Stone et al., 2009), but the grounding line has not yet passed through this location.  

While the western margin of the Ross Sea records the thinning history of 

primarily the EAIS, data from the eastern boundary of the Ross Sea reflect WAIS 

history. Exposure ages from Marie Byrd Land nunataks indicate thinning in the area 

began prior to ~11 ka cal BP and continued throughout the Holocene (Stone et al., 

2003). The eastern Ross Sea constraint described in the Conway et al. (1999) model 

is based on radar ice stratigraphy from Roosevelt Island, which suggests ice that 

once flowed over the island began to diverge as the grounding line passed through 

at 4-3 cal ka BP (Raymond, 1983; Martin et al., 2006). Since then, ice over the island 

has been thinning at ~9 cm/a (Conway et al., 1999). 
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2.3. Materials and methods 

2.3.1. Geophysical data and coring 

Data were collected onboard the RV/IB Nathaniel B. Palmer during 

Expedition NBP1502A to supplement existing data from Deep Freeze 80 (DF80), 

Polar Duke 90 (PD90) and 92 (PD92), NBP9401, NBP9401, NBP9501, NBP9801, 

NBP9902, and NBP0802. Data acquired during the 2015 Palmer cruise included 

multibeam swath bathymetry data, chirp sub-bottom profiler data, and sediment 

cores from the western Ross Sea continental shelf (Fig. 2.1). Chirp data were 

collected using a Knudsen CHIRP 3260 sub-bottom profiler at 3.5 kHz, and 

bathymetric data were collected using a Kongsberg EM-122 multibeam 

echosounder. Both chirp and multibeam data were analyzed in real-time to identify 

ideal geomorphic environments for coring. Forty-nine sediment cores were 

collected with 1-, 1.5-, or 3-m (dependent on expected recovery inferred from chirp 

data) Kasten core barrels and two were collected with a jumbo piston corer. Core 

lengths were sufficient to recover the entire post-LGM sequence as all cores either 

bottomed out in diamicton or were impeded by a resistant substrate before fully 

filling the barrel. Once onboard, Kasten cores were cleaned, photographed, and 

visually described before sampling onboard. Visual descriptions include Munsell 

sediment color, texture, sorting, and sedimentary structures. Shear strength was 

measured at 5–10 cm intervals along each core using a handheld TorVane, and 

samples for measuring water content and grain size were collected every 5 cm. 

Approximately 20 cm3 of sediment was collected every 10 cm for analysis of 
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foraminifera assemblages, and preliminary sampling of sediment for radiocarbon 

analysis at apparent lithologic transitions was performed. Remaining sediment was 

archived and shipped to Florida State University’s Antarctic Research Facility (now 

stored at Oregon State University’s Marine Geology Repository) where the cores 

were x-rayed and analyzed using a Geotek multi-sensor core logger to recover 

linescan images, magnetic susceptibility measurements, p-wave velocity, and 

gamma-ray derived density along each core. 

2.3.2. Sedimentology and micropaleontology 

Grain size was measured using a Malvern Mastersizer Hydro 2000G laser 

particle size analyzer following treatment with sodium hexametaphosphate to 

deflocculate grains. Key analyses generated by the Malvern software include grain 

size mode, cumulative volume percent, and frequency volume percent, and other 

parameters such as grain size mean, sorting, and skewness were calculated using 

the methods presented in Folk and Ward (1957).  

Sediment samples collected for foraminiferal analysis were wet-sieved 

through 63 μm and 125 μm sieves and dried. Foraminifera in the finer fraction (63–

125 μm) are highly diluted with respect to terrigenous sediment, so the >125 

fraction was picked exclusively. For samples with abundant foraminifera, a micro-

splitter was used to divide dried samples before picking. Only specimens exhibiting 

translucent, non-etched tests were classified and quantified as potentially in-situ or 

syndepositional. These foraminifera were sorted into 40 species and grouped into 

agglutinated and calcareous benthics as well as planktonics, all presented in this 
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study as abundances per gram of dry sediment. Clearly reworked foraminifera were 

also counted, identified by signs of abrasion, strong discoloration, or representing 

species not found in modern Ross Sea sediments. Foraminifera not used for 

radiocarbon dating are housed at the Institute of Paleobiology of the Polish 

Academy of Sciences (Warsaw) under the catalog number ZPAL F.71. 

2.3.3. Radiocarbon 

Due to limited amounts of carbonate material in Ross Sea sediments and 

large fluxes of recycled carbon in terrigenous glacimarine sediments, we applied 

three different methods of radiocarbon dating depending on samples. Analysis of 

AIO fractions for certain horizons were conducted after samples were oxidized in a 

glass tube or combusted in a specially-designed elemental analyzer and the CO2 

gases were introduced into the vacuum line to convert into the target graphite 

(Yokoyama et al., 2007). In some horizons with relatively abundant carbonate 

material, well-preserved foraminifera were picked, sieved, and cleaned 

ultrasonically before they were treated with a specially-designed vacuum line for 

small samples (Yokoyama et al. 2010; Hirabayashi et al. 2017). In samples where 

carbonate material is sparse and recycled carbon is too abundant for accurate AIO 

fraction ages, we used compound specific (CS) radiocarbon dating of C14, C16, and C18 

fatty acids isolated from the bulk sediment in several cores. Although these 

compounds are derived from various organisms, they contain very little relict 

organic matter due to rapid decomposition (Ohkouchi et al., 2003). Thus, CS 

radiocarbon dating can provide accurate ages that are unaffected by reworked 
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organic material from interior Antarctica. Detailed descriptions of fatty acid 

extraction can be found in Ishikawa et al. (2018), and advancements in these 

methods are provided in Appendix B. 

Calibration of 14C ages was performed with Calib 7.0 and the Marine13 

calibration curve (Stuiver and Reimer, 1993; Reimer et al., 2013) using a reservoir 

age of 1300 ± 100 yr (Berkman and Forman, 1996). This works well for calibrating 

carbonate and compound-specific ages, but AIO ages collected from core tops are 

substantially older than the 1300 14C yr reservoir correction in the Ross Sea. 

Furthermore, surface ages are highly variable across the Ross Sea (Table 2.1; Fig. 

2.3), suggesting uniform reservoir corrections are insufficient for spatial 

comparison of ages. We apply an additional correction to bring surface ages in each 

core to zero so we can interpret cores with AIO ages and use the resulting large 

dataset to help determine the timing of major events. We use the ‘local 

contamination offset’ (LCO) method developed by Hillenbrand et al., (2010) to 

correct the AIO ages from each core prior to calibration. The LCO is determined by 

the difference between the surface AIO age of a core (or nearest downstream 

surface age) and the Southern Ocean reservoir age of 1300 ± 100 yr. It is then 

subtracted from each AIO age in the core prior to calibration. Because Calib 7.0 

includes a default marine reservoir correction of 400 years, we use ΔR = 900 ± 100 

yrs to calibrate all samples—AIO, carbonate, and compound-specific. We report 

uncalibrated ages in 14C yr BP or 14C ka BP and corrected and calibrated ages in cal 

yr BP or cal ka BP with 1σ error. 
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Table 2.1: Surface AIO ages shown in Figure 2.3 and used for surface 

corrections (LCO) before calibrating radiocarbon dates. “Sample depth” refers 

to the mean of the range of depths used for radiocarbon dating each sample, 

with 0 always being the upper bound. We have restricted our analysis to mean 

sample depths of 4 cm or less because earlier studies show a tendency toward 

analyzing greater volumes of sample, likely resulting in inaccuracies. We also 

exclude surface ages from cores with a clear concentration in IRD at the 

surface or that are significantly (>1000 years) older than nearby surface ages, 

as they are likely biased as well. PD—Polar Duke, NBP—Nathaniel B. Palmer. 

TC—Trigger core, KC—Kasten core, BC—Box core. [Study in which age first 

reported: 1—DeMaster et al., 1996; 2 – Andrews et al., 1999; 3 – Cunningham 

et al., 1999; 4 – Domack et al., 1999; 5 – Licht and Andrews, 2002; 6 – Mosola 

and Anderson, 2006; 7 – Salvi et al., 2006; 8 – this study; 9 – Yokoyama et al., 

2016]. 

Study Expedition Core ID Sample 

depth 

(cm) 

Water 

depth (m) 

14C age 

(yr BP) 

SD 

(yr) 

Latitude Longitude 

1 PD90 KC30 3 572 5467 125 -76.488 -175.198 

1 PD90 KC40 3 612 3313 90 -76.498 173.328 

1 PD92 KC69 3 440 3061 105 -75.000 -179.072 

1 PD92 KC100 4 580 1972 95 -74.117 167.162 

2 NBP9501 KC30 1 752 4350 75 -76.001 164.585 

2 NBP9501 KC34 0.5 1257 3205 60 -75.165 164.494 

2 NBP9601 BC15 0.5 939 2805 50 -75.033 166.263 

2 NBP9601 BC38 0.5 562 3580 50 -78.142 -171.027 

2 NBP9601 BC91 0.5 451 3580 50 -75.498 178.328 

3 NBP9501 KC31 1 879 2424 50 -75.700 165.418 

3 NBP9501 KC37 1 924 2780 50 -74.498 167.743 

4 NBP9401 TC1 1 939 2580 55 -77.194 167.888 

4 NBP9401 TC17 1 556 3340 45 -74.49 173.801 

4 NBP9401 TC20 1 513 3580 50 -74.292 172.863 

4 NBP9401 TC30 1.5 628 4620 100 -76.647 -179.636 

4 NBP9401 TC31 1 473 3270 50 -75.165 178.548 

4 NBP9401 TC33 1 603 3370 50 -75.455 -179.615 

4 NBP9501 TC11 1 659 4140 100 -76.453 -179.087 

5 NBP9501 TC18 1 819 3735 60 -77.333 179.537 

6 NBP9902 KC11 1 578 4613 47 -76.311 -169.659 

6 NBP9902 TC14 1 443 4013 37 -76.683 -166.135 

6 NBP9902 TC15 1 517 4590 46 -76.374 -163.129 

6 NBP9902 TC16 1 656 4001 54 -76.995 -163.385 

6 NBP9902 TC5 1 603 3663 38 -77.251 -169.386 

7 ANTA96 5bis 1 568 3820 40 -75.747 -179.759 

6 NBP9902 TC07 1 580 3610 80 -77.230 -169.419 

8 NBP1502A KC03 0.5 838 2921 53 -76.216 164.886 

8 NBP1502A KC04 0.5 597 2908 47 -76.078 170.334 

8 NBP1502A KC17 0.5 549 2910 46 -75.874 179.666 

8 NBP1502A KC28 0.5 598 2431 42 -76.147 170.723 
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8 NBP1502A KC32 0.5 531 3306 64 -74.829 172.733 

8 NBP1502A KC36 0.5 728 2279 44 -76.424 167.895 

9 NBP1502A KC44 0.5 486 2684 46 -75.654 166.808 

8 NBP1502A KC46 0.5 446 2611 43 -75.719 169.336 

8 NBP1502A KC48 0.5 539 2509 61 -74.473 173.511 

 

 

 

 

 

 

Figure 2.3: Distribution of core top (surface) AIO ages. Relative ages 

are represented by size of core marker. Actual ages are reported in 

Table 2.1. 
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2.4. Results 

2.4.1. Facies and stratigraphic successions 

Sediments from the Ross Sea can generally be separated into six primary 

sediment facies (Prothro et al., 2018). Five of these are well-represented in cores 

recovered during NBP1502A and are used to interpret radiocarbon ages reported in 

this and previous studies. Although not represented in every core, Facies 1–5 are 

described here in general stratigraphic order from the base of the cores to the 

seafloor (Fig. 2.4). Facies 6 is a coarse mixture of sand and gravel that was not 

sampled with the gravity corer used during the NBP1502A cruise but was recovered 

in piston cores and grab samples on earlier cruises. All facies are presented within 

the context of geomorphic setting, which has previously been shown to exert some 

control on stratigraphic successions (Prothro et al., 2018). There are hybrid facies 

and occasional exceptions to stratigraphic order that are noted in Sections 2.4.1.6 

and 2.4.1.7, respectively. 
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Figure 2.4: Conceptual diagram illustrating the formation of different 

sedimentary facies successions. (a) Timestep 1, demonstrating the 

processes that occur in the subglacial and proglacial environments to 

produce stratigraphy, including subglacial deformation of sediments, 

meltout of basal debris and sediment gravity flows down a grounding-zone 

wedge foreset, fine sediment expelled in a meltwater plume from the 

grounding line, and settling of marine detritus from the open ocean, (b) 

Timestep 2, after the grounding line has retreated (assumes meltwater 

sedimentation ceased) and open marine conditions prevail. Locations of 

particular sedimentary successions are denoted by c, d, and e, (c) 

Sedimentary succession where open marine sediment directly overlies till, 

with no sub-ice shelf sedimentation (d) Sedimentary succession where open 

marine sediments directly overlie proximal glacimarine sediments, with no 

other sub-ice shelf sedimentation, (e) Sedimentary succession of a location 

that experienced meltwater sedimentation, a scenario in which meltwater 

silt (Facies 4) or some combination of facies is deposited prior to the 

establishment of open marine conditions regardless of whether the core is 

collected from a subglacial (Facies 1) or proglacial environment (Facies 2 or 

3). 
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2.4.1.1. Facies 1: Till 

Cores obtained from subglacial features such as glacial lineations and 

grounding-zone wedge topsets penetrate into a diamicton we identify as till 

(Prothro et al., 2018). This pebble-bearing facies has a sandy silt matrix that is very 

poorly sorted (according to Folk and Ward, 1957 classification) but is homogenous 

downcore both mineralogically and texturally (Anderson et al., 1980; Anderson, 

1999; McGlannan et al., 2017; Prothro et al., 2018). A grain size mode of ~10 μm is 

prevalent in most cores (McGlannan et al., 2017; Prothro et al., 2018). Water content 

is typically low (<30%; Prothro et al., 2018; Halberstadt et al., 2018) and 

foraminifera are either absent from the facies or contain a significant reworked 

fraction (Majewski et al., 2018; Prothro et al., 2018). 

2.4.1.2. Facies 2: Proximal Glacimarine Sediment Gravity Flows 

The base of cores collected from grounding-zone wedge foresets and toes is 

typically composed of one of two types of proximal glacimarine diamicton (Prothro 

et al., 2018), the second of which is described in Section 2.4.1.3. Facies 2 is a 

diamicton with a fine matrix composed of very poorly sorted sandy silt and is often 

visually indistinguishable from Facies 1. While it sometimes displays downcore 

homogeneity similar to till, Facies 2 occasionally shows variability in grain size 

distribution downcore, leading Prothro et al. (2018) to conclude the deposit is a 

result of slumps and debris flows propagating from the subglacial environment 

down the proglacial lee slope of grounding-zone wedges. Because this deposit 

originates from the subglacial environment, clearly reworked foraminifera are 
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present. However, the deposit is distinguished from till by a more dominant 

presence of well-preserved calcareous benthic foraminifera that occupy this setting 

between sediment gravity flows (Fig. 2.5; Majewski et al., 2018; Prothro et al., 2018). 
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Figure 2.5: (Part 1) Downcore foraminifera composition, habitat, and 

preservation data for key cores in JOIDES and Pennell troughs. Facies are 

denoted according to Prothro et al. (2018) nomenclature: 1 – Till, 2 – Proximal 

glacimarine debris flows, 3 – Proximal glacimarine basal meltout, 4 – 

Meltwater deposit, 5 – Open marine. Radiocarbon ages are displayed on 

downcore logs and classified according to key. Details of radiocarbon ages can 

be found in Table B1. 
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Figure 2.5 (Part 2) 
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2.4.1.3. Facies 3: Proximal Glacimarine Basal Meltout 

The second type of diamicton recovered along the foresets and toes of 

grounding-zone wedges is similar in grain size distribution to Facies 2, but is 

characterized by an abundance of soft sediment clasts, or pellets (e.g., Domack et al., 

1999; McGlannan et al., 2017; Prothro et al., 2018). The pellets are believed to be 

consolidated basal debris that melts out from the ice within 1.5 km of the grounding 

line (Powell et al., 1996; Domack et al., 1999; Cowan et al., 2012; Christianson et al., 

2016; Prothro et al., 2018). Like Facies 2, this facies contains a rich well-preserved 

assemblage of calcareous benthic foraminifera (Fig. 2.5; Majewski et al., 2018; 

Prothro et al., 2018). 

2.4.1.4. Facies 4: Meltwater Deposits 

Relatively well-sorted, fine silt deposits with a dominant ~10 μm mode are 

recovered in cores across the Ross Sea (Domack et al., 2018; McGlannan et al., 2017; 

Prothro et al., 2018). Placement in stratigraphic successions is random, with 

deposits of varying thickness being found either above Facies 1, above or within 

Facies 2 and 3, or in combination with Facies 5 (discussed in sections 2.4.1.5 and 

2.4.1.6). Some studies suggest these sediments are distal sub-ice shelf sediments 

derived from the winnowing and seaward transport of fines from ice-proximal 

sediments (Domack et al., 1999; McGlannan et al., 2017), but the lack of evidence for 

winnowing in grounding-zone proximal cores, consistency in grain size across the 

Ross Sea, and similarity of these deposits to known meltwater deposits (e.g., Witus 

et al., 2014) leads us to interpret this facies as silt transported via meltwater plumes 
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(Prothro et al., 2018). Furthermore, foraminifera assemblages vary, sometimes 

being dominated by agglutinated species typical of open marine settings, and other 

times being dominated by calcareous foraminifera typical of ice-proximal settings. 

This observation indicates that the presence of this deposit is not dependent on 

environment, but is likely controlled by a process such as meltwater activity. 

2.4.1.5. Facies 5: Open Marine 

Core tops in the Ross Sea are composed of a diatomaceous sandy silt that 

represents open marine conditions (Cunningham et al., 1999; Domack et al., 1999; 

Mosola and Anderson, 2006; McGlannan et al., 2017; Prothro et al., 2018). The 

thickness, which increases to the north and the west, appears to be a function of 

both biogenic productivity and duration of open marine conditions (Dunbar et al., 

1985; Smith et al., 2003; Prothro et al., 2018). In the Ross Sea, grain size 

distributions of Facies 5 are fine-skewed with a coarse silt mode or are bimodal with 

an additional mode at ~10 μm (McGlannan et al., 2017; Prothro et al., 2018), 

representations of diatom accumulation and meltwater plume sedimentation, 

respectively (Prothro et al., 2018). Foraminifera are predominantly agglutinated 

and clearly reworked specimens are not present (Fig. 2.5; Prothro et al., 2018). 

2.4.1.6. Other sediment facies 

We recognize in a few Ross Sea cores certain lithofacies that do not appear to 

exclusively fit the characteristics of Facies 4 or Facies 5 (following Prothro et al., 

2018). Instead, these lithofacies exude qualities of both, such as relatively well-
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sorted silts with little to no IRD (like Facies 4) with micropaleontological 

characteristics (diatom-bearing, barren or agglutinated-only foraminifera 

assemblage) of Facies 5 and often contain fine laminae. It is likely that these rare 

sedimentological units signify the “null zone” posited by Domack et al., (1999) and 

represent a distal sub-ice shelf setting in which open marine biogenic material can 

advect beneath the ice shelf to deposit in conjunction with plumes of sediment-

laden meltwater. Because these sediments exhibit characteristics of two facies, we 

hereafter refer to them as Facies 4/5. Those with a lack of IRD are assumed to have 

been deposited beneath an ice shelf. 

Some ages have previously been obtained from cores in a residual 

glacimarine (Facies 6; Prothro et al., 2018) zone. Although these ages are irrelevant 

for our purposes of documenting post-LGM grounding line and ice shelf retreat, 

Facies 6 is important for considering the effects of impinging boundary currents on 

ice sheet stability and age bias due to surface sediment winnowing. Photographs of 

the seafloor on the outer continental shelf of the Ross Sea reveal current ripples that 

indicate bedload transport of sand (Anderson et al., 1984). Bottom current velocities 

have been measured in excess of 15 cm/s (Jacobs et al., 1974) and seafloor 

sediments from grab samples are winnowed, indicated by coarse-skewed grain-size 

distributions with a truncation at ~125 μm (Anderson et al., 1984; Dunbar et al., 

1985). Winnowing is likely facilitated by a reduction in cohesion achieved through 

bioturbation (Singer and Anderson, 1984). The facies occurs at the continental shelf 

edge where Modified Circumpolar Deep Water (MCDW), a relatively warm water 

mass, impinges and sweeps fine sediment landward (Jacobs et al., 1974; Dinniman 
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et al., 2003, 2011; Orsi and Wiederwohl, 2009). The removal of the fine sediment, 

which is largely composed of siliceous detritus, allows carbonate to be preserved 

free of corrosive organic material (Osterman and Kellogg, 1979; Milam and 

Anderson, 1981; Taviani et al., 1993; Prothro et al., 2018). 

2.4.1.7. Geomorphically-controlled sedimentary successions and dating 

facies transitions 

A general model of a Ross Sea deglacial sedimentary facies succession was 

produced by Domack et al. (1999) and has served as a key reference for interpreting 

radiocarbon ages for nearly two decades. However, recent work suggests 

sedimentary successions frequently differ depending on whether they are collected 

from a formerly subglacial setting or a location that was once ice-proximal (Prothro 

et al., 2018). Thus, geomorphic context becomes incredibly important for 

distinguishing facies that yield useful ages (such as some ice-proximal sediments) 

from facies that provide little to no valuable age information about grounding-line 

retreat (such as till). As shown in Fig. 2.4, formerly subglacial locations such as fields 

of glacial lineations and topsets of grounding-zone wedges commonly record 

sedimentary successions with till (Facies 1) overlain by open marine deposits 

(Facies 5). Sub-ice shelf sediments deposited distal to the grounding line are rare 

due to limited and intermittent meltwater production; thus, the boundary between 

the till (Facies 1) and the open marine facies (Facies 5) may be a hiatus of unknown 

duration. Therefore, although an age obtained from just above this boundary can be 
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confidently interpreted as the age of ice shelf loss, it can only be considered a 

minimum age of grounding-line retreat.  

Cores from ice-proximal settings (grounding-zone wedge foresets and toes) 

are better positioned for determining grounding-line retreat timing. These cores 

typically contain successions of grounding-zone proximal sediments (Facies 2 or 3) 

overlain by open marine deposits (Facies 5; Prothro et al., 2018). Traditionally, Ross 

Sea grounding-line retreat chronologies are constructed using AIO radiocarbon 

dating of the sediments directly above the transition from subglacial or sub-ice shelf 

facies to Facies 5 (e.g., Licht et al., 1996), but Bart and Cone (2012) were among the 

first to recognize that this method might result in a severe underestimation of 

timing of ice sheet retreat, as this transition is only a representation of the removal 

of some type of ice covering (i.e., ice sheet, ice shelf, permanent sea ice). A strategy 

of taking the youngest age from a diamicton at a grounding-zone wedge foreset to 

represent the maximum age of the grounding event (Licht and Andrews, 2002) is 

more accurate, but may still result in strong bias from reworked carbon and 

foraminifera. Bart and Cone (2012) attempted to date seemingly in-situ foraminifera 

from a grounding-zone wedge foreset and recovered ages that were suspiciously old 

(Bart et al., 2016). With more careful consideration of test condition (i.e. unbroken 

with no signs of discoloration, physical damage, or chemical dissolution) combined 

with investigation of foraminiferal assemblages, in-situ foraminifera could be 

identified and used for obtaining accurate constraints of grounding-line retreat (e.g., 

Bart et al., 2018). 
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2.4.2. Usefulness of certain dating methods 

Antarctic sediments, especially from the Ross Sea, are notoriously difficult to 

radiocarbon-date. Open marine proliferation of siliceous organisms results in an 

influx of organic detritus to the seafloor that is highly corrosive to calcareous 

organisms, resulting in poor preservation of carbonate material that would 

otherwise be used for dating (Kennett, 1968; Milam and Anderson, 1981). However, 

carbonate material is relatively well-preserved in ice-proximal environments 

(Prothro et al., 2018) that are largely protected from corrosive organic material by a 

floating ice shelf. Despite this advantage, dating calcareous material is still 

problematic because populations of calcareous organisms living in ice-proximal 

settings are subjected to reworking by fluctuating ice and mixing by sediment 

gravity flows. 

Because carbonate material is relatively sparse in Ross Sea sediments, there 

has been a strong reliance on using acid-insoluble organic (AIO) material from bulk 

sediment samples. AIO is advantageous because it does not require large sample 

sizes and the measurement is relatively quick. Although it is meant to measure 

syndepositional organic matter, there is no way for AIO to exclude any reworked 

carbon delivered by glaciers or icebergs. Examples of bias in ages obtained from AIO 

compared to more reliable methods has been shown across Antarctica, in the Ross 

Sea (Yokoyama et al., 2016), the Antarctic Peninsula (Rosenheim et al., 2008; 

Mackintosh et al., 2011; Rosenheim et al., 2013; Subt et al., 2016, Minzoni et al., 

2017), and East Antarctica (Leventer et al., 2006).  
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For this study, we chose to apply a surface correction to downcore ages 

before calibration, under the assumption that the organic matter source remains 

constant downcore. Because piston cores commonly fail to recover surface 

sediments (e.g. Andrews et al., 1999), we have eliminated all piston core top ages 

from our analysis (Fig. 2.3). We only use ages from core types that preserve the 

sediment-water interface and show no evidence of concentrated ice-rafted debris 

that could contain relict carbon. 

Changes in organic matter likely occur downcore (e.g., Domack et al., 1993, 

1995; Shevenell et al., 1996; Rosenheim et al., 2008; Michalchuk et al., 2009; 

Milliken et al., 2009), but because our surface-corrected AIO ages align linearly with 

more reliable compound-specific ages (e.g., Fig. 2.6), we feel surface correction is an 

acceptable practice in Ross Sea open marine sediments (Facies 1), in general. 

However, anomalous sediment horizons that contain excessive IRD may exist, 

introducing relict carbon. As a result, we have chosen to exclude such ages from our 

regression analyses. Surface corrected AIO ages are clearly inadequate for more ice-

proximal sediments, within which reworked carbon is demonstrated by a general 

“hockey stick” curve and ages not in stratigraphic order (Fig. 2.6). 
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Figure 2.6: Downcore plot of uncalibrated and calibrated ages for 

NBP1502A KC48, demarcated by sedimentary facies. This core is a 

reoccupation of NBP9501 KC39. Ages for KC39, formerly reported in 

Cunningham et al. (1999) and Domack et al. (1999) have been 

incorporated into KC48 at depths selected via lithologic correlation. 

The surface age for KC48 has been used for corrections rather than 

the one from KC39. 
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By recognizing that some AIO ages from more organic-rich diatomaceous 

sediments are reliable, we are able to construct a much larger dataset of ice sheet 

retreat timing than is possible using only carbonate and compound-specific dates.  

Despite the inclusion of more ages, the ages trend similarly to Andrews et al. (1999) 

with older surface ages to the north and east. Andrews et al. (1999) recognize the 

same trend in δ13C values of the bulk organic fraction, which are less depleted in 

the southwestern Ross Sea than in other parts. This east-west divide is further 

exemplified in the distribution and provenance of palynomorphs in the surface 

sediments (Truswell and Drewry, 1984), with far greater abundances of recycled 

palynomorphs in the tills and glacimarine sediments of the eastern Ross Sea than in 

the western Ross Sea. These combined observations led Ohkouchi et al. (2006) to 

conclude that the input of relict carbon is more significant from the WAIS than from 

the EAIS. However, the prevalence across the Ross Sea of older surface ages on the 

outer continental shelf relative to the inner continental shelf suggests that another 

process influences the amount of contamination of surface sediments by relict 

carbon. It is known that relatively strong boundary currents that flow along and 

onto the continental shelf edge (Jacobs et al., 1974; Pillsbury and Jacobs, 1985) 

winnow fine sediments (Anderson et al., 1984; Dunbar et al., 1985; Anderson, 

1999), resulting in surface sediments that are depleted in organic-rich 

diatomaceous material. Regardless of the reasons for spatial heterogeneity in AIO 

surface ages, it is clear that a uniform reservoir correction is insufficient for 

comparing events in cores across the Ross Sea. Each core’s AIO ages must be treated 

independently from other cores with regard to age corrections. 
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Compound-specific radiocarbon dating offers a solution to contamination of 

samples by relict carbon. First introduced by Eglinton et al. (1996), the compound-

specific method measures the carbon isotopic composition (δ13C and radiocarbon) 

of individual organic compounds. The greatest challenge for compound-specific 

dating lies in obtaining adequate quantities of sample to extract enough datable 

compounds (Ingalls and Pearson, 2005). Sample sizes required for dating are 

dependent upon sedimentary facies. This study and Yokoyama et al. (2016) 

demonstrates that adequate material for dating can be found in open marine (Facies 

5) sediments and some sub-ice shelf sediments in the Ross Sea. Although 

uncertainties may be large for compound-specific ages (Yamane et al., 2014; 

Yokoyama et al., 2016), the entire range of uncorrected ages recovered through 

compound-specific methods are clearly younger and thus superior to uncorrected 

AIO ages (Yokoyama et al., 2016). However, we recognize that further uncertainty is 

added as a result of the large sample sizes that are often needed to obtain enough 

material for compound-specific dating (Appendix B), especially for ice-proximal 

sediments or tills which may be undateable (e.g., KC04, Fig. 2.5).  

Ideally, grounding-zone proximal sediments would contain an in-situ 

assemblage of calcareous foraminifera that could easily be used for dating. In this 

study, at least 100 well-preserved specimens of medium size (usually >200 um in 

length) from intervals of interest were picked for radiocarbon dating. Figure 5 

presents concentrations of foraminifera in number of specimens per gram of dry 

sediment. Each data point represents a volume of approximately 20 cm3 (dry weight 

range ~10 – 50 g) spanning 2 cm of the core length. However, at these volumes, few 
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cores contain adequate numbers of foraminifera for dating in a single sample. Much 

larger volumes were required for radiocarbon dating foraminifera in some cores, so 

successions of two to three samples over 5 or 10 cm of the core length were often 

combined to obtain a single age. The ages obtained using these methods range 

widely, with many appearing suspiciously old. Still, by excluding clearly reworked 

foraminifera (which Fig. 2.5 shows are present in small quantities in all ice-proximal 

sediments), we ensure these ages are as reliable as possible. Even so, ages may 

appear out of order (e.g., KC48, Fig. 2.6) within ice-proximal sediments and is 

attributed to mixing by glacial erosion and by sediment gravity flows.  

The difficulties in obtaining reliable ages in ice-proximal sediments using the 

aforementioned dating methods necessitates the investigation of alternative dating 

methods. One method that shows increasing promise is ramped pyrolysis (Ramped 

PyrOx). Like compound-specific dating, Ramped PyrOx offers a successful method of 

dating sediments where carbonate is not well-preserved. Through gradual 

temperature increase, the method separates pools of organic carbon by exploiting 

the differences in thermochemical stability between fresh autochthonous organic 

matter and reworked material that is more diagenetically stable (Rosenheim et al., 

2008, 2013; Subt et al., 2016). Ramped PyrOx has been shown to significantly 

improve chronologies in Antarctic Peninsula cores from Lapeyrère Bay (Subt et al., 

2016), Hugo Bay Trough (Rosenheim et al., 2013), and Palmer Deep (Rosenheim et 

al., 2008), with Ramped PyrOx ages appearing to be comparable or younger than 

carbonate ages in sub-ice shelf sediments (Subt et al., 2016), including diamictons 

(Subt et al., 2017). Ramped PyrOx has not yet been tested with respect to facies 



 92 

identified using a geomorphic framework, but could prove useful for establishing 

chronologies in ice-proximal sediments where (1) traditional dating of carbonate is 

insufficient due to reworking or mixing and (2) where organic carbon quantities are 

too small for compound-specific dating. 

2.4.3. Age transitions 

Here we present ages of ice shelf retreat and grounding-line retreat 

calculated from new radiocarbon ages as well as those reported in earlier studies of 

Ross Sea ice sheet dynamics. Based on multibeam data and core descriptions from 

publications and cruise reports, we have placed all ages into the context of our facies 

model from Prothro et al. (2018). We consider most AIO ages from Facies 5 with 

minimum ice-rafted debris to be viable. This interpretation stems from a growing 

acceptance of open marine AIO ages that are validated using surface corrections, 

calibrations, and comparisons with more reliable dating methods (e.g., Andrews et 

al., 1999; Cunningham et al., 1999; Domack et al., 1999; Yokoyama et al., 2016; 

Minzoni et al., 2017). We treat AIO ages from apparently ice-proximal or subglacial 

sediments as suspect or invalid, and are cautious with carbonate dates as they may 

also reflect reworked ancient carbonate material. The combined data are used to 

calculate or identify the apparent age of ice-shelf loss and grounding-line retreat for 

each relevant core. Each estimated age of transition is ranked according to 

reliability based on the criteria described below. 
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2.4.3.1. Ice-shelf retreat 

The transition from the subglacial or sub-ice shelf setting to open marine is 

based on a regression calculated from the ages in the open marine facies (c.f. 

Yokoyama et al, 2016). We favor this approach over using the youngest age from the 

underlying facies (e.g., McKay et al., 2008; Bart et al., 2018) because we recognize 

that even if a sub-ice shelf facies exists below Facies 5, a hiatus in sub-ice shelf 

sedimentation may exist at the boundary. The age of the transition is calculated at 

the intercept of the regression curve with the depth of transition as shown in Fig. 

2.6. Ages obtained this way must be from cores with: 

1) Core descriptions that describe diatomaceous muds 

2) AIO ages in stratigraphic order 

3) Minimal IRD present 

4) Transition depth known 

Diatomaceous sediments have been shown in the Ross Sea (Yokoyama et al., 

2016) and the Antarctic Peninsula (Minzoni et al., 2017) to yield relatively reliable 

AIO ages that are comparable to compound-specific and carbonate ages. In this 

study, we observe AIO ages (LCO-corrected, calibrated, and IRD-free) to be 

consistent with compound specific ages (Fig. 2.6). Ages appearing in stratigraphic 

order are indicative of minimal vertical mixing from debris flows or extreme 

bioturbation. IRD may contain relict carbon, so sandy or pebbly intervals within 

open marine facies should not be considered in regressions. The depth of transition 



 94 

from the underlying facies to the open marine setting must be clear so the intercept 

can be calculated. Finally, if all criteria are met, ages are further ranked by reliability 

based on three additional conditions: 

• Regression is based on more than two ages or is collected directly at 

the transition 

• Age is supported by compound-specific dating 

• Facies is determined based on a multiproxy analyss rather than core 

descriptions alone 

An age of ice shelf loss is considered Tier 1 if all criteria are met, Tier 2 if 

some are met, and Tier 3 if none are met. If the transition depth is unknown (i.e., 

core does not penetrate far enough), the oldest age in the core is designated as a 

minimum age of transition. The timing of the open marine transition (ice-shelf 

retreat) for individual cores is presented and ranked for reliability in Table 2.2. 
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Table 2.2: Calculated ages of ice-shelf loss and grounding-line retreat, ranked 

(Tier 1 is best possible) for viability based on criteria outlined in section 2.4.3. 

Ice-shelf retreat ages marked as ‘minimum’ are from cores for which the facies 

transition was not recovered, so the oldest age in the core is reported here. 

Grounding-line retreat ages reported as ‘minimum’ are from cores for which 

determining the timing of grounding-line retreat was not possible, so the ice-

shelf retreat age is reported even though it may not be equivalent. DF—Deep 

Freeze, NBP—Nathaniel B. Palmer, AN_CH2—ANDRILL Coulman High Site 2. 

PC—Piston core, TC—Trigger core, KC—Kasten core, GC—Gravity core. 

[*NBP1502A KC48 is a reoccupation of NBP9501 KC39 core site. Sediment 

facies and ages are correlated and merged to determine transition ages.] 
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2.4.3.2. Grounding-line retreat 

The timing of grounding-line retreat is more challenging to determine than 

that of ice shelf loss. Much of the material deposited in the ice-proximal setting in 

front of a grounding-zone wedge is glacially reworked, having been carried within 

the basal debris layer of the ice before melting at the grounding line and potentially 

becoming mixed within debris flows (Domack et al., 1999; Prothro et al., 2018). 

Therefore, rather than attempting a regression from the age scatter as with Facies 5, 

the youngest ages acquired from Facies 2 and 3 are most useful for estimating the 

latest time during which the ice occupied the grounding-zone wedge in question.  

Before evaluating ages, the geomorphic context of cores must first be known. 

This information enables the crucial distinction between till (Facies 1) and ice-

proximal (Facies 2 or 3) diamictons. For cores that lack detailed multiproxy 

sedimentary analyses from previous studies, geomorphic context is the best 

indication of ice-proximal facies. For all cores with multibeam data informing facies 

interpretation, the criteria outlined in Table 2.3 are considered for ranking 

grounding-line retreat ages. 
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Table 2.3: Facies designations for all cores listed here are supported by both 

sedimentological and micropaleontological observations. Ideally, for Tier 1 

and 4, the youngest age is selected from a sample size of two or more to 

represent the timing of grounding-line retreat. For Tier 2 and 3, we perform a 

regression based on ages from the core surface to the transition between 

Facies 2 or 3 and Facies 4/5. Ages determined this way are not particularly 

reliable due to possible relict carbon and inconsistent sedimentation rates in 

Facies 4/5. [*Age is based on single carbonate age, but correlates with ages 

from equivalent facies in KC48 from the same grounding-zone wedge.] 

 

 

Tier 1 ages are those obtained with the best possible dating methods from 

Facies 2 or 3 in front of a grounding-zone wedge. This location also yields the least 

reliable ages, Tier 4, when AIO dating is used. The middle two tiers are not location-

specific, but are designated to the Facies 4/5 combination (see section 2.4.1.6). This 

facies represents potential sub-ice shelf deposition after the grounding line has 

retreated. Except for the grounding line retreat age reported by McKay et al. (AN-
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CH2: GC07; 2016), these ages are selected by taking the age at which a regression 

from the core top intercepts the base of Facies 4/5. Tier 2 and 3 regressions exclude 

all sub-ice shelf AIO ages to reduce bias from reworked carbon; thus, Tier 3 

regressions are simply extrapolated from Facies 5, above. Ages from Facies 4/5 

should be taken as minimum constraints on grounding line retreat because 

deposition in the sub-ice shelf environment is not guaranteed immediately following 

grounding-line retreat (Kellogg and Kellogg, 1986, 1988). Instead, deposition is 

dependent on delivery by meltwater plumes and marine currents, which may be 

inconsistent (Fig. 2.4c). Ages from Facies 4/5 are ranked Tier 2 if they are obtained 

using carbonate or compound-specific dating and Tier 3 if measured using the AIO 

method. AIO ages from Facies 4/5 are ranked higher than those from Facies 2 or 3 

because they are likely less biased by reworked carbon than ice-proximal sediments 

and receive a modest influx of modern carbon due to advection of open marine 

material beneath the ice shelf. For cores for which we are unable to determine the 

timing of grounding line retreat but ice shelf retreat is known, we take the timing of 

ice shelf loss as a minimum age of grounding line retreat. All interpreted transition 

ages are presented in Table 2. 

2.5. Discussion 

2.5.1. Deglacial history 

We present a reconstruction of ice sheet and ice shelf retreat since the LGM 

(Fig. 2.7), using the calculated ages in Table 2.2 to estimate the approximate position 
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of the grounding line and the calving line at each time step. In this discussion we 

primarily refer to ages reported in Table 2.2 (many of which are calculated from 

regressions) rather than ages of individual samples as shown in Fig. 2.5. Due to our 

local, core-specific corrections and calibrations, we observe somewhat different 

timing than has previously been published.  
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Figure 2.7: (Part 1) Reconstructions of grounding line and ice shelf position 

are based on transitions identified in Table 2.2 and Appendix B. 

Grounding-line locations based on geomorphic indicators and age control 

are marked with solid lines and grounding-line locations based on 

inferences are dashed. Subtle grounding line changes from 14-11 cal ka BP 

marked with grey lines overlie the 15 cal ka BP ice sheet configuration 

shown on panel 2.7b—combined for brevity. 
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Interpreting grounding line behavior requires consideration of geomorphic 

indicators of ice flow direction and retreat patterns in addition to quality 

radiocarbon ages. Halberstadt et al. (2016) published the most comprehensive 

analysis to date of glacial geomorphology in the Ross Sea to determine the spatial 

extent of grounded ice at the LGM and subsequent retreat pathways. There is strong 

agreement between geomorphic indicators and radiocarbon ages on the outer 

continental shelf of JOIDES and Pennell Troughs. In Pennell Trough (Figs. 2.1, 2.8), 

the grounding line appears to have first retreated from the LGM limit at 15.1 cal ka 

BP (KC17, Table 2.2) and gradually pulled back to a mid-shelf bathymetric saddle 

(Fig. 2.8a) by 11.2 cal ka BP (JPC01, Table 2.2). Gradual, or episodic, retreat is 

Figure 2.7: (Part 2) 
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indicated by grounding-zone wedges that backstep along the trough axis (Fig. 2.8b) 

and up the flanks of the banks (Halberstadt et al., 2016) to form a grounding-line 

embayment. Geomorphic observations are supported by ice shelf retreat ages that 

demonstrate a ~3 ky lag in onset of open marine conditions between the trough axis 

(KC17, KC18, JPC01, Table 2.2) and Pennell Bank (KC22 and TC/PC31, Table 2.2). By 

taking the ice shelf retreat ages on Pennell Bank as estimates of grounding-line 

retreat as well, we suggest that grounded ice persisted 5-7 ky longer on Pennell 

Bank than in outer Pennell Trough.  

Figure 2.8: Pennell Trough geomorphology (a) Overview of the locations of 

key geomorphic features in Pennell Trough, (b) Continuously backstepping 

GZWs from the LGM GZW to the bathymetric saddle. Inset depicts x–x’ CHIRP 

profile across the LGM GZW with location of NBP1502 KC17 marked and 

general facies labeled, (c) Large subglacial channel in Pennell Trough that 

eroded into pre-LGM sediments. 
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JOIDES Trough (Figs. 2.1, 2.9) appears to have first experienced grounded ice 

retreat from the LGM limit at ~13 cal ka BP (KC48, Table 2.2), with an ice shelf 

persisting until 9.4 cal ka BP (KC48, Table 2.2). Much of the middle continental shelf 

in JOIDES Trough is covered by deep, linear iceberg furrows (Fig. 2.9b) suggesting 

that sometime following 9.4 cal ka BP, the Ross Ice Shelf collapsed all the way back 

to the grounding line to form an ice cliff (Yokoyama et al., 2016). Ages collected from 

this region should be treated with caution due to the possibility of reworking and 

mixing of sediments by iceberg turbation. Further south, small, regularly-spaced ice-

marginal landforms backstep for 80 km (Fig. 2.9c-d) but are overrun by a ~20-m 

high grounding-zone wedge complex (Fig. 2.9d) that represents a major readvance 

of a lobe of the EAIS following a reorganization of ice flow in Drygalski Trough 

(Greenwood et al., 2018).  
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Figure 2.9: JOIDES Trough geomorphology (a) Overview of the 

locations of key geomorphic features in JOIDES Trough, (b) A 

segment of the field of linear furrows that covers the middle and 

outer portion of the trough, (c) Grounding-zone wedges (GZWs) 

indicate a change in retreat direction, from south-southwest retreat 

to westward retreat up onto Crary Bank, (d) Small GZWs and 

moraines indicate a southward retreat direction prior to the 

readvance of a GZW complex that progrades over the small 

landforms, (e) Recessional features indicate westward retreat past 

the southern edge of Franklin Island followed by northward retreat 

up onto Crary Bank, (f) Small grounding-line landforms indicate 

eastward retreat from Drygalski Trough onto Crary Bank. 
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North of the Drygalski Ice Tongue, N-S oriented glacial lineations overprinted 

by grounding-zone wedges backstepping southward and then toward the 

Transantarctic Mountains indicate ice from Transantarctic glaciers initially flowed 

north (Greenwood et al., 2018). The timing of retreat in northern Drygalski Trough 

is uncertain. We report a single Tier 3 grounding-line retreat age of ~16.5 cal ka BP 

(KC37, Table 2.2) in northern Drygalski Trough but are skeptical of its validity for 

the reasons outlined in Section 2.4.3.2. However, the ~9.7 cal ka BP ice shelf retreat 

age for the same core is believed to be more accurate, and could be interpreted as a 

minimum age of grounding-line retreat for the Terra Nova Bay region. This timing 

roughly agrees with the terrestrial record of thinning at Terra Nova Bay that shows 

present-day ice elevations reached at ~8 cal ka BP (Baroni and Hall, 2004). A switch 

to southward flow and northward retreat in the southern portion of Drygalski 

Trough occurred following the retreat of the northern portion (Lee et al., 2015; 

Greenwood et al., 2018). This interpretation of reversal in flow direction is based 

the discovery of north-south-oriented lineations lying on top of grounding-zone 

wedges that record southward ice flow and northward retreat, below which an 

acoustic horizon separating an upper till and a lower till is found to shallow and 

disappear northward (Greenwood et al., 2018). The southward-flowing ice is 

interpreted to curve eastward, wrapping around Crary Bank and into mid-JOIDES 

Trough where the grounding line location is marked by an intermediate-sized 

(Halberstadt et al., 2016) composite grounding-zone wedge (Fig. 2.9d). Moraines are 

overprinted by this composite wedge for at least 50 km to the south (Greenwood et 
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al., 2018) indicating the grounding line retreated significantly (associated with the 

ice shelf collapse indicated by the iceberg furrows in Fig. 2.9b) prior to the 

readvance, possibly as far as the ANDRILL Coulman High site (McKay et a., 2016). A 

foraminifera age from a single core at this site (CH2-07, Table 2.2) has been used to 

suggest an early episode of open water at 8.6 cal ka BP (recalibrated to 8.5 cal ka BP 

in this paper) with grounding-line retreat even earlier (McKay et al., 2016). As we 

have discussed, foraminifera ages in the Ross Sea should be treated with caution if 

collected from sub-ice shelf or ice-proximal sediments. However, based on the 

occurrence of measurable radiocarbon in cores from beneath multiple modern ice 

streams, Kingslake et al. (2018) simulate a similarly-timed minimum in grounding-

line location followed by a readvance to modern extent. We show an estimated 

grounding line from the minimum estimate presented by Greenwood et al. (2018) at 

the 8 cal ka BP timestep, but recognize that the retreat event could have been larger 

in magnitude and earlier (McKay et al., 2016; Kingslake et al., 2018). In the scenario 

we have presented, the terrestrial record of grounding line retreat for the southern 

Scott Coast near Ross Island may be related to the retreat through JOIDES Trough 

and subsequent readvance. There, ice thinned to present-day levels at ~7.8 cal ka 

BP (Hall et al., 2004; Hall et al., 2013). We suggest that the ice was drawn down in 

response to the large-scale retreat and readvance in JOIDES Trough of ice streams 

sourced from the southern Scott Coast. The composite grounding-zone wedge itself 

appears to have formed over a ~3-4 kyr timespan if the previous grounding-line 

minimum occurred at ~8 cal ka BP. The basal grounding-zone wedge (GZW1; Fig. 

2.9d) yields a grounding-line retreat age of 5.8 cal ka BP (KC28, Table 2.2). It is 
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unclear how far the grounding line retreated before readvancing to form the top 

grounding-zone wedge (GZW2; Fig. 2.9d), but the final grounding-line retreat from 

the composite wedge occurred at ~4.3 cal ka BP (KC04, Table 2.2). This timing is 

consistent with far-field sea level observations that suggest the majority of Antarctic 

ice sheet melting ceased by ~4 ka (Yokoyama et al., 2012; 2016). 

Backstepping grounding-zone wedges and moraines suggest ice 

subsequently retreated west into Transantarctic Mountain outlets and also onto 

Crary Bank from all sides (Fig. 2.9b, e-f), leading to the establishment of a semi-

permanent ice rise (Halberstadt et al., 2016; Greenwood et al., 2018) that 

maintained an ice shelf until ~1.6 cal ka BP (KC04, Table 2.2). Geomorphic 

reconstructions (Lee et al., 2015; Halberstadt et al., 2016; Greenwood et al., 2018) 

suggest southern Drygalski Trough was the last area to deglaciate, but grounding-

line and ice shelf retreat ages from this region are far older than expected. As a 

result, Fig. 2.9f relies primarily on geomorphic reconstruction rather than ages for 

the region west of Crary Bank. We note that surface ages (Fig. 2.3) are not 

anomalous, and Hall et al., (2010b) demonstrate the reservoir age has been 

relatively consistent for the southwestern Ross Sea for the past 6000 years. Instead, 

we suggest that until recently, when ice became less extensive, large amounts of 

relict carbon were present in the glacimarine environment. Southwestern Ross Sea 

is characterized by a thin veneer of unconsolidated glacial/glacimarine sediments 

overlying strata that are Miocene and older (Wong and Christoffel, 1981; Anderson, 

1999). These older strata are likely sampled by outlet glaciers in the southwestern 

Ross Sea as they fluctuate through the Transantarctic Mountains and southern 
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Drygalski Trough, causing strong inherent bias in radiocarbon ages. A possible test 

for this would be to investigate abundances of recycled palynomorphs in cores from 

southern Drygalski Trough, which was not included in the Truswell and Drewry 

(1984) study. 

Regardless of what the absolute timing of events in southwestern Ross Sea 

may be, the geomorphic story there is ambiguous, if not entirely absent in certain 

areas. However, it is clear from Halberstadt et al. (2016) and the ages reported in 

this study that the banks strongly influenced the behavior of ice on the inner 

continental shelf in the late stages of ice sheet retreat. Rather than retreating as a 

‘swinging gate’, the ice in the Ross Sea utilized the banks as pinning points for semi-

independent ice rises. In this regard, our ages are broadly consistent with the 

Halberstadt et al. (2016) retreat scenario (Fig. 2.2), but we are still not able to fully 

match the geomorphic reconstruction with ages. Even with our carefully executed 

protocol of analyzing geomorphology, then sedimentology, then paleontology before 

interpreting radiocarbon ages, much of the grounding-line retreat story remains 

uncertain, particularly in southwestern Ross Sea. With careful foraminiferal 

analysis, it is possible that good radiocarbon dates may be obtained. In the future, 

new technology may allow more accurate dating of foraminifera from glacial 

environments, but at present, foraminifera ages would be best supplemented by 

compound-specific or Ramped PyrOx ages. 
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2.5.2. Terrestrial and marine relationships 

Sea level records from raised beaches along the Transantarctic Mountains 

are used to determine ice unloading history. Near Terra Nova Bay, sea level records 

suggest grounded ice retreated by 8 cal ka BP (Baroni and Hall et al., 2004) and from 

southern Victoria Land by 7.8 cal ka BP (Hall et al., 2004). In general, terrestrial 

records of deglaciation tend to lag behind marine records (Anderson et al., 2014), 

suggesting grounding-line retreat triggers upstream thinning. However, modeling 

studies for Pine Island and Thwaites glaciers suggest the lag should not be 

significant, and thinning should occur over a few decades (Payne et al., 2004; Favier 

et al., 2014; Joughin et al., 2014). This process was further simulated for Holocene 

retreat of MacKay Glacier in the Ross Sea with rapid thinning over decadal 

timescales and very little lag from grounding-line retreat (Jones et al., 2015). 

Beginning with the work of Conway et al. (1999), terrestrial records (e.g., Hall et al., 

2013) have been extrapolated across the Ross Sea to broadly interpret deglacial 

history. However, recently published multibeam data (Halberstadt et al., 2016) and 

core records (McKay et al., 2016) suggest the central Ross Sea deglaciated prior to 

the coastal area adjacent to the Transantarctic Mountains and that the terrestrial 

records represent the retreat of local outlet glaciers. We find that two large troughs 

(JOIDES and Pennell) experienced major, though complex, retreat nearly concurrent 

with terrestrial changes. Because geomorphic reconstructions (Halberstadt et al., 

2016; Greenwood et al., 2018) indicate that the majority of the northern Victoria 

Land outlet glaciers have little connection to any ice streams other than the one that 

once flowed through northern Drygalski Trough, we cannot use the terrestrial 
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records north of Drygalski Ice Tongue to infer anything about broader ice sheet 

retreat across the Ross Sea. In contrast, David Glacier and outlet glaciers to the 

south have been shown to have significant contributions to ice flow through JOIDES 

Trough and perhaps Pennell Trough (Lee et al., 2015; Halberstadt et al., 2016; 

Greenwood et al., 2018). Thus, terrestrial records in this region could reflect larger-

scale western and central Ross Sea change. Marine chronological records in 

southern Drygalski Trough are not yet detailed or accurate enough to constrain the 

existing geomorphic story (Lee et al., 2015; Halberstadt et al., 2016; Greenwood et 

al., 2018) or fully determine how reflective the terrestrial records are of the ice in 

the broader marine realm. 

2.5.3. Age of the LGM 

Carbonate ages from seemingly in-situ foraminifera at the LGM limit in 

JOIDES Trough extend back to 25.6 cal ka BP (KC49, Fig. 2.5), and to 31.3 cal ka BP 

(KC17, Fig. 2.5) in Pennell Trough. In JOIDES Trough, this foraminifera age along 

with the timing of grounding-line retreat (KC49, Table 2.2) bracket the LGM 

maximum extent to 25.6-11.5 cal ka BP. However, Pennell Trough foraminifera ages 

from locations seaward of a large subglacial channel (Fig. 2.8c) may be suspect. Two 

cores (KC12 and KC13) collected from the channel bed indicate that the channel 

eroded through LGM till into pre-LGM open marine sediments. Carbonate ages from 

foraminifera and an intact bryozoan from these sediments (Facies 5) range from 

42.6 cal yr BP (KC13) to radiocarbon-dead (KC12, Fig. 2.5). We suspect that during 

the LGM and subsequent retreat to the channel location, material from the channel 
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bed may have been transported through the subglacial meltwater channel to be 

deposited at the grounding line, possibly biasing any ages collected there within ice-

proximal sediments. This could explain why the AIO ages taken at the base of the 

core (KC17, Fig. 2.5) from the pre-LGM open marine unit (Facies 5) over which 

Facies 2 downlaps (Fig. 2.8b) are younger than the foraminifera ages above. Using 

the AIO ages from the lower Facies 5 in KC17 to bracket the upper bound of the 

grounding-line’s LGM limit, and grounding line-retreat age (Table 2.2) as the lower 

bound, we can estimate that the ice was at its maximum extent from approximately 

24.2-15.1 cal ka BP.  

The timing of initial grounding-line retreat in the western Ross Sea is 

somewhat concurrent with that of ice in Whales Deep in the eastern Ross Sea, which 

Bart et al. (2018) show began retreating sometime before 14 cal ka BP. There, the 

WAIS remained extended near the continental shelf edge until at least 11.5 cal ka 

BP, after which a ~200 km retreat commenced. This major retreat episode could be 

contemporaneous with the retreat of the EAIS from the outer continental shelf 

across much of the western Ross Sea (Fig. 2.7c and Yokoyama et al., 2016). However, 

there is no evidence from the Ross Sea sector that either ice sheet was a significant 

contributor to Meltwater Pulse 1A (MWP 1a). During MWP 1a, retreat of both the 

WAIS and EAIS was minimal and large-scale ice-shelf collapse and grounding-line 

retreat did not occur until later. The ages presented here for EAIS grounding line 

retreat do, however, indicate eustatic sea level contributions from the EAIS well 

through the middle Holocene. 
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2.6. Conclusions 

We have made significant advances toward reconstructing an accurate ice 

sheet/ice shelf retreat history for the western Ross Sea by using a combination of 

geomorphic, sedimentologic, and micropaleontologic analyses to identify key 

sediment facies and transitions that mark grounding-line retreat and ice-shelf 

retreat. By combining AIO, carbonate, and compound-specific dating of these 

transitions in NBP1502A cores and previously published ages, we have determined 

that initial grounding-line retreat of the EAIS began slowly in Pennell Trough at 

~15.1 cal ka BP (KC17, Table 2.2), followed by JOIDES Trough at ~13 cal ka BP 

(KC48, Table 2.2). Grounding-line retreat in Drygalski Trough remains poorly 

constrained, but an ice shelf was present in much of northern Drygalski Trough until 

~9.7 cal ka BP (KC37, Table 2.2). Like the WAIS in Whales Deep (Bart et al., 2018), 

EAIS ice in both Pennell and JOIDES troughs began retreating around the same time 

as Meltwater Pulse 1A (MWP1a), but it is unlikely that the magnitude of ice loss 

from either side of the Ross Sea sector was great enough to be a significant 

contributor to sea level rise, as major changes did not occur until well after MWP1a. 

The ice shelf in Pennell Trough gradually receded beginning ~9.9 cal ka BP (KC17 

and KC18, Table 2), remaining fairly extensive until ~6.9 cal ka BP (JPC01, Table 

2.2) while pinned on Pennell and Ross banks. However, in JOIDES Trough, the ice 

shelf persisted until ~9.4 cal ka BP (KC48, Table 2.2) before a major-ice shelf 

collapse ensued, causing thick icebergs to calve from the grounding line to carve 

deep iceberg furrows into the seafloor across mid-JOIDES Trough. This major loss of 
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EAIS ice may be concurrent or somehow linked to the 200 km retreat of the WAIS 

grounding line in Whales Deep sometime after ~11.5 cal ka BP (Bart et al., 2018). 

In conjunction with the ice-shelf collapse, the grounding-line receded nearly 

to Ross Island, triggering a reorganization of flow in Drygalski Trough that resulted 

in outlet glaciers along the Transantarctic Mountains flowing southward and 

eastward to readvance northward into JOIDES Trough by ~6 cal ka BP (KC28, Table 

2.2), with eventual retreat westward by 4.3 cal ka BP (KC04, Table 2.2). This 

observation has at last aligned terrestrial and marine records of grounding-line 

retreat for the southern Drygalski region. The ice-shelf collapse (~9 cal ka BP) and 

readvance (until ~4 cal ka BP) of Transantarctic outlet glaciers was a likely cause of 

the thinning of terrestrial ice at ~7.8 cal ka BP along the southern Scott Coast (Hall 

et al., 2004). An ice shelf covering southern JOIDES and Central Basin persisted 

subsequent to retreat onto Crary Bank and into the Transantarctic outlet glaciers. 

Here, grounding-line retreat is best documented by geomorphology as radiocarbon 

ages from the area have a significant age biases.  

Ages agree better with geomorphology on the outer continental shelf than in 

the southwestern Ross Sea. Using the ages from the LGM-wedges, we can estimate 

the duration over which grounded ice occupied its local maximum. The range of 

ages in the proximal glacimarine sediments of the LGM grounding-zone wedge in 

JOIDES Trough suggests the ice reached its maximum extent at 25.6 cal ka BP and 

persisted for ~14 ky until 11.5 cal ka BP. Taking into consideration possible bias 

from eroded material from a large subglacial channel, the ages from the LGM 
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grounding-zone wedge in Pennell Trough suggest the maximum ice extent lasted 

from for ~9 ky, from 24.2 – 15.1 cal ka BP. The EAIS and WAIS appear to have had 

similar local LGM durations, as the Whales Deep grounding line in the eastern Ross 

Sea began retreating sometime before 14 cal ka BP (Bart et al., 2018). Both ice 

sheets also appear to have had a major retreat after 11.5 cal ka BP. However, the 

behavior of the two ice sheets then began to differ, with the EAIS showing complex 

retreat paths and a readvance not seen in the eastern Ross Sea.  

We demonstrate that AIO ages are reliable in open marine sediments, 

excluding IRD-rich intervals, by showing good agreement with compound-specific 

ages (Fig. 2.6). It is clear from Fig. 2.5 that careful selection of seemingly in-situ 

foraminifera for radiocarbon dating can still result in suspiciously old ages in ice-

proximal sediments. However, ages obtained in this way are likely more reliable 

than analyzing foraminifera without regard for reworking. Thus, it is imperative 

that some level of detailed foraminiferal analysis is performed until better 

technology exists for analyzing smaller quantities of more definitively pristine 

foraminifera. Compound-specific and Ramped PyRox methods represent significant 

improvements toward eliminating biased results. Regardless of technological 

advancements, radiocarbon ages should not be taken at face value, but should be 

interpreted with careful consideration of geomorphic indicators of ice behavior and 

depositional environments, sedimentary facies from which ages are extracted, and 

potential for bias from relict organic carbon or recycled carbonate material. With 

this approach, we have made substantial strides toward reconstructing the marine 

record of ice-sheet and ice-shelf retreat in the western Ross Sea to a finer scale than 
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is currently seen in ice-sheet models, and have begun to link marine and terrestrial 

records whose relationships have previously been poorly understood. 

 



 

 

Chapter 3 

The role of subglacial meltwater in ice-

sheet retreat through Marguerite Bay, 

Antarctica 

CHAPTER 3 OVERVIEW 

As ice sheet stability is threatened by changing climate, additional processes 

such as the movement of subglacial meltwater are increasingly being examined so 

that their possible contribution to instability may be understood. Geomorphology of 

the continental shelf reveals Marguerite Bay was once occupied by an ice stream 

underlain by a network of meltwater channels and basins during the Last Glacial 

Maximum. This study examines the relationship of meltwater activity with 

grounding-line retreat as determined from sedimentologic and radiocarbon analysis 

of sediment cores and modifies previously published reconstructions of ice retreat. 

Existing geomorphic data suggest an embayment formed during initial retreat from 
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the continental shelf edge, but the timing of initial retreat is not well-constrained. 

Results from this study indicate initial grounding line retreat occurred sometime 

well prior to 14 cal ka BP, with the ice shelf retreating to the middle continental 

shelf by 13 cal ka BP. The grounding line then continued to form embayments 

through the deep portions of Marguerite Bay as the grounding line and ice shelf 

gradually retreated through 11 cal ka BP. Marine radiocarbon ages indicate that by 

10 cal ka BP, inner Marguerite Bay was nearly ice-free, corresponding to a 9.6 cal ka 

BP drawdown of nearby terrestrial ice. Meltwater deposits are found only within 

the basins of the rugged bedrock and are not found in cores on the shallower outer 

continental shelf, suggesting sediment was expelled within plumes at high enough 

velocities or sediment concentrations to prevent plumes from becoming 

hypopycnal. Meltwater deposition occured throughout the gradual deglaciation 

beginning at 13 cal ka BP until just prior to the major 10 cal ka BP ice retreat, but 

the actual connection between meltwater production and ice stream instability 

remains uncertain. 

3.1. Introduction 

Subglacial meltwater hydraulic systems are gaining increasing interest 

within the Antarctic scientific community as potential threats to ice sheet stability. 

Meltwater on the surface of the ice has long been known to exist in northern sectors 

of the Antarctic Peninsula where summer temperatures regularly chart above 

freezing (e.g., Morris and Vaughan, 2003) and, following the massive meltwater-

induced breakup of the Larsen B ice shelf in 2002 (MacAyeal et al., 2003; Scambos et 
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al., 2003; Banwell et al., 2013), has entered public awareness. Subglacial meltwater 

systems are increasingly found to be both common and capable of affecting 

glaciological dynamics in Antarctica. Remote sensing of ice surface elevation has 

allowed the detection of subglacial lakes that drain on monthly to yearly timescales 

due to hydraulic changes associated with ice thinning and grounding-line retreat 

(Gray et al., 2005; Wingham et al., 2006; Scambos et al., 2011; Fricker et al., 2016). 

Distributed water flow downstream of draining lakes has been interpreted as a 

cause of recorded fluctuations and acceleration in flow of the overlying ice (Bell et 

al., 2007; Stearns et al., 2008; Scambos et al., 2011; Siegfried et al., 2016). 

Channelized meltwater drainage, in contrast, has been linked to decelerated ice flow 

as a result of lowered basal water pressures (Bartholomew et al., 2010; Cowton et 

al., 2013; Andrews et al., 2014) and localized inhibition of basal sediment 

progradation at ice stream grounding lines (Simkins et al., 2017). However, these 

linkages fail to conclusively determine the role of subglacial meltwater in large-scale 

grounding line retreat.  

Marguerite Bay, Antarctica may be the best analogue for understanding how 

the unstable modern Thwaites Glacier system to the south might behave in the 

future, and may provide information about how quickly existing ice streams could 

collapse and what role meltwater could play. During the Last Glacial Maximum 

(LGM), Marguerite Bay was occupied by the largest ice stream in the Antarctic 

Peninsula, the Marguerite Trough Ice Stream (MTIS), which drained portions of the 

much expanded peninsula ice sheet, and is believed to have experienced two 
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episodes of rapid retreat from the continental shelf and Marguerite Bay at ~14.0 ka 

and 9.6 ka (O’Cofaigh et al., Heroy and Anderson, 2005; Bentley et al., 2011). 

The MTIS shares similarities with Thwaites Glacier (Schroeder et al., 2013) 

and nearby Pine Island Bay (Lowe and Anderson, 2002; Nitsche et al., 2013) in that 

it is floored by a network of channels of unknown age incised into bedrock 

(Anderson and Fretwell, 2008; Livingstone et al., 2016). The channels are believed 

to be subglacial features that routed meltwater to the grounding line of the ancestral 

MTIS over repeated glacial cycles, including the most recent cycle (Anderson and 

Fretwell, 2008), but direct evidence of the connection of meltwater to post-LGM ice 

stream retreat has not been established (Kennedy and Anderson, 1989; Pope and 

Anderson, 1992; Kilfeather et al., 2011). A fine silt deposit separating till from 

glacimarine deposits was first recognized by Kennedy and Anderson (1989). A 

similar facies, but with more random stratigraphic occurrence was recognized by 

later investigators, who suggested a possible meltwater origin (Pope and Anderson, 

1992; Ó Cofaigh et al., 2005; Kilfeather et al., 2011).  These deposits display 

similarities to deposits in the Ross Sea (Simkins et al., 2017; Prothro et al., 2018) 

and Pine Island Bay (Witus et al., 2014) that have been interpreted as meltwater 

deposits. However, detailed sedimentological analyses of the sediments in 

Marguerite Bay have not been previously performed (to the extent of Ross Sea and 

Pine Island Bay) and quality radiocarbon constraints have not been procured. As a 

result, how these suspected meltwater deposits fit into the chronological framework 

of grounding-line retreat and ice-shelf breakup remains inconclusive. Limitations 

primarily arise from radiocarbon bias due to glacially-reworked carbon in bulk 
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sediment samples (Andrews et al., 1999; Heroy and Anderson, 2007; Kilfeather et 

al., 2011) and inconsistencies in sedimentary analyses and facies interpretations. 

To more definitively characterize meltwater deposits in post-LGM sediments 

of Marguerite Bay, sediments from cores must be examined using improved 

sedimentological analyses within the context of geomorphology provided by 

multibeam swath bathymetric data (from cruises JR59, JR71, JR157, and NBP0201). 

We use detailed grain size and core descriptions coupled with x-radiographs to 

construct an updated sediment facies model that revises and integrates previously 

published facies interpretations (e.g., Kennedy and Anderson, 1989; Pope et al., 

1992; Ó Cofaigh et al., 2005; Kilfeather et al., 2011) so that stratigraphic 

relationships of meltwater events with ice-shelf breakup and grounding-line retreat 

facies may be accurately determined. In the absence of sufficient carbonate 

preservation, a common problem in Antarctic sediments, previous work in 

Marguerite Bay has often relied on bulk acid insoluble organic (AIO) radiocarbon 

dating (Harden et al., 1992; Pudsey et al., 1994; Ó Cofaigh et al., 2005; Kilfeather et 

al., 2011; Heroy and Anderson, 2007; Graham and Smith, 2012). However, this 

method has been shown to only be truly reliable for sediments deposited within an 

open marine environment (e.g., Andrews et al., 1999; Heroy and Anderson, 2007; 

Yokoyama et al., 2016) with minimal ice-rafted debris (IRD). To obtain meaningful 

radiocarbon ages, we choose between analyzing AIO or carbonate material for 

samples on a case-by-case basis, relying on our sediment facies model and 

identification of relevant facies transitions. We trust AIO ages only when facies 

interpretations ensure the presence of minimal reworked carbon. Because modern 
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AMS radiocarbon instruments are capable of analyzing smaller samples sizes of 

carbonate material than has previously been possible for Marguerite Bay 

researchers (e.g., Pope et al., 1992), we add significantly greater age control to the 

body of literature based on dating of in-situ carbonate.  Additionally, we reinterpret 

previously collected radiocarbon ages and place all events within the context of 

overall ice stream retreat in Marguerite Bay and the rest of the Antarctic Peninsula. 

3.2. Background 

3.2.1. Marguerite Bay setting 

Marguerite Bay is a large embayment on the western side of the Antarctic 

Peninsula with a prominent glacial trough that runs nearly due north for 370 km 

from George VI Sound to the continental shelf edge. The bay itself is flanked to the 

north and south by Adelaide and Alexander islands, respectively. From the inner bay 

to the outer continental shelf edge, the trough ranges from 50 to 80 km in width, 

1500 to 500 m in depth, and banks range from 500 to 400 m in depth. Seismic data 

reveal a transition in substrate from crystalline bedrock in the bay to onlapping 

sedimentary strata on the outer continental shelf (Fig. 3.1; Bart and Anderson, 1995; 

Larter et al., 1997), accompanied by an evolution in glacial geomorphology. The bay 

is floored by ice-scoured bedrock, drumlins, and networks of minibasins and 

subglacial meltwater channels incised into bedrock, which transitions to attenuated 

drumlins and megascale glacial lineations and grounding-zone wedges on the 
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middle and outer continental shelf (Wellner et al., 2001, 2006; Ó Cofaigh et al,. 

20050), where flow appears to have become more confined as a single ice stream. 

 

Figure 3.1: Location map of Marguerite Bay and surrounding geographic 

features. Marguerite Trough is delineated by the small N-S black dotted line 

boundary and the white arrows show paleo-ice flow direction. Seismic lines 

from PD88 and PD90 (Anderson et al., 1990; Bart and Anderson, 1995) show 

the boundary between crystalline substrate (red) and glacimarine sediment 

substrate (yellow), with a dashed line running through the boundary and 

oriented roughly parallel to the coast. Thick black lines within Marguerite 

Trough represent the grounding-line wedges shown in Jamieson et al., 2012. 
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3.2.2. Retreat history of Marguerite Bay and surrounding area 

The ice stream that occupied Marguerite Trough was an extension of the 

Antarctic Peninsula Ice Sheet, which extended to the continental shelf edge along 

much of the Antarctic Peninsula during the Last Glacial Maximum until ~20 ka BP (Ó 

Cofaigh et al., 2002; 2005; 2014; Heroy and Anderson, 2005; Davies et al., 2012; 

Livingstone et al., 2012, 2013). The initial timing retreat of the ice from the outer 

continental shelf on the western side of the Antarctic Peninsula generally 

progressed from north to south (Heroy and Anderson, 2007).  The pattern of 

grounded ice retreat to the present ice configuration is generally agreed to have 

been stepwise, with rapid retreat from the outer shelf at ~14 cal ka BP followed by a 

period of slower retreat across the middle shelf.  However, there is no clear pattern 

to the timing of grounded ice retreat from the inner continental shelf.  Instead, 

retreat was highly diachronous along the Antarctic Peninsula, ranging from 13-7 cal 

ka BP, perhaps due to increasing control of subglacial bedrock topography on the 

stability of individual ice streams as the ice retreated into rugged bedrock substrate 

(Heroy et al., 2007). 

Geomorphology suggests that the retreat rate of Marguerite Ice Stream 

varied throughout deglaciation. Rapid retreat from the outer continental shelf is 

accompanied by the presence of several closely-spaced grounding-zone wedges 

along the flanks of Marguerite Trough (Livingstone et al., 2012; 2013), each with 

formation timescales of <1000 years (based on minimum ages and estimated 

sediment flux; Livingstone et al., 2016), that supports a somewhat continuous 
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backstepping of grounded ice (Dowdeswell et al., 2008; Ó Cofaigh et al., 2008; 

Halberstadt et al., 2016; Prothro et al., 2018). A reduction in the number of mapped 

grounding-zone wedges across the middle continental shelf has been attributed to 

sediment starvation (Livingstone et al., 2016) as a result of ice retreating into a zone 

of bedrock substrate rather than sedimentary substrate (Bart and Anderson, 1995; 

Larter et al. 1997; Wellner et al., 2001, 2006; Ó Cofaigh et al., 2002; Livingstone et 

al., 2012), but could also reflect more episodic or slow retreat (Dowdeswell et al., 

2008). Marine sediment cores from the middle continental shelf contain a pebbly 

mud “breakup facies” above sub-ice shelf sediments that has been suggested to 

signal the collapse of an ice shelf (Kilfeather et al., 2011), with open marine 

conditions firmly established nearly concurrently with the inner continental shelf (Ó 

Cofaigh et al., 2005; Heroy and Anderson, 2007; Kilfeather et al., 2011).  

In Marguerite Bay there is evidence for a phase of rapid retreat at ~9.0 cal ka 

BP that resulted in complete deglaciation of the bay and the onset of open marine 

conditions (Heroy and Anderson, 2007; Bentley et al., 2009; Kilfeather et al., 2011).  

This is consistent with results from cosmogenic surface exposure dates on erratic 

boulders that indicate rapid thinning of ice flowing into the MTIS at 9.5 ka BP 

(Bentley et al., 2011).  Unfortunately, most of the marine radiocarbon ages used to 

reconstruct the history of grounding line retreat in Marguerite Bay are merely 

“minimum” ages and do not necessarily reflect the timing of grounded ice liftoff 

(Livingstone et al., 2016). 
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3.2.3. Evidence of meltwater influence 

Inner Marguerite Bay represents the onset area of a major paleo-ice stream, 

where several small glaciers converged during the LGM, creating ideal conditions 

for subglacial meltwater production as a result of strain heating (Ó Cofaigh et al., 

2002). Multibeam swath bathymetry reveals a network of channel features that 

appear to be incised into bedrock on the middle and inner continental shelf 

(Anderson and Fretwell, 2008; Hogan et al., 2016; Livingstone et al., 2016) as well as 

within surrounding fjords (Garcia et al., 2016). Similar features are common in 

inner-shelf areas elsewhere in Antarctica where crystalline bedrock is dominant, 

such as Pine Island Bay (Lowe and Anderson, 2002, Smith et al., 2009; Nitsche et al., 

2013), the Larsen A embayment (Campo et al., 2017), and Palmer Deep (Domack et 

al., 2006) and, like other bedrock erosional landforms, are thought to form through 

erosion over several glacial cycles (Ó Cofaigh et al., 2002; Graham et al., 2009; Smith 

et al., 2009; Krabbendam et al., 2016). In contrast, subglacial channels have been 

identified in sedimentary substrate in the Ross Sea that are explicitly LGM and post-

LGM features (Wellner et al., 2006; Greenwood et al., 2012; Simkins et al., 2017).  

A widespread fine silt unit deposited by sediment-laden meltwater plumes 

emanating from the grounding line has been identified in modern Pine Island Bay 

surface sediments (Witus et al., 2014; Smith et al., 2017) and Ross Sea post-LGM 

deglacial sediments (Simkins et al., 2017; Prothro et al., 2018). The deposit is 

typically relatively well-sorted compared to other glacimarine sediments, devoid of 

pebbles, and is characterized by a ~10 μm grain-size mode (Witus et al., 2014; Smith 
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et al., 2017; Simkins et al., 2017; Prothro et al., 2018) that is consistent with the 

mode of the subglacial tills from which they are likely derived (Prothro et al., 2018). 

In Marguerite Bay, Kennedy and Anderson (1989) identified a similar deposit (unit 

B2) in several inner and middle continental shelf cores that was later recognized by 

Pope and Anderson (1992) on the outer continental shelf (as Unit 1B) in two cores 

and by Kilfeather et al. (2011) in several middle shelf cores (as Unit 2b). Despite 

similarities in visual description of these units with more recently identified 

meltwater deposits in Pine Island Bay and the Ross Sea, equivalent grain-size 

analyses have not been performed and completely reliable age constraints have not 

been obtained for the Marguerite Bay deposits. If the Marguerite Bay silt unit is 

indeed a meltwater deposit, it is the most pervasive and most complete meltwater 

succession yet recorded in Antarctica. 

3.3. Methods 

Existing sedimentological and chronological core data from previous studies 

of Marguerite Bay and the surrounding region were compiled and reinterpreted in 

conjunction with new grain size and chronological data from selected legacy cores. 

Cores that were selected to be reanalyzed were chosen either because they were 

well-placed to improve the chronological record of ice-sheet retreat or they 

contained suspected “meltwater” unit B1 and B2 of Kennedy and Anderson (1989), 

referred to as unit 1A and 1B by Pope and Anderson (1992). Grain size samples 

were treated with sodium metaphosphate to disaggregate grains before being 

measured using a Malvern Mastersizer Hydro 2000G laser particle size analyzer. 



 127 

Grain size mode and volume percent of represented size classes were generated by 

the Malvern software, and grain size mean, sorting, and skewness were calculated 

according to the methods of Folk and Ward (1957). Smear slides were examined to 

determine general estimates of biogenic silica content, and calcareous foraminifera 

were picked from the 63 – 125 μm sediment fraction for radiocarbon dating. Only 

foraminifera that appeared in-situ, exhibiting translucent and non-etched tests, 

were selected. Radiocarbon dating was conducted on bulk AIO material and 

carbonate material using accelerator mass spectrometry at the University of Tokyo. 

All radiocarbon ages were adjusted using a reservoir correction of 1300 ± 

100 yr (Berkman and Forman, 1996) and calibrated using the Marine13 calibration 

curve in Calib 7.0 (Stuiver and Reimer, 1993; Reimer et al., 2013). We chose this 

method over surface correction (e.g., Domack et al., 1999) and LCO correction 

(Hillenbrand et al., 2010; Prothro et al., in prep) due to a lack of abundant viable 

surface ages along the western side of the Antarctic Peninsula. Surface ages that 

have been reported for Kasten cores and trigger cores appear to be significantly 

younger than gravity cores, vibracores, and jumbo piston cores (JPCs; Fig. 3.2). We 

attribute the older ages for the latter three coring methods to be due to surface 

material lost through the top of the core barrels. In spite of missing surface material, 

spatial variability in the reservoir age is suggested for Marguerite Bay by the 

seaward younging of “surface ages” from gravity cores, possibly caused by localized 

glacial influence closer to the coast, as similarly noted in Gerlache Strait by Domack 

et al. (1992). However, until we can improve upon the sparse distribution of true 
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surface ages in Marguerite Bay, we must forgo surface corrections for AIO ages and 

instead apply a general reservoir correction. 

 

 

 

Figure 3.2: Surface ages from Kasten cores, vibracores, gravity cores, and 

trigger cores along the Antarctic Peninsula in the vicinity of Marguerite Bay. 
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3.4. Results 

3.4.1. Sedimentology 

We have examined all available sedimentological and geotechnical data 

available for cores collected from Marguerite Bay and, based on these data, have 

placed legacy cores in the context of the facies model presented by Prothro et al. 

(2018). In this model, till is represented as Facies 1, ice-proximal sediment gravity 

flows as Facies 2, ice-proximal basal meltout as Facies 3, meltwater deposits as 

Facies 4, open marine sediments as Facies 5, and residual glacimarine sediments as 

Facies 6. Here, we have attempted to place previously-reported facies 

interpretations of Marguerite Bay cores into the Prothro et al. (2018) model. We 

performed new grain size and smear slide analyses for selected samples from some 

old cores from DF85, DF86, and PD88 to calibrate earlier researchers’ 

interpretations to our own interpretive framework. 

3.4.1.1. Subglacial sediments 

Nearly all samples we analyzed display a roughly ~10 μm mode, with some 

variation in sorting and bimodality for certain facies (Fig. 3.2). For instance, we 

analyzed a unit previously described as till (Kennedy, 1988; Kennedy and Anderson, 

1989) and found a second mode at ~70 μm resulting in an overall higher sand 

percentage than other facies (Fig. 3.3). Although the unit is significantly less clayey 

than the tills seen in the Ross Sea (McGlannan et al., 2018; Prothro et al., 2018), the 
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abundant pebbles seen in x-rays and the lack of biogenic material in smear slides 

supports the interpretation of this unit as a till (Facies 1). 
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Figure 3.3: An idealized core log for Marguerite Bay based on average 

thickness of each facies. Average thickness is calculated from core 

descriptions of DF85, DF86, and PD88III in Kennedy (1988) and Pope (1991). 

Grain size distributions and x-ray selections of each facies are shown. Note 

the gradational boundary between Facies 3/4 and Facies 4. 
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3.4.1.2. Sub-ice shelf sediments 

We did not analyze any ice-proximal sediments that exclusively fit the 

description of Facies 2 or 3 (Prothro et al., 2018) from DF86, DF 86, or PD88. We 

attribute this to the lack of grounding-line features through much of Marguerite Bay. 

Ice-proximal sediments have been suggested to have been recovered during 

NBP0201 (defined as “transitional”, Heroy et al., 2005; 2007), but not in the vicinity 

of any observable grounding-line features. In the absence of detailed 

sedimentological descriptions, we suspect these reported ice-proximal sediments 

may be equivalent to terrigenous muds we observe and have analyzed in detail. 

Kennedy and Anderson (1989) first recognized a terrigenous mud facies with an 

unsorted sand fraction (B1) that nearly always was accompanied by an overlying 

terrigenous mud facies that did not contain sand (B2), and attributed this to a 

retreating ice-margin and associated lessening of basal debris meltout. Pope and 

Anderson (1992) recognized a similar combination of facies in two PD88 cores on 

the middle continental shelf, with 1A being equivalent to B1 and 1B being equivalent 

to B2, and proposed the difference in texture between the two facies could be a 

result of meltwater influence. More recently, Kilfeather et al. (2011) identified two 

facies, 2a (equivalent to B1 and 1A) and 2b (equivalent to B2 and 1B) that show an 

upward transition from seemingly more ice-proximal sediments to more distal. In 

facies 2a (but not 2b), they observed assemblages of foraminifera dominated by 

Globocassidulina biora, which have been shown to reflect ice-proximal conditions 

(Bart and Cone, 2012; Majewski et al., 2018; Prothro et al., 2018). Like Pope and 

Anderson (1992), Kilfeather et al. (2011) propose meltwater may play a role in the 
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texture of these facies. Observed laminae in 2a suggest meltwater may have pulsed 

from the grounding line, but the massive structure of 2b could represent the distal 

deposition of silts carried from the grounding line by currents or meltwater plumes 

(Kilfeather et al., 2011). These three separate studies (Kennedy and Anderson, 

1989; Pope and Anderson, 1992; Kilfeather et al., 2011) note a lack of siliceous 

biogenic material in these facies and all agree the sediments were deposited under 

some form of floating ice canopy. Based on existing descriptions, we have 

determined that B2/1B/2B is most similar to Facies 4, and B1/1A/2A is most 

similar to a combination of Facies 3 and 4 of the Prothro et al. (2018) model. In the 

Ross Sea, Facies 3 was shown to represent a zone of basal meltout that was 

restricted to within 1.2 km of the grounding line during post-LGM retreat (Prothro 

et al., 2018). However, thermal conditions and thickness of the basal debris layer of 

the ice that occupied the Ross Sea were likely different than that of Marguerite Bay. 

The Marguerite Bay basal debris meltout zone could have been more extensive, but 

we do not currently have sufficient data density to provide a range.  

Our own analysis demonstrates a strong meltwater component to both 

facies. Using the Prothro et al. (2018) notation for Marguerite Bay samples, both 

Facies 3/4 and Facies 4 exhibit grain size distributions with ~10 μm modes and 

relatively good sorting, similar to meltwater deposits identified in Pine Island Bay 

(Witus et al., 2014) and the Ross Sea (Simkins et al., 2017; Prothro et al., 2018). 

However, x-rays reveal a much greater pebble abundance in Facies 3/4. The 

inconsistencies in clay content in Fig. 3.3 between individual samples in the two 

sub-ice shelf facies grain-size plots should be disregarded, as we suspect higher clay 
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percentages in some samples reflect disaggregation of clay floccules during grain-

size sample preparation that may have been silt-sized at the time of deposition. 

3.4.1.3. Marine sediments 

On the middle and outer continental shelf, gravelly muds that have both a 

terrigenous and marine component have been recognized in several cores (Pope 

and Anderson, 1992; Kilfeather et al., 2011). Called compound glacimarine (CGM) 

sediments by Pope and Anderson (1992) and Facies 3 by Kilfeather et al. (2018), the 

unit is distinguished by petrologic diversity in pebbles (Pope and Anderson, 1992), 

fairly low diatom abundances, (Pope and Anderson, 1992; Kilfeather et al., 2011), 

and increasing amounts of M. arenacea (Kilfeather et al., 2011). Kilfeather et al. 

(2011) attributed the increase in pebbles, low diatom counts, and the presence of 

the open marine foraminifera M. arenacea to represent an ice shelf collapse. 

However, Pope and Anderson (1992) interpreted the unit to be representative of 

deposition beneath semi-permanent pack ice, under which open marine 

microorganisms could advect and through which icebergs could travel and deposit 

IRD. Our grain-size measurements indicate no clear differences in this facies from 

the sub-ice shelf facies, but smear slides reveal an increase in siliceous material and 

x-rays demonstrate increased pebble content (Fig. 3.3), as previously reported. It is 

clear that this facies is transitional between a sub-ice shelf and open marine 

environment. The high abundance of pebbles is evidence that the facies was not 

deposited beneath an ice shelf, unless the grounding line underwent a sudden 

advance. Thus, we support previous interpretations of either deposition beneath 
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semi-permanent pack ice (Pope and Anderson, 1992) or in association with ice-shelf 

collapse and influx of IRD from icebergs of various sources (Kilfeather et al., 2011). 

We will create a subdivision of Facies 5 within the Prothro et al. (2018) framework 

and hereafter refer to this facies as Facies 5a.  

We find samples previously reported as diatomaceous muds to be olive in 

color and typically unimodal with a dominant mode between ~10 and 20 μm, with 

abundant siliceous material including diatom fragments, Chaetocerous spores, and 

some whole diatoms seen in smear slides. Pebbles are rare but present in x-rays 

(Fig. 3.2). Prothro et al. (2018) describe a similar facies in the Ross Sea that tended 

to display a coarse silt mode due to an abundance of whole diatoms. Although 

texturally different, the diatomaceous muds in Marguerite Bay are similar 

compositionally and visually to those in the Ross Sea. Thus, we interpret this 

lithofacies as Facies 5b, representing open marine conditions. 

3.4.2. Radiocarbon 

Here we report new and previously-published radiocarbon ages that 

represent significant events in ice shelf or grounding-line behavior. After 

reinterpreting core lithofacies according to the framework outlined in Section 3.4.1, 

we selected additional horizons that should add new constraints on ice sheet 

behavior throughout deglaciation. We report carbonate and AIO ages, although Ó 

Cofaigh et al. (2014) argued that AIO ages are low viability because many of the core 

top AIO ages are not close to the reservoir age for Antarctica (e.g., Berkman and 

Forman, 1996). However, the ages they referred to were from piston cores, which 
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tend not to preserve the sediment-water interface. Furthermore, many of the ages 

were determined using large amounts of sediment that spanned the upper 20 cm of 

the core.  We treat AIO ages with caution, but do not entirely exclude them from our 

analysis. 

We note that surface ages for Kasten cores and trigger cores appear to be 

significantly younger than gravity cores, vibracores, and piston cores (Fig. 3.2). The 

latter three have potential for losing material through the top of the core barrel. Still, 

“surface ages” of gravity cores through Marguerite trough seem to decrease with 

distance from the coast, as noted by Domack et al. (1992) in Gerlache Strait. This 

could be caused by localized glacial influence closer to the coast.  Due to a lack of 

true surface ages in Marguerite Trough-proper, we have decided to forgo surface 

corrections and instead apply a general reservoir correction of 1300 ± 100 yr 

(Berkman and Forman, 1996) to all ages before calibrating. 

We identify the timing of open marine conditions by obtaining a date from as 

close to the transition from sub-ice shelf (or sub-ice pack) to open marine 

diatomaceous muds as possible. Ideally, we would date in-situ carbonate from just 

above the transition. However, high productivity of siliceous organisms, as is 

common in open marine environments in Antarctica, produces abundant organic 

detritus that is corrosive to carbonate, so carbonate material is rare in Facies 5b. 

Alternatively, AIO material can be dated provided IRD flux is minimal. However, 

carbonate ages from just below the open marine transition are nearly always 

younger than AIO ages from above the transition (e.g., Map ID 6 in Table 3.1). Thus, 
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we rank carbonate ages from below the transition more favorably than AIO ages 

from above the transition in the following open marine age ranking scheme: 

1. Carbonate age above open marine transition 

2. Carbonate age below open marine transition 

3. AIO age above open marine transition 

4. AIO age below open marine transition 

We have also developed a ranking scheme for determining timing of 

grounding-line retreat. Our ideal grounding-line retreat age would be from in-situ 

carbonate from the foreset of a grounding-zone wedge, and our least favorable age 

would be an AIO age from the same location, where recycled carbon is likely most 

abundant. None of the cores we have analyzed sample grounding-zone wedges, thus 

we must select ages from the base of sub-ice shelf sediments, with in-situ carbonate 

ages being more reliable than bulk AIO ages: 

1. Carbonate age from ice-proximal sediments (Facies 2 or 3) near a 

grounding-line landform 

2. Carbonate age from the base of sub-ice shelf sediments (Facies 3/4 or 

Facies 4) 

3. AIO age from the base of sub-ice shelf sediments (Facies 3/4 or 4) 

4. AIO age from ice-proximal sediments (Facies 2 or 3) near a 

grounding-line landform 
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All interpreted transition ages are presented in Table 3.1, with additional 

identifying information in Appendix C. If the core does not penetrate far enough to 

sample an event horizon or ages from the core were not obtained close enough to 

the horizon, the age at the lowest depth in the core is considered a minimum age for 

the event. For cores for which an open marine transition is determined but a 

grounding-line retreat age is unknown, the open marine transition can be 

considered a minimum age of grounding-line retreat. However, it is important to 

remember that the grounding line retreat could have greatly preceded onset of open 

marine conditions, and minimum ages should not be regarded highly. 
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Table 3.1: Cores and ages shown in Fig. 3.4. The ages listed are those 

representing the open marine transition and grounding-line retreat and are 

ranked for quality according to the characteristics outlined above (OM = open 

marine, GL – grounding line). Minimum ages are listed as “m” and assigned a 

ranking in parentheses only for the purpose of demonstrating the type of 

material dated. “--“ is used in the GL Tier column to signify ages that have 

simply been transferred from the Open marine age column as a minimum age 

of grounding-line retreat. Cores are identified by ID numbers that correspond 

to labels on Fig. 3.4. For cores where map IDs are duplicated, more than one 

age is a candidate for the event in question, but only the best quality age is 

represented in Fig. 3.4 and considered in the reconstruction. Additional ages 

and original 14C ages can be found in Appendix C. Also listed in the open 

marine column are ages with a “*” representing the onset of pack ice 

conditions following ice shelf retreat rather than true open marine conditions. 

The following letters represent the first studies to report the listed ages: a = 

Graham and Smith, 2012; b = Ó Cofaigh et al., 2005; c = Kilfeather et al., 2011; 

d = Pudsey et al., 1994; e = Heroy and Anderson, 2007; f = Harden et al., 1992; 

g = Pope and Anderson, 1992. 
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Figure 3.4: Reconstruction of major deglacial phases of the ice that once 

occupied Marguerite Bay. Estimated grounding line and ice shelf positions 

are shown based on age constraints reported in Table 3.1. (a) 14 cal ka BP 

timestep; timing of local LGM is unknown and thus not represented, but 

estimated LGM extent and a single intermediate configuration are 

represented in this panel; (b) 13 cal ka BP timestep; (c) 12 – 11 cal ka BP 

timestep; (d) 10 cal ka BP timestep. 
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3.5. Discussion 

3.5.1. Suggested retreat style based on geomorphology 

Grounding-zone wedges have been well-documented in the outer portion of 

Marguerite Trough (Ó Cofaigh et al., 2005, 2008; Dowdeswell et al., 2008; 

Livingstone et al., 2013, 2016) where the erodible sedimentary substrate (Bart and 

Anderson, 1995; Larter et al., 1997) provides material for constructional features. 

However, multibeam data collected from the trough axis and the southern flank 

(northern flank not fully mapped) show that the grounding-zone wedges are 

primarily located on the edges of the trough and do not extend continuously across 

the trough (Ó Cofaigh et al., 2005). Within the trough, glacial lineations (subglacial 

landforms oriented parallel to paleo-flow) are largely uninterrupted, bypassing 

several of the grounding-zone wedges (Jamieson et al., 2014; Livingstone et al., 

2016). The pristine lineations within the trough and sparse evidence of grounding 

suggests that on the outer continental shelf, the retreating ice sheet formed a 

grounding-line embayment, with rapid retreat within the trough but more gradual 

backstepping along the trough flanks. 

 Along much of the western Antarctic Peninsula, the sedimentary 

substrate of the outer continental shelf gives way to hard crystalline bedrock near 

the middle of the continental shelf (Bart and Anderson, 1995; Larter et al., 1997; 

Anderson, 1999), where the transition zone between hard and soft substrate is 

marked by elongate drumlins (Wellner et al., 2001; Ó Cofaigh et al., 2002; 2005). On 

the inner shelf, repeated cycles of glaciation have eroded into underlying rugged 
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bedrock, forming bedrock drumlins, rouche moutonnées, and subglacial channels 

(e.g. Wellner et al., 2001, Anderson and Oakes-Fretwell, 2008; Livingstone et al., 

2012). Isolated patches of till are found on the inner shelf (Kennedy and Anderson, 

1989) and minibasins are observed (e.g., Anderson and Oakes-Fretwell, 2008) that 

likely once contained subglacial meltwater and are now filled with glacimarine 

sediments. Heroy and Anderson (2007) have suggested the irregular bathymetry of 

the inner shelf is responsible for diachronous retreat through this zone, with 

bedrock highs serving as pinning points that create localized stabilization.  In 

support of observational data, modeled grounding-line retreat through Marguerite 

Trough shows rapid retreat through the rugged bathymetry but more gradual 

retreat on the outer continental shelf, where bathymetric bottlenecks provide 

stability to the retreating ice in spite of the reverse bed slope (Jamieson et al., 2012). 

3.5.2. Revised retreat behavior with new facies model 

By reporting ages of ~13-14 cal ka BP from glacimarine sediments in four 

cores (Map IDs 20, 23, 24, 26) on the outer continental shelf of Marguerite Trough, 

Pope and Anderson (1992) provided the basis for the interpretation of rapid retreat 

of grounded ice from the outer continental shelf (Ó Cofaigh et al., 2005). This 

interpretation has persisted (Kilfeather et al., 2011; Ó Cofaigh et al., 2014) in spite of 

the discovery of several grounding-zone wedges (Ó Cofaigh et al., 2005), which are 

generally thought to indicate episodic retreat (Dowdeswell et al., 2008; Ó Cofaigh et 

al., 2008), with the grounding line following trough bathymetry so that ice 

decoupled from the deeper portions of the trough while remaining grounded on the 
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more shallow continental shelf, similar to what occurred in the western Ross Sea 

(Halberstadt et al., 2016). 

At the time of the Pope and Anderson (1992) study, large amounts of 

carbonate material were required for dating. Thus, dating focused on intervals that 

contained sufficient carbonate for dating and typically excluded key stratigraphic 

surfaces. Our reexamination of the cores reveals that the previously-reported ages 

were primarily collected from just below the open marine transition or within 

sediments deposited under pack ice (Facies 5a), and are more reflective of the 

timing of ice shelf retreat and open marine onset than grounding-line retreat. 

Additionally, we collected fresh material from the same interval of PC88III-99 (Map 

ID 20) and, through careful selection of well-preserved foraminifera and modern 

radiocarbon methods, obtained an age ~2 ky younger than that reported by Pope 

and Anderson (1992). These combined observations indicate that the timing and 

nature of the initial retreat of ice from the outer continental shelf remains uncertain. 

Thus, we have chosen only to display the relative extent of the LGM and a single 

estimated grounding-line position with an embayment (based on the 

geomorphology discussed in section 3.5.1) on Fig. 3.4a. 

We have identified only four ages in Marguerite Bay that definitively mark 

the timing of grounding-line retreat. The rest are minimum ages—either the deepest 

age in a core or extrapolated from the open marine transition age. Two cores on the 

middle shelf (Map IDs 5 and 10) contain Tier 2 grounding-line retreat ages (Table 

3.1) that are slightly older than 14 cal ka BP. Thus, we mark a grounding line 
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position landward of these two cores at the 14 cal ka BP timestep in Fig. 3.4a. Open 

marine onset ages for all cores seaward of these two cores indicate most if not all of 

the outer continental shelf remained covered by an ice shelf at 14 cal ka BP. This 

timing does not discount previous interpretations of rapid grounding line retreat 

prior to 14 cal ka BP (Pope and Anderson, 1992; Kilfeather et al., 2011), but since we 

do not have good grounding-line data seaward of this point, we hesitate to say the 

retreat at that time was significant. Subsequent retreat is somewhat better 

constrained, although we do not have any constraints on the position of the 

grounding line at 13 cal ka BP other than that the grounding line passed through the 

location of core 13 soon after 13 cal ka BP. However, significant ice shelf changes 

occurred prior to 13 cal ka BP, with much of the outer continental shelf experiencing 

open marine conditions (Fig. 3.4b), with the exception of the vicinity of core 23 

which remained covered by pack ice. By 12 cal ka BP, the grounding line had 

retreated slightly and much of the ice shelf disintegrated from the middle 

continental shelf (Fig. 3.4c), possibly resulting in the formation of an ice cliff along 

some parts of the margin. Ice sheet/shelf configuration changed minimally over the 

next 1000 years, with the grounding line only stepping past core 13 with no change 

to the ice shelf at 11 cal ka BP. The slow grounding-line retreat from 14-11 cal ka BP 

was interrupted when, by 10 cal ka BP, the ice sheet and shelf had entirely collapsed 

from the northern part of inner Marguerite Bay (Fig. 3.4d). Ages from the top of 

Facies 5a in two cores on the middle continental shelf (Map ID 8 and 21) indicate ice 

pack may have been present there until ~9.3 cal ka BP (Table 3.1). Kilfeather et al. 

(2011) assumed the facies documented rapid ice shelf collapse, but determined that 
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the sedimentation rate was low for this facies, unlike the high measured 

sedimentation rates following collapse of Larsen A and Prince Gustav ice shelves 

(Gilbert and Domack, 2003). This observation, coupled with the persistence of the 

facies for several millennia after ice shelf retreat, is further evidence that the facies 

is likely representative of deposition beneath pack ice rather than a rapid ice shelf 

breakup. We do recognize that this ice cover may have been supplemented by 

mélange resulting from calving of an ice cliff from ~12.5 cal ka BP (Map ID 10) until 

the ~10 cal ka BP collapse, but petrologic diversity of pebbles suggests the majority 

of IRD was delivered by icebergs sourced from elsewhere (Pope and Anderson, 

1992). Terrestrial studies support the above interpretations. Cosmogenic exposure 

ages of glacial erratics from the Ablation Point Massif on Alexander Island 

accompanied by hundreds of meters of ice thinning demonstrate that George VI 

Sound at the southern edge of Marguerite Bay underwent rapid deglaciation from 

12.4 to 9.6 cal ka BP (Bentley et al., 2006). A similar analysis, supplemented with 

ages from lake sediment cores, reveals that ice also rapidly thinned ~270 m at 

Pourquoi-Pas Island at the northern part of inner Marguerite Bay by ~9.6 cal ka BP 

(Bentley et al., 2011). 

3.5.3. Role of meltwater in grounding-line retreat 

We have identified two lithofacies (Facies 3/4 and Facies 4) that exhibit 

strong evidence of being influenced by meltwater and being deposited beneath an 

ice shelf (Section 3.4.1.2). These two facies usually occur in concert, with Facies 3/4 

typically grading upward into Facies 4, and always occur within the boundary 
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between crystalline bedrock and sedimentary substrate (Fig. 3.5a; with the 

exception of DF88-99). The only cores in inner Marguerite Bay that do not contain 

these facies are those that did not penetrate past diatomaceous mud or that contain 

only sediment gravity flows, turbidites, or residual glacimarine sediments, which 

have been reworked by marine currents (Kennedy, 1988). These cores are marked 

with x’s in Fig. 3.5a. Thus, it can be assumed that Facies 3/4 and 4 were deposited 

across all of inner Marguerite Bay, but may have been later modified by marine 

currents or sediment gravity flows. The lack of these facies beyond inner Marguerite 

Bay suggests the subglacial hydrological system was less active during the early 

stages of ice-sheet retreat from the outer continental shelf. The spatial distribution 

also suggests meltwater silts were not transported within a hypopycnal plume, but 

were instead delivered by lower level plumes that resulted in sediment being 

confined to the deep minibasins and depressions created by glacial erosion and 

repeated meltwater incision (Fig. 3.5b, c). Up to 10 m of postglacial sediment fill has 

been documented in the topographic lows of the bay relative to <1 m over bedrock 

highs (Livingstone et al., 2016). A similar relationship between postglacial 

sediments and bathymetry has been seen in front of meltwater outlets of the 

Amundsen Sea (Klages et al., 2014). In contrast, much more widespread meltwater 

deposits are documented on the Ross Sea continental shelf (Simkins et al., 2017; 

Prothro et al., 2018). However, after our investigation of Marguerite Bay meltwater 

deposits, we suggest that meltwater silts in the Ross Sea may not have been 

transported in hypopycnal plumes as previously suggested (Simkins et al., 2017; 

Prothro et al., 2018), despite their widespread occurrence. Rather, the more 
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subdued bathymetric relief there may have allowed even hyperpycnal flows to 

propagate extensively until buoyancy forces overcame momentum as ambient 

seawater mixed into the plume (Powell, 1990). In Marguerite Bay, for plumes to 

remain at low levels in the water column long enough to deposit their sediment load 

within the minibasins before becoming buoyant and depositing sediment outside of 

the inner shelf, sediment concentration and flow velocity must be significant.  
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Figure 3.5: (a) Map showing distribution of cores that contain 

meltwater deposits (sub-ice shelf sediments) in yellow, with sizes of 

markers corresponding to thickness. Cores that are marked with “X” 

contain sediment gravity flows, residual glacimarine sediments, or 

do not penetrate past diatomaceous mud. Dashed line indicates 

transition between bedrock and sedimentary substrate; (b) Location 

of Fig. 3.5a and profile line for Fig. 3.5c; (c) bathymetric profile 

through Marguerite Bay demonstrating the transition from rugged 

bedrock to subdued sedimentary substrate, as well as a conceptual 

illustration of proglacial meltwater expulsion and transport of silts 

via low-level meltwater plumes to deposit within minibasins. 
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Ages collected from meltwater deposits in Marguerite Bay (Appendix C) are 

typically only a few hundred to 1000 years older than the timing of ice shelf retreat, 

and sedimentation rates are ~0.25 mm a-1 (Kilfeather et al., 2011). The short 

lifespan of meltwater sedimentation prior to ice-shelf collapse from the inner 

continental shelf suggests that meltwater discharge was somehow connected to ice-

sheet instability and that the rather organized subglacial drainage within 

Marguerite Bay (Anderson and Oakes-Fretwell, 2008) likely contributed to the 

dispersal of sediment-laden meltwater.  Based on our dataset, we cannot provide a 

mechanistic cause for this relationship, but recognize that exchange of water 

between subglacial lakes may affect ice flow velocities (Bell et al., 2007; Stearns et 

al., 2008; Scambos et al., 2011; Siegfried et al., 2016) and meltwater plumes could 

thermally erode the ice shelf adjacent to the grounding-line (Le Brocq et al., 2013; 

Alley et al., 2016), all potentially contributing instability to an already delicate 

system. An additional stressor to the Marguerite system during the Holocene was 

impingement of warm Circumpolar Deep Water (CDW) onto the continental shelf, 

indicated by CDW-loving foraminifera found within Facies 4 (Kilfeather et al., 2011; 

Peck et al., 2015) and diatom evidence of increased productivity and reduced sea ice 

in open marine sediments (Peck et al., 2015). 

One interesting observation worth noting is that meltwater deposits similar 

to those of Marguerite Bay also occur within Pine Island Trough in Pine Island Bay 

(Witus et al., 2014), where a similar, organized subglacial drainage system exists 

(Lowe and Anderson, 2002; Nitsche et al., 2013).  As in Marguerite Bay, the Pine 

Island Bay meltwater facies rests directly on glacimarine deposits but there are no 
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open marine diatomaceous sediments above the meltwater deposits.  Indeed, the 

youngest Pine Island Bay meltwater deposits have yielded modern Pb210 ages, 

consistent with an ice stream that is still experiencing retreat.  (Witus et al., 2014). 

3.6. Conclusions 

Our reconstruction of post-LGM deglacial history in Marguerite Bay is 

roughly consistent with previously published results, but we have added significant 

detail regarding viability of ages and have introduced new age constraints based on 

radiocarbon dating of previously collected cores. Four of our new ages represent the 

first true grounding-line retreat ages reported in Marguerite Bay. Previous studies 

have largely relied on minimum ages of retreat derived from the age of open marine 

transition.  

The classic two-step deglacial model (Pudsey et al., 1994; Heroy and 

Anderson, 2007; Allen et al., 2010; Kilfeather et al., 2011; Ó Cofaigh et al., 2014) for 

Marguerite Bay shows rapid ice sheet retreat from the outer continental shelf at 

~14 cal ka BP followed by more gradual retreat before another rapid retreat at ~9 

cal ka BP. However, we have added several new ages marking the open marine 

transition in inner Marguerite Bay prior to ~10 cal ka BP. We report two grounding-

line retreat ages (Map ID 5 and 10) from the middle continental shelf that align with 

the previous model’s retreat step at ~14 cal ka BP, but cannot confirm or deny that 

the retreat was rapid or as significant as has been suggested. No true grounding-line 

retreat ages have been collected from the outer continental shelf—only ages that 
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indicate ice shelf retreat after ~14 cal ka BP (Table 3.1, Fig. 3.4). Geomorphology 

seems to suggest a grounding-line embayment may have existed, with more rapid 

retreat through Marguerite Trough relative to the flanks. We propose that ice may 

have remained grounded on bathymetric highs of the outer continental shelf much 

longer than within the trough, but this has not been confirmed by absolute age 

dating.  

Our reconstruction supports gradual ice sheet retreat between 14 and 11 cal 

ka BP, but we note a significant ice shelf retreat just prior to 12 cal ka BP. At ~10 cal 

ka BP, our reconstruction again conflicts with the classic two-step model. We 

observe nearly complete collapse of the ice shelf and retreat of the grounding-line 

from inner Marguerite Bay just before 10 cal ka BP. This is 1000 years earlier than 

previously reported. However, previously-reported 9 cal ka BP marine constraints 

were primarily based on minimum ages from cores (Map ID 12, 15, 12) that did not 

penetrate past diatomaceous mud to an underlying facies (Oakes-Fretwell, 2006; 

Heroy et al.,, 2007; Allen et al., 2010). We have added several new ages that 

definitively mark the open marine transition prior to 10 cal ka BP. 

The subglacial hydraulic system of Marguerite Bay was clearly active 

throughout deglaciation from 13 – 10 cal ka BP, producing sediment-laden 

meltwater plumes that dominate sub-ice shelf sedimentation. However, the 

meltwater deposits are restricted to the inner continental shelf, where rugged 

topography and minibasins likely trapped the sediment from meltwater plumes 

flowing at low levels in the water column, which is only possible with extremely 
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high sediment loads or high flow velocities. Although warm CDW has been 

suggested to have introduced instability that led to the final ice sheet collapse, we 

point out that meltwater activity was high and may also have contributed to the 

collapse. Marguerite Bay may be a useful model for estimating the future of the Pine 

Island/Thwaites Glacier system, which is also underlain by an active hydrological 

system.  Meltwater deposits have also been identified in Pine Island Bay, but there 

they span the final retreat of the ice sheet from the region of Pine Island Bay and 

meltwater sedimentation continues today (Jacobs et al., 2011; Smith et al., 2017) as 

opposed to deposition of open marine sediments.  This is consistent with the 

argument that Pine Island Bay is still experiencing ice stream retreat (e.g., Rignot et 

al., 2014). 
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Chapter 4 

Conclusions 

The Antarctic ice sheets currently hold a volume of ice equivalent to 

approximately 58 m of sea level rise (Fretwell et al., 2013), and even a small fraction 

of this could be devastating to coastal communities. Polar research is currently 

highly focused on determining how much the ice sheets will change and how fast the 

change will occur (e.g., Scambos et al., 2017). Future projections produced by ice 

sheet and sea level models show worst case scenarios of potentially 1 m of global 

sea level rise by the end of this century and up to 15 m of sea level rise by the year 

2500 from the Antarctic ice sheets (DeConto and Pollard, 2016). Further refining 

these predictions requires observational data from the geologic record with which 

the physics of the models can be tested and tuned to reflect real-world processes. 

This thesis demonstrates improvements to the geologic record that have resulted in 

the most comprehensive reconstructions of patterns, timing, and rates of ice retreat 
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from the Ross Sea and Marguerite Bay to date, which in turn can be used to inform 

models of future change. 

The West Antarctic Ice Sheet (WAIS) and portions of the East Antarctic Ice 

Sheet (EAIS) are grounded below sea level, meaning much of the ice margin is in 

direct contact with the changing ocean. However, much of what is known about the 

timing of past ice sheet changes is derived from land-based rather than marine-

based studies. For instance, post-Last Glacial Maximum retreat of ice from the Ross 

Sea, the largest drainage basin of Antarctica, has for many years been constrained 

primarily by terrestrial data because the marine record has been so controversial. A 

highly-cited study by Conway et al., (1999) describes a “swinging gate” pattern of 

grounding-line retreat across the Ross Sea Embayment, with a hinge at Roosevelt 

Island where radar images of the ice strata record the grounding-line persisting 

there until ~3-4 cal ka BP, and exposure ages from raised beaches in two areas 

along the Transantarctic Mountains (TAMs) show the grounding line of the 

westernmost portion of the ice sheet retreating along the TAMs during the middle 

Holocene. However, the interpolation of a straight grounding-line stretching from 

Roosevelt Island to the Transantarctic Mountains overlooks any possible variability 

in timing of retreat in the individual troughs on the seafloor.  

In 2014, a community of over 70 polar researchers collaborated to constrain 

grounding-line position around the entire Antarctic continent at 20 ka, 15 ka, 10 ka, 

and 5 ka (Bentley et al., 2014). The consensus of the study was that the terrestrial 

record was more reliable than the marine record, resulting in inferred rather than 
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absolute grounding line positions across the majority of the continental shelf 

(Bentley et al., 2014). Grounding line retreat across the Ross Sea continental shelf 

was almost entirely inferred even at the coarse resolution of 5 ky timesteps 

(Anderson et al., 2014), prompting the development of Chapters 1 and 2 of this 

thesis, which reexamine marine data and introduce advances in geophysical, 

sedimentological, and radiocarbon analyses that provide a more concrete marine 

history over shorter timesteps and agrees with terrestrial interpretations. 

Improvements in multibeam swath bathymetry and detailed 

sedimentological analyses are demonstrated in Chapter 1, which introduces a new 

sediment facies model that can be used to choose appropriate intervals in sediment 

cores for obtaining radiocarbon ages that constrain grounding-line retreat and ice-

shelf breakup. Additionally, because new multibeam data has allowed each facies to 

be tied to particular geomorphic environments, this facies model is an improvement 

on previous models (e.g., Anderson et al., 1980; Domack et al., 1999; Anderson, 

1999; Evans and Pudsey, 2002; McKay et al., 2009; Passchier et al., 2011; 

Hillenbrand et al., 2013) in that it can be used to interpret retreat patterns in the 

absence of multibeam data or seismic data, such as drill cores or seafloor sediment 

cores collected prior to the advent of multibeam technology. Furthermore, different 

radiocarbon methods (acid insoluble organic, carbonate, and compound-specific) 

have varying degrees of accuracy, which Chapter 2 shows is dependent on sediment 

facies. Thus, the sediment facies model from Chapter 1 is integral to selecting dating 

methods for new constraints and for validating or discrediting previously published 

ages.  
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The results of Chapter 2 demonstrate far better marine constraints on 

grounding line retreat than those previously published in Anderson et al. (2014). 

Moreover, Chapter 2 surpasses previous work (Anderson et al., 2014; Yokoyama et 

al., 2016) with the addition of a detailed ice shelf history. The results add absolute 

timing that validates the relative retreat history reported by Halberstadt et al. 

(2016) that was based solely on patterns inferred from geomorphic features. The 

new data show a highly complex pattern of retreat, with early retreat through the 

troughs and later retreat from the shallow banks, that in no way resembles the 

“swinging gate” of Conway et al. (1999). The new marine data also provide absolute 

timing of a major reorganization of flow and readvance of ice (first documented 

using geomorphology in Greenwood et al., 2018) during the mid-Holocene that 

corresponds with a drawdown of ice reported in terrestrial records of ice thinning 

(Hall et al., 2004). This merging of marine and terrestrial records is evidence that 

utilizing the new approaches outlined in Chapter 1 and 2 add substantial credibility 

to marine data. 

Chapter 3 is a test of how well the methods of Chapters 1 and 2 work for 

other Antarctic systems. Marguerite Bay was chosen because its bedrock seafloor is 

imprinted with subglacial meltwater channels and basins (Anderson and Fretwell, 

2009; Hogan et al., 2016; Livingstone et al., 2016), similar to the modern 

Thwaites/Pine Island system (Schroeder et al., 2013). Complete collapse of 

Thwaites Glacier and subsequent acceleration of surrounding glaciers would raise 

global sea level by over three meters. Subglacial meltwater has been shown to be a 

potential destabilizer of ice (Le Brocq et al., 2013; Alley et al., 2016; Simkins et al., 
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2017). Thus, an investigation of the relationship between ice stream retreat and 

meltwater activity in Marguerite Bay is of considerable interest as an analogue to 

future change in the Thwaites/Pine Island Bay system. Detailed facies analysis of 

deglacial sediments and meltwater deposits in Chapter 3 reveal a correspondence of 

meltwater activity with a major retreat of both grounded and floating ice from 13-

10 cal ka BP. The observations in Marguerite Bay seem to suggest that meltwater 

activity is a herald of ice sheet instability, which raises further concern for the 

Thwaites/Pine Island system that is currently producing subglacial meltwater silts 

(Jacobs et al., 2011) and depositing them on the seafloor (Witus et al., 2014; Smith et 

al., 2017). Furthermore, this study points out that Marguerite Bay previously had no 

true constraints on grounding-line retreat. Newly acquired radiocarbon ages in 

Chapter 3 have produced true grounding-line retreat constraints in four locations in 

Marguerite Bay, and the grounding line is shown to have retreated much faster than 

previously indicated by Ó Cofaigh et al. (2014). Additionally, the data reveal a strong 

correlation between marine and terrestrial records of retreat. As in the Ross Sea, the 

marine record in Marguerite Bay is made more reliable by its alignment with the 

terrestrial record. 

The careful approach to radiocarbon dating demonstrated in this thesis will 

change the way marine geological studies of past Antarctic ice sheet dynamics are 

conducted. It is clearly imperative that both geomorphic context and sedimentary 

facies must be carefully considered when selecting and interpreting radiocarbon 

ages to yield accurate timing of events. For the Ross Sea, in particular, the complex 

pattern of retreat shown in this study should have major impacts on models that 
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were previously tested using a simplistic retreat reconstruction. Indeed, the 

overarching impact of this thesis lies in the production of boundary conditions 

(patterns, timing, and rates of past retreat) that can be used for testing and tuning 

models intended to predict future ice sheet and global sea level change. 
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Appendix A 

Supplementary Table A1: Names, locations, water depths, and geomorphic 

context (if known) of all cores used in this study.  Letters in core names 

correspond to coring mechanism (KC—Kasten core, PC—Piston core, JPC—

Jumbo Piston core, TC—Trigger core). 

Cruise Core Latitude Longitude Water Depth 

(m) 

Geomorphic context Appearance of core in 

this study 

NBP1502A KC01 -76.737 165.557 630 GZW foreset Fig. 1, 8 

NBP1502A KC02 -76.738 165.548 639 GZW foreset Fig. 1, 6, 7, 8 

NBP1502A KC03 -76.216 164.886 838 Glacial lineations Fig. 1, 7, 8 

NBP1502A KC04 -76.078 170.334 597 GZW topset Fig. 1, 8, 10 

NBP1502A KC05 -76.058 170.390 600 GZW topset Fig. 1, 7, 8 

NBP1502A KC06 -76.155 175.846 501 Meltwater channel Fig. 1, 8 

NBP1502A KC07 -78.148 -168.581 573 N/A Fig. 1, 8 

NBP1502A KC08 -77.301 -175.680 570 Glacial lineations Fig. 1, 7, 8 

NBP1502A KC09 -77.298 -175.684 570 Glacial lineations Fig. 1, 8 

NBP1502A KC12 -76.171 175.777 575 Meltwater channel Fig. 1, 8 

NBP1502A KC13 -76.171 175.777 575 Meltwater channel Fig. 1, 7, 8 

NBP1502A KC14 -75.925 179.113 554 GZW toe Fig. 1, 3, 7, 8, 10, 11 

NBP1502A KC15 -75.925 179.109 558 GZW foreset Fig. 1, 3, 8, 10, 11 

NBP1502A KC16 -75.925 179.106 541 GZW topset Fig. 1, 3, 8, 10, 11 

NBP1502A KC17 -75.874 179.666 549 GZW toe Fig. 1, 4, 5, 7, 8, 10 

NBP1502A KC18 -75.883 179.546 481 GZW topset Fig. 1, 8, 10 

NBP1502A KC19 -76.030 177.210 455 GZW topset Fig. 1, 4, 5, 8, 10 

NBP1502A KC20 -76.030 177.229 461 GZW toe Fig. 1, 8 

NBP1502A KC22 -75.430 176.196 354 Banktop Fig. 1, 8 

NBP1502A KC24 -75.671 176.446 450 Bank slope Fig. 1, 7, 8 

NBP1502A KC25 -76.032 176.848 456 GZW toe Fig. 1, 8, 10, 11 

NBP1502A KC26 -76.044 176.662 451 GZW topset Fig. 1, 7, 8, 10 

NBP1502A KC28 -76.147 170.723 598 Meltwater channel/GZW toe Fig. 1, 7, 8, 10, 11 

NBP1502A KC29 -76.143 170.747 596 Meltwater channel/GZW toe Fig. 1, 8, 10, 11 

NBP1502A KC30 -74.448 173.380 536 GZW foreset Fig. 1, 8, 10, 11 

NBP1502A KC32 -74.829 172.733 531 Furrow field Fig. 1, 8 

NBP1502A KC34 -76.202 169.855 678 Meltwater channel/GZW toe Fig. 1, 7, 8, 10, 11 

NBP1502A KC36 -76.424 167.895 728 

Meltwater channel/GZW 

topset Fig. 1, 8 

NBP1502A KC38 -76.249 167.259 681 
GZW foreset/subglacial lake 
edge Fig. 1, 7, 8 
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Cruise Core Latitude Longitude Water Depth 

(m) 

Geomorphic context Appearance of core in 

this study 

NBP1502A KC40 -76.243 167.257 648 GZW topset Fig. 1, 8, 10 

NBP1502A KC41 -76.405 167.538 705 GZW topset Fig. 1, 8, 10 

NBP1502A KC42 -76.020 167.039 672 GZW topset Fig. 1, 8, 10 

NBP1502A KC43 -76.319 165.329 766 GZW topset Fig. 1, 7, 8 

NBP1502A KC44 -75.654 166.808 486 Banktop Fig. 1, 7, 8 

NBP1502A KC45 -75.705 168.600 411 Banktop Fig. 1, 7, 8 

NBP1502A KC46 -75.719 169.336 446 GZW topset Fig. 1, 8, 10 

NBP1502A KC47 -75.545 170.505 575 GZW topset Fig. 1, 8, 10 

NBP1502A KC48 -74.473 173.511 539 GZW foreset 

Fig. 1, 4, 5, 6, 8, 9, 10, 

11 

NBP1502A KC49 -74.373 173.580 541 GZW foreset Fig. 1, 8, 10, 11 

NBP1502A JPC01 -76.034 176.820 438 GZW topset Fig. 1, 10 

NBP1502A JPC02 -76.122 170.428 593 GZW topset Fig. 1, 10 

NBP9902 PC02 -77.584 -177.335 688 N/A Fig. 8 

NBP9902 PC03 -77.584 -177.834 667 N/A Fig. 8 

NBP9902 PC04 -78.151 -168.580 618 N/A Fig. 8 

NBP9902 PC05 -77.251 -169.386 603 N/A Fig. 8 

NBP9902 PC06 -77.251 -169.386 607 N/A Fig. 8 

NBP9902 PC07 -77.230 -169.419 580 N/A Fig. 8 

NBP9902 PC08 -76.867 -170.015 540 N/A Fig. 8 

NBP9902 KC10 -76.611 -169.528 544 N/A Fig. 8 

NBP9902 KC11 -76.311 -169.659 578 N/A Fig. 8 

NBP9902 PC13 -76.205 -169.770 588 N/A Fig. 8 

NBP9902 TC14 -76.683 -166.135 443 N/A Fig. 8 

NBP9902 TC15 -76.374 -163.129 517 N/A Fig. 8 

NBP9902 TC16 -76.995 -163.385 656 N/A Fig. 8 

NBP9801 PC05 -74.608 173.168 513 N/A Fig. 8 

NBP9801 TC06 -74.849 172.037 543 N/A Fig. 8 

NBP9801 TC09 -75.925 172.444 560 N/A Fig. 8 

NBP9801 PC11 -74.502 173.291 554 N/A Fig. 8 

NBP9801 PC12 -74.117 174.638 586 N/A Fig. 8 

NBP9801 PC35 -74.013 174.838 594 N/A Fig. 8 

NBP9801 PC36 -74.133 174.655 582 N/A Fig. 8 

NBP9801 PC37 -74.222 174.138 576 N/A Fig. 8 

NBP9801 KC38 -74.218 174.121 566 N/A Fig. 8 

NBP9801 PC44 -73.518 177.025 586 N/A Fig. 8 

NBP9801 PC45 -73.577 176.652 603 N/A Fig. 8 

NBP9801 PC46 -73.579 176.236 603 N/A Fig. 8 

NBP9801 PC47 -73.701 176.236 617 N/A Fig. 8 

NBP9801 KC49 -73.952 175.153 603 N/A Fig. 8 

NBP9801 PC50 -76.147 170.131 618 N/A Fig. 8 
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Cruise Core Latitude Longitude Water Depth 

(m) 

Geomorphic context Appearance of core in 

this study 

NBP9801 KC54 -75.320 -178.870 566 N/A Fig. 7, 8 

NBP9801 KC55 -74.431 -175.353 2232 N/A Fig. 7 

NBP9801 KC71 -73.726 176.154 615 N/A Fig. 8 

NBP9501 TC02 -72.665 176.148 713 N/A Fig. 8 

NBP9501 PC10 -76.278 -178.655 665 N/A Fig. 8 

NBP9501 PC11 -76.453 -179.087 659 N/A Fig. 8 

NBP9501 TC12 -76.785 -177.822 568 N/A Fig. 8 

NBP9501 TC13 -76.725 -178.630 677 N/A Fig. 8 

NBP9501 TC14 -76.638 -179.377 642 N/A Fig. 8 

NBP9501 TC16 -76.943 -179.823 712 N/A Fig. 8 

NBP9501 PC17 -77.452 179.050 732 N/A Fig. 8 

NBP9501 TC18 -77.333 179.537 819 N/A Fig. 8 

NBP9501 TC19 -77.200 179.708 778 N/A Fig. 8 

NBP9501 TC20 -77.023 -176.383 637 N/A Fig. 8 

NBP9501 PC21 -76.188 -174.378 564 N/A Fig. 8 

NBP9501 PC25 -77.115 168.815 978 N/A Fig. 8 

NBP9501 KC31 -75.700 165.417 879 N/A Fig. 8 

NBP9501 PC35 -75.165 164.493 1256 N/A Fig. 8 

NBP9501 KC37 -74.498 167.743 924 N/A Fig. 8 

NBP9501 KC39 -76.058 164.585 752 N/A Fig. 8 

NBP9501 PC41 -74.475 173.510 558 N/A Fig. 8 

NBP9407 TC01 -74.983 179.360 443 N/A Fig. 8 

NBP9407 PC03 -75.074 -178.903 551 N/A Fig. 8 

NBP9407 TC06 -75.377 -176.744 619 N/A Fig. 8 

NBP9407 TC11 -75.834 177.340 461 N/A Fig. 8 

NBP9407 TC12 -75.790 177.168 453 N/A Fig. 8 

NBP9407 TC13 -75.455 177.446 441 N/A Fig. 8 

NBP9407 TC14 -75.119 177.708 410 N/A Fig. 8 

NBP9407 TC15 -75.278 179.366 490 N/A Fig. 8 

NBP9407 TC16 -75.333 179.632 511 N/A Fig. 8 

NBP9407 TC17 -74.933 178.854 420 N/A Fig. 8 

NBP9407 TC19 -76.902 -176.351 629 N/A Fig. 8 

NBP9407 TC22 -76.934 -175.768 615 N/A Fig. 8 

NBP9407 TC23 -77.040 -176.279 637 N/A Fig. 8 

NBP9407 TC24 -76.109 -176.873 648 N/A Fig. 8 

NBP9407 TC25 -77.550 -175.856 584 N/A Fig. 8 

NBP9407 TC27 -77.359 -176.582 626 N/A Fig. 8 

NBP9407 TC28 -77.351 -176.842 644 N/A Fig. 8 

NBP9407 TC29 -77.483 -176.854 628 N/A Fig. 8 

NBP9407 TC30 -77.483 -177.694 664 N/A Fig. 8 
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Cruise Core Latitude Longitude Water Depth 

(m) 

Geomorphic context Appearance of core in 

this study 

NBP9407 TC33 -77.467 -178.433 665 N/A Fig. 8 

NBP9407 TC35 -76.975 -176.212 635 N/A Fig. 8 

NBP9407 TC36 -76.716 -176.524 582 N/A Fig. 8 

NBP9407 TC46 -77.553 -179.508 650 N/A Fig. 8 

NBP9407 TC47 -77.351 -177.982 660 N/A Fig. 8 

NBP9407 TC51 -77.659 -177.789 678 N/A Fig. 8 

NBP9407 TC56 -77.325 -166.655 441 N/A Fig. 8 

NBP9407 TC57 -77.341 -167.356 525 N/A Fig. 8 

NBP9407 TC59 -77.354 -167.813 502 N/A Fig. 8 

NBP9407 TC62 -77.382 -168.632 570 N/A Fig. 8 

NBP9407 TC63 -77.327 -169.181 582 N/A Fig. 8 

NBP9407 TC66 -77.532 -167.886 559 N/A Fig. 8 

NBP9407 TC84 -76.887 -178.284 602 N/A Fig. 8 

NBP9407 TC85 -76.927 -179.317 719 N/A Fig. 8 

NBP9407 TC87 -76.822 -179.896 669 N/A Fig. 8 

NBP9401 TC01 -77.194 167.888 939 N/A Fig. 8 

NBP9401 PC02 -76.284 169.704 679 N/A Fig. 8 

NBP9401 TC06 -73.416 177.367 509 N/A Fig. 8 

NBP9401 TC16 -74.652 174.570 465 N/A Fig. 8 

NBP9401 PC18 -74.383 173.304 560 N/A Fig. 8 

NBP9401 PC20 -74.292 172.863 513 N/A Fig. 8 

NBP9401 TC22 -74.038 171.675 448 N/A Fig. 8 

NBP9401 PC23 -73.942 171.242 583 N/A Fig. 8 

NBP9401 PC30 -76.647 -179.636 628 N/A Fig. 8 

NBP9401 PC32 -75.300 179.390 489 N/A Fig. 8 

NBP9401 PC33 -75.455 -179.615 603 N/A Fig. 7, 8 

NBP9401 PC36 -75.822 -177.224 622 N/A Fig. 8 

NBP9401 TC38 -76.160 -174.990 579 N/A Fig. 8 

DF80 PC57 -77.283 165.817 869 N/A Fig. 8 

DF80 PC90 -76.017 163.183 790 N/A Fig. 8 

DF80 PC91 -75.733 163.433 732 N/A Fig. 8 

DF80 PC94 -75.467 163.333 791 N/A Fig. 8 

DF80 PC96 -75.600 164.183 539 N/A Fig. 8 

DF80 PC102 -75.200 163.717 1116 N/A Fig. 8 

DF80 PC108 -75.067 166.000 915 N/A Fig. 8 

DF80 PC109 -75.067 166.717 717 N/A Fig. 8 

DF80 PC110 -75.050 167.400 458 N/A Fig. 8 

DF80 PC111 -74.917 167.483 554 N/A Fig. 8 

DF80 PC112 -74.917 166.817 713 N/A Fig. 8 

DF80 PC113 -74.917 166.483 951 N/A Fig. 8 
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Cruise Core Latitude Longitude Water Depth 

(m) 

Geomorphic context Appearance of core in 

this study 

DF80 PC114 -74.917 165.800 1088 N/A Fig. 8 

DF80 PC122 -74.583 166.450 704 N/A Fig. 8 

DF80 PC131 -75.417 165.800 755 N/A Fig. 8 

DF80 PC132 -75.550 166.133 668 N/A Fig. 8 

DF80 PC133 -77.083 166.167 897 N/A Fig. 8 

DF80 PC138 -77.183 167.617 914 N/A Fig. 8 

DF80 PC143 -73.400 172.167 521 N/A Fig. 8 

DF80 PC144 -73.017 172.167 457 N/A Fig. 8 

DF80 PC175 -72.933 171.133 595 N/A Fig. 8 

DF80 PC177 -73.683 171.817 529 N/A Fig. 8 

DSDP28 Site270 -77.441 -178.503 633 N/A Fig. 1 

DSDP28 Site272 -77.127 -176.760 619 N/A Fig. 1 
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Appendix B 

Details of compound-specific radiocarbon analysis 

Dried sediment was extracted with dichloromethane/methanol 

(CH2Cl2/MeOH, 7:3, vol/vol), and the total extract was saponified with 0.5 M 

KOH/MeOH under reflux. From the saponified material, neutral components were 

extracted with n-hexane. After the remaining solution was acidified to <pH 2 with 

hydrochloric acid (HCl), the acidic fraction was extracted with CH2Cl2, then 

esterified with HCl/MeOH. Silica gel column chromatography of the methylated 

acidic fraction was used to separate the fatty acid methyl esters (FAMEs) with n-

hexane/CH2Cl2 (2:1, vol/vol) from other polar compounds. Reversed-phase high 

performance liquid chromatography (HPLC) was used to isolate the saturated C14, 

C16, and C18 FAMEs from the rest of the FAME fraction. We used three columns 

(Develosil C30-UG-5, 4.6 × 250 mm, 5.5-μm particle size; Nomura Chemical) 

connected in series. The mobile phase was MeCN/MeOH (1:2, vol/vol) with 0.5% 

pyridine. The column oven temperature was 15 °C from 0 to 35 min, ramped at 2 

°C·min−1 from 35 to 52.5 min and held at 50 °C until 80 min. The HPLC system 

comprised a binary pump (Agilent G1312A), on-line degasser (Agilent G1379B), 

auto sampler (Agilent G1313A), total temperature controller (Polaratherm Series 

9000), evaporative light scattering detector (ELSD; Polymer Laboratories PL-ELS 

2100), and fraction collector (Agilent G1364C). Data were collected and processed 

using Agilent Chemstation software. Conditions for the ELSD included: nebulizer, 30 
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°C; evaporator, 35 °C; gas flow, air; 1.2 SLM (standard liters per minute; l min−1 at 25 

°C, 414 kPa in the mass flow controller). The flow rate of the mobile phase was 1 

mL·min−1.  

The isolated fraction was subjected to the above described silica gel column 

chromatography conditions to remove impurities introduced during HPLC. The C14, 

C16, and C18 FAMEs can be eluted with n-hexane/ CH2Cl2 (2:1, vol/vol). An aliquot 

of the silica gel elute (up to 1% of the total amount) was transferred to another vial, 

concentrated, and examined using GC/MS and NMR to evaluate the purity of the 

target FAMEs.  

Approximately 30–110 μg of C14–C18 FAMEs were typically collected and 

converted to graphite. Target graphites were then analyzed with single-stage 

accelerator mass spectrometry (Yokoyama et al. 2018) at the Atmosphere and 

Ocean Research Institute at The University of Tokyo. All radiocarbon values were 

corrected for the contribution of methyl carbon obtained from MeOH (Δ14C = 

−991‰) during the esterification by isotope mass balance. We have monitored the 

blank by various methods including gas chromatography, NMR, and elemental 

analyses. NMR spectroscopy using a 1-mm microliter NMR probe should be useful 

for detecting contaminants (10 μg or less), such as compounds whose molecular 

weight is greater than 600 Da. A proton NMR spectrum of C-16 FAME (61 μg) 

isolated from the sediment with the method described in the paper shows that all 

spectra can be assigned to either from C-16 FAME or NMR solvent and peaks were 
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not observed to originate from other compounds. Therefore, impurities should be 

lower than the detection limit of NMR spectroscopy (less than ca.1 μg).  

Parallel blank experiments were conducted simultaneously with the samples 

using the same procedure, including solvent extraction, liquid/liquid extraction, 

silica gel column chromatography, and derivatization (i.e., methyl esterification). 

During these blank experiments, we observed two major fatty acids in the gas 

chromate/mass spectrometry analysis—C16 fatty acid (palmitic acid) and C18 fatty 

acid (steric acid). We quantified these peaks and found that the total amount of 

these fatty acids is ca. 0.2 μg C, on average. This amount corresponds to only 0.2–

0.7% of the actual sample size for radiocarbon dating (cf. 30–110 μg C). Assuming 

that the real sample age is 5000 yr BP, and that above blank (i.e., contaminants) 

exhibits an extreme age, such as either modern or 14C-dead, such a low blank level 

could only shift the age younger or older by less than 100 years. Thus, we conclude 

that the chemical extraction step blank will not have a significant effect on the 

results presented here. Finally, graphite sample sizes are significantly correlated 

with the background, requiring correction of this effect. A correction was applied to 

each sample using the sample size–background relationship obtained from 

measurement of IAEA-C4 (wood: Δ14C = –998.0 to –995.6‰). 
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Supplementary Table B1: All ages for cores used for determining timing of grounding-line retreat and onset of open 

marine conditions as shown in Table 2.2. Details regarding material dated are included with the following 

abbreviations: AIO—acid insoluble organic, CS—compound-specific; mix forams—both benthic and planktonic; Ben. 

forams—benthic foraminifera; Pkt. forams—planktonic foraminifera. Sample depth range is the range reported by 

the original study, adjusted depth range is the depth after lithologic correlation. Cores for which correlation of the 

piston core (PC) to the trigger core (TC) is unclear are shown with a strikethrough. The surface ages used for LCO-

correction is shown, as well as the LCO-corrected ages and the calibrated ages. Calibration details can be found in 

Section 2.3.3. 

Study Core ID 
Material 
dated 

Sample 
depth range 
(cm) 

Adjusted 
depth 
range (cm) 

Facies 
Conventional 
14C age (yr 
BP) 

SD 
(yr) 

Core ID of 
surface age 

Surface 
age (yr 
BP) 

SD 
(yr) 

LCO-
corrected 
14C (yr BP) 

SD 
(yr) 

Calibrated 
age (cal yr 
BP) 

SD 
(yr) 

1 DF80 PC57 AIO 0-2 
 

5 3040 70 NBP9401 TC01 2580 55 1760 134 468 147 

1 DF80 PC57 Bivalve 42-44 
 

5 7830 60 -- -- -- -- -- 7439 105 

1 DF80 PC102 AIO 0-7 
 

5 4025 55 NBP9501 KC34 3205 60 2120 129 780 147 

1 DF80 PC102 AIO 89-91 
 

5 12640 80 NBP9501 KC34 3205 60 10735 141 10790 220 

2 DF80 PC189 AIO 7-9 
 

5 2470 35 NBP9401 TC01 2580 55 1190 119 0 0 

1 DF80 PC189 AIO 9-10 
 

5 2660 70 NBP9401 TC01 2580 55 1380 134 118 117 

2 DF80 PC189 AIO 96-98 
 

5 7168 35 NBP9401 TC01 2580 55 5888 119 5329 202 

1 DF80 PC189 AIO 111-115 
 

5 7330 65 NBP9401 TC01 2580 55 6050 131 5488 185 

2 DF80 PC189 AIO 127-129 
 

4/5 11331 45 NBP9401 TC01 2580 55 10051 123 9919 216 

2 DF80 PC189 AIO 176-178 
 

1 21830 120 NBP9401 TC01 2580 55 20550 166 23194 250 

3 NBP9401 TC01 AIO 0–2 
 

5 2580 55 NBP9401 TC01 2580 55 0 0 0 0 

4 NBP9401 TC01 AIO 11–12 
 

5 2680 50 NBP9401 TC01 2580 55 1400 125 121 120 

4 NBP9401 TC01 AIO 29–31 
 

5 3250 55 NBP9401 TC01 2580 55 1970 127 642 138 

3 NBP9401 PC01 AIO 2–5 unclear 5 2850 50 NBP9401 TC01 2580 55 1570 125 314 142 

4 NBP9401 PC01 AIO 16–18 unclear 1 or 2 31450 475 NBP9401 TC01 2580 55 30170 489 32982 640 

3 NBP9401 TC17 AIO 0–2 0–2 5 3340 45 NBP9401 TC07 3340 45 0 0 0 0 

5 NBP9401 TC17 AIO 0-3 0-3 5 5370 90 NBP9401 TC07 3340 45 3330 142 2085 208 
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5 NBP9401 TC17 AIO 3-5 3-5 5 5380 90 NBP9401 TC07 3340 45 3340 142 2092 208 

4 NBP9401 TC17 AIO 14–16 14–16 5 4480 50 NBP9401 TC07 3340 45 2440 121 1095 155 

4 NBP9401 TC17 AIO 24–26 24–26 5 5170 50 NBP9401 TC07 3340 45 3130 121 1822 192 

4 NBP9401 TC17 AIO 34–36 34–36 5 5700 50 NBP9401 TC07 3340 45 3660 121 2507 184 

5 NBP9401 TC17 AIO 35-38 35-38 5 6170 40 NBP9401 TC07 3340 45 4130 117 3040 189 

4 NBP9401 TC17 AIO 44–46 44–46 5 6510 45 NBP9401 TC07 3340 45 4470 119 3479 188 

5 NBP9401 TC17 CS 3-5 3-5 5 3760 1070 -- -- -- -- -- 2610 1244 

5 NBP9401 TC17 CS 32-35 32-35 5 5150 340 -- -- -- -- -- 4351 463 

5 NBP9401 TC17 CS 35-38 35-38 5 3880 730 -- -- -- -- -- 2742 893 

3 NBP9401 PC17 AIO 4–6 67-69 5 9690 70 NBP9401 TC07 3340 45 7650 130 7269 166 

4 NBP9401 PC17 AIO 10–12 73-75 1 30210 410 NBP9401 TC07 3340 45 28170 424 30966 299 

3 NBP9401 TC20 AIO 0–2 
 

5 3580 50 NBP9401 TC20 3580 50 0 0 0 0 

4 NBP9401 TC20 AIO 11–12 
 

5 5980 60 NBP9401 TC20 3580 50 3700 127 2529 186 

4 NBP9401 TC20 AIO 25–26 
 

5 8950 70 NBP9401 TC20 3580 50 6670 132 6161 181 

4 NBP9401 TC20 AIO 38–40 
 

5 13120 90 NBP9401 TC20 3580 50 10840 144 10904 208 

4 NBP9401 TC20 AIO 45–47 
 

2 18370 140 NBP9401 TC20 3580 50 16090 179 17999 252 

3 NBP9401 TC31 AIO 0–2 
 

5 3270 50 NBP9401 TC31 3270 50 0 0 0 0 

5 NBP9401 TC31 AIO 0-5 
 

5 4870 70 NBP9401 TC31 3270 50 2900 132 1561 186 

5 NBP9401 TC31 AIO 25-28 
 

5 6290 50 NBP9401 TC31 3270 50 4320 122 3270 200 

4 NBP9401 TC31 AIO 35–36 
 

5 6090 55 NBP9401 TC31 3270 50 4120 125 3031 194 

4 NBP9401 TC31 AIO 50–51 
 

5 8170 65 NBP9401 TC31 3270 50 6200 129 5691 179 

5 NBP9401 TC31 AIO 55-60 
 

5 10090 70 NBP9401 TC31 3270 50 8120 132 7701 154 

4 NBP9401 TC31 AIO 60–62 
 

5 11850 80 NBP9401 TC31 3270 50 9880 137 9691 219 

5 NBP9401 TC31 CS 0-5 
 

5 2100 470 -- -- -- -- -- 813 439 

5 NBP9401 TC31 CS 25-28 
 

5 4130 450 -- -- -- -- -- 3041 574 

5 NBP9401 TC31 CS 55-60 
 

5 5540 360 -- -- -- -- -- 4860 473 

4 NBP9401 PC31 AIO 0–1 unclear 5 3240 50 NBP9401 TC31 3270 50 1270 122 0 0 

4 NBP9401 PC31 AIO 10–11 unclear 5 4720 55 NBP9401 TC31 3270 50 2750 125 1416 167 

4 NBP9401 PC31 AIO 22–23 unclear 5 6640 60 NBP9401 TC31 3270 50 4670 127 3705 207 

4 NBP9401 PC31 AIO 36–38 unclear 5 16530 125 NBP9401 TC31 3270 50 14560 168 15933 286 

4 NBP9401 PC31 AIO 100–101 unclear 1 30000 480 NBP9401 TC31 3270 50 28030 493 30833 406 

4 NBP9401 PC31 AIO 140–142.5 unclear 1 31140 470 NBP9401 TC31 3270 50 29170 483 31773 546 

3 NBP9501 TC11 AIO 0–2 
 

5 4140 100 NBP9501 TC11 4140 100 0 0 0 0 
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3 NBP9501 PC11 AIO 3-5 13-15 5 6640 110 NBP9501 TC11 4140 100 3800 179 2609 252 

4 NBP9501 TC11 AIO 16–18 
 

5 7890 80 NBP9501 TC11 4140 100 5050 162 4216 260 

4 NBP9501 TC11 AIO 45–47 
 

1 22740 250 NBP9501 TC11 4140 100 19900 287 22478 357 

6 NBP9501 PC11 AIO 61-63 71-73 1 27120 305 NBP9501 TC11 4140 100 24280 336 27277 337 

6 NBP9501 TC18 AIO 0-2 
 

5 3735 60 NBP9501 TC18 3735 60 0 0 0 0 

6 NBP9501 PC18 AIO 10-12 22-24 2/4 17760 115 NBP9501 TC18 3735 60 15325 164 17030 302 

6 NBP9501 TC18 AIO 26-28 
 

2/4 20490 260 NBP9501 TC18 3735 60 18055 285 20211 370 

6 NBP9501 PC18 AIO 21.5-23.5 33.5-35.5 2 27580 325 NBP9501 TC18 3735 60 25145 345 27959 317 

6 NBP9501 PC18 AIO 41-43 53-55 2 25870 245 NBP9501 TC18 3735 60 23435 271 26357 331 

6 NBP9501 TC18 AIO 62-64 
 

3 24680 490 NBP9501 TC18 3735 60 22245 504 25147 573 

3 NBP9501 PC26 AIO 0-2 
 

5 2210 55 NBP1502A KC36 2279 44 0 0 0 0 

4 NBP9501 PC26 AIO 140–141 
 

5 3460 55 NBP1502A KC36 2279 44 2481 122 1122 156 

4 NBP9501 PC26 AIO 280–281 
 

5 4240 55 NBP1502A KC36 2279 44 3261 122 1995 196 

4 NBP9501 PC26 AIO 610–611 
 

5 6070 65 NBP1502A KC36 2279 44 5091 127 4279 223 

4 NBP9501 PC26 AIO 790–791 
 

5 7690 65 NBP1502A KC36 2279 44 6711 127 6208 181 

4 NBP9501 PC29 AIO 50–51 
 

5 3900 65 NBP1502A KC36 2279 44 2921 127 1587 185 

4 NBP9501 PC29 AIO 125–126 
 

5 4060 70 NBP1502A KC36 2279 44 3081 130 1766 195 

4 NBP9501 PC29 AIO 290–291 
 

5 4320 95 NBP1502A KC36 2279 44 3341 145 2091 211 

4 NBP9501 PC29 AIO 380–381 
 

5 5050 70 NBP1502A KC36 2279 44 4071 130 2968 194 

4 NBP9501 PC29 AIO 430–431 
 

5 5090 90 NBP1502A KC36 2279 44 4111 142 3019 208 

4 NBP9501 PC29 AIO 538–539 
 

5 5540 75 NBP1502A KC36 2279 44 4561 133 3579 201 

4 NBP9501 PC29 AIO 652–653 
 

5 5770 75 NBP1502A KC36 2279 44 4791 133 3860 222 

3 NBP9501 KC31 AIO 0-1 
 

5 2424 50 NBP9501 KC31 2424 50 0 0 0 0 

7 NBP9501 KC31 AIO 9-11 
 

5 3140 50 NBP9501 KC31 2424 50 1519 124 261 154 

7 NBP9501 KC31 AIO 30–32 
 

5 3940 45 NBP9501 KC31 2424 50 2319 122 972 166 

7 NBP9501 KC31 AIO 49–51 
 

5 5680 55 NBP9501 KC31 2424 50 4059 126 2957 190 

7 NBP9501 KC31 AIO 70–72 
 

5 5925 60 NBP9501 KC31 2424 50 4304 128 3253 205 

7 NBP9501 KC31 AIO 87–89 
 

5 7270 65 NBP9501 KC31 2424 50 5649 131 5037 208 

7 NBP9501 KC31 AIO 116–118 
 

4/5 10230 70 NBP9501 KC31 2424 50 8609 133 8168 164 

7 NBP9501 KC31 AIO 159–161 
 

1 12275 95 NBP9501 KC31 2424 50 10654 148 10690 235 

7 NBP9501 KC31 AIO 167–169 
 

1 26265 325 NBP9501 KC31 2424 50 24644 344 27546 276 

7 NBP9501 KC31 AIO 219.5-220.5 1 31605 520 NBP9501 KC31 2424 50 29984 532 32701 697 

3 NBP9501 KC37 AIO 0–2 
 

5 2780 50 NBP9501 KC37 2780 50 0 0 0 0 
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7 NBP9501 KC37 AIO 10–11 
 

5 3020 50 NBP9501 KC37 2780 50 1540 122 279 153 

7 NBP9501 KC37 AIO 20–21 
 

5 4720 50 NBP9501 KC37 2780 50 3240 122 1962 195 

7 NBP9501 KC37 AIO 30–31 
 

5 6210 55 NBP9501 KC37 2780 50 4730 125 3777 210 

7 NBP9501 KC37 AIO 40–41 
 

5 8630 85 NBP9501 KC37 2780 50 7150 140 6696 205 

7 NBP9501 KC37 AIO 55–56 
 

5 10500 75 NBP9501 KC37 2780 50 9020 135 8609 201 

7 NBP9501 KC37 AIO 67–68 
 

4/5 13840 95 NBP9501 KC37 2780 50 12360 147 12933 177 

7 NBP9501 KC37 AIO 83–84 
 

4/5 17800 175 NBP9501 KC37 2780 50 16320 208 18249 260 

7 NBP9501 KC37 AIO 93–95 
 

4/5 19385 135 NBP9501 KC37 2780 50 17905 175 20021 261 

7 NBP9501 KC37 AIO 125–127 
 

2 30695 460 NBP9501 KC37 2780 50 29215 473 31813 547 

7 NBP9501 KC37 AIO 146–148 
 

2 26895 375 NBP9501 KC37 2780 50 25415 391 28170 360 

8 NBP1502A JPC01 AIO 5.5-6.5 
 

5 4045 46 NBP1502A JPC01 4045 46 2435 119 1090 154 

8 NBP1502A JPC01 AIO 22.5-23.5 
 

5 8736 53 NBP1502A JPC01 4045 46 7126 125 6671 190 

8 NBP1502A JPC01 carbonate 175-177 
 

1 39785 257 -- -- -- -- -- 42523 202 

8 NBP1502A KC03 AIO 0-1 
 

5 2921 53 NBP1502A KC03 2921 53 0 0 0 0 

8 NBP1502A KC03 AIO 44.5-45.5 
 

5 6133 48 NBP1502A KC03 2921 53 4512 121 3521 194 

8 NBP1502A KC03 AIO 58.5-59.5 
 

4 10143 40 NBP1502A KC03 2921 53 8522 115 8089 155 

8 NBP1502A KC03 AIO 69.5-70.5 
 

4 15629 78 NBP1502A KC03 2921 53 14008 149 15059 360 

8 NBP1502A KC04 AIO 0-1 
 

5 2908 47 NBP1502A KC04 2908 47 0 0 0 0 

8 NBP1502A KC04 CS 3-13 
 

5 3070 50 -- -- -- -- -- 1751 135 

8 NBP1502A KC04 AIO 10.5-11.5 
 

5 4293 38 NBP1502A KC04 2908 47 2685 114 1354 158 

8 NBP1502A KC04 AIO 117.5-118.5 1 25270 68 NBP1502A KC04 2908 47 23662 139 26656 268 

8 NBP1502A KC04 AIO 121.5-122.5 1 25070 72 NBP1502A KC04 2908 47 23462 143 26351 221 

8 NBP1502A KC04 
mix 
forams 160-170 

 
1 24762 172 NBP1502A KC04 2908 47 24762 172 27628 141 

8 NBP1502A KC04 
mix 
forams 190-200 

 
1 30180 307 NBP1502A KC04 2908 47 30180 307 33071 443 

8 NBP1502A KC17 AIO 0-1 
 

5 2910 46 NBP1502A KC17 2910 46 0 0 0 0 

8 NBP1502A KC17 AIO 43.5-44.5 
 

5 11194 85 NBP1502A KC17 2910 46 9584 156 9307 214 

8 NBP1502A KC17 AIO 86-87 
 

4 20791 56 NBP1502A KC17 2910 46 19181 128 21646 219 

8 NBP1502A KC17 AIO 105-106 
 

4 24325 65 NBP1502A KC17 2910 46 22715 136 25735 152 

8 NBP1502A KC17 
Mix 
forams 134.5-135.5 4 14162 81 -- -- -- -- -- 15366 204 

8 NBP1502A KC17 
Mix 
forams 144.5-145.5 4 14035 100 -- -- -- -- -- 15121 273 

8 NBP1502A KC17 
Mix 
forams 244.5-245.5 2 24613 87 -- -- -- -- -- 27545 110 
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8 NBP1502A KC17 
Mix 
forams 254.5-255.5 2 28854 95 -- -- -- -- -- 31330 112 

8 NBP1502A KC17 AIO 262-263 
 

2 23028 60 NBP1502A KC17 2910 46 21418 131 24182 196 

8 NBP1502A KC17 AIO 269-270 
 

5 23109 76 NBP1502A KC17 2910 46 21499 147 24262 218 

8 NBP1502A KC18 AIO 19-20 
 

5 6969 39 NBP1502A KC17 2910 46 5359 114 4627 189 

8 NBP1502A KC18 AIO 198-199 
 

1 28780 92 NBP1502A KC17 2910 46 27170 164 30086 307 

8 NBP1502A KC22 AIO 75.5-76.6 
 

5 6975 40 NBP1502A KC17 2910 46 5360 115 4627 190 

8 NBP1502A KC22 CS 75-83 
 

5 5845 75 -- -- -- -- -- 5276 164 

8 NBP1502A KC28 AIO 1.5-2.5 
 

5 2431 42 NBP1502A KC28 2431 42 0 0 0 0 

8 NBP1502A KC28 AIO 23.5-24.5 
 

5 4241 61 NBP1502A KC28 2431 42 3110 132 1798 200 

8 NBP1502A KC28 AIO 55-56 
 

4/5 27951 77 NBP1502A KC28 2431 42 26820 148 29615 269 

8 NBP1502A KC30 
mix 
forams 130-132 

 
3 11882 102 -- -- -- -- -- 12476 183 

8 NBP1502A KC30 
Ben. 
forams 290-292 

 
2 21457 115 -- -- -- -- -- 24220 184 

8 NBP1502A KC36 AIO 0-1 
 

5 2279 44 NBP1502A KC36 2279 44 0 0 0 0 

8 NBP1502A KC36 AIO 13.5-14.5 
 

5 3891 63 NBP1502A KC36 2279 44 2912 134 1578 189 

8 NBP1502A KC36 AIO 26.5-27.5 
 

4/5? 5264 77 NBP1502A KC36 2279 44 4285 148 3224 223 

8 NBP1502A KC36 AIO 39.5-40.5 
 

4/5? 8397 42 NBP1502A KC36 2279 44 7418 116 7023 177 

8 NBP1502A KC36 AIO 52.5-53.4 
 

4/5? 13275 68 NBP1502A KC36 2279 44 12296 139 12880 170 

8 NBP1502A KC41 AIO 27.5-28.5 
 

5 4428 44 NBP1502A KC04 2908 47 2820 118 1468 167 

8 NBP1502A KC43 AIO 22-23 
 

5 6535 47 NBP1502A KC03 2921 53 4914 120 4035 214 

8 NBP1502A KC43 AIO 26-27 
 

4/5 13970 74 NBP1502A KC03 2921 53 12349 145 12925 175 

8 NBP1502A KC43 AIO 33-34 
 

4/5 23411 79 NBP1502A KC03 2921 53 21790 150 24673 275 

8 NBP1502A KC44 AIO 0-1 
 

5 2684 46 NBP1502A KC44 2684 46 0 0 0 0 

8 NBP1502A KC44 AIO 30-32 
 

5 13242 62 NBP1502A KC44 2684 46 11858 133 12429 216 

5 NBP1502A KC44 AIO 64-66 
 

5 7258 56 NBP1502A KC44 2684 46 5874 128 5275 210 

5 NBP1502A KC44 CS 60-70 
 

5 5915 74 -- -- -- -- -- 5394 153 

5 NBP1502A KC44 AIO 99-100 
 

1 or 2 27579 150 NBP1502A KC44 2684 46 26195 235 28944 280 

8 NBP1502A KC46 AIO 0-1 
 

5 2611 43 NBP1502A KC46 2611 43 0 0 0 0 

8 NBP1502A KC46 AIO 24.5-25.5 
 

5 4207 45 NBP1502A KC46 2611 43 2896 119 1553 176 

8 NBP1502A KC48 AIO 0-1 
 

5 2509 61 NBP1502A KC48 2509 61 0 0 0 0 

7 NBP9501 KC39 AIO 0-1 4.5-5.5 5 3140 50 NBP1502A KC48 2509 61 1931 285 616 135 

8 NBP1502A KC48 CS 5-15 
 

5 1829 154 -- -- -- -- -- 519 160 

7 NBP9501 KC39 AIO 50-51 55-56 5 4760 60 NBP1502A KC48 2509 61 3551 132 2360 218 
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7 NBP9501 KC39 AIO 80-82 85-87 5 5820 90 NBP1502A KC48 2509 61 4611 148 3635 223 

3 NBP9501 KC39 AIO 98-100 103-105 5 6565 60 NBP1502A KC48 2509 61 5356 132 4620 208 

7 NBP9501 KC39 AIO 100-101 105-106 5 7020 60 NBP1502A KC48 2509 61 5811 132 5224 214 

7 NBP9501 KC39 AIO 150-151 155-156 5 7740 60 NBP1502A KC48 2509 61 6531 132 6049 180 

8 NBP1502A KC48 CS 165-175 
 

5 8248 102 -- -- -- -- -- 7804 137 

7 NBP9501 KC39 AIO 170-171 175-177 5 8980 70 NBP1502A KC48 2509 61 7771 136 7391 155 

8 NBP1502A KC48 AIO 182.5-183.5 5 10144 58 NBP1502A KC48 2509 61 8935 129 8523 198 

7 NBP9501 KC39 AIO 190-191 195-197 5 10450 80 NBP1502A KC48 2509 61 9241 142 8875 239 

7 NBP9501 KC39 AIO 208-210 213-215 3 14290 95 NBP1502A KC48 2509 61 11781 113 13253 108 

8 NBP1502A KC48 
mix 
forams 220-222 

 
3 14166 115 -- -- -- -- -- 15378 239 

8 NBP1502A KC48 
Pkt. 
forams 220-230 

 
2/3 17446 129 -- -- -- -- -- 19453 220 

7 NBP9501 KC39 AIO 229.5-230.5 
234.5-
235.5 2 26585 280 NBP1502A KC48 2509 61 25376 304 28124 299 

8 NBP1502A KC48 
Pkt. 
forams 250-260 

 
2 14904 411 -- -- -- -- -- 16431 613 

8 NBP1502A KC48 
Ben. 
forams 250-260 

 
2 19877 143 -- -- -- -- -- 22447 199 

7 NBP9501 KC39 AIO 249-250 254-255 2 25750 320 NBP1502A KC48 2509 61 24541 341 27477 281 

8 NBP1502A KC48 
brachiopo
d 310-315 

 
2 16003 42 -- -- -- -- -- 17876 143 

8 NBP1502A KC48 
Pkt. 
forams 317-319 

 
2 12751 86 -- -- -- -- -- 13315 125 

8 NBP1502A KC49 
brachiopo
d 150-152 

 
3 11326 50 -- -- -- -- -- 11532 221 

8 NBP1502A KC49 
Ben. 
forams 220-222 

 
2 22566 131 -- -- -- -- -- 25610 172 
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Figure B1: Radiocarbon ages and regressions 
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Figure B1: Plots of ages used to determine timing of grounding-line retreat and 

onset of open marine conditions as shown in Table 2.2. Linear regression 

equations are included, as well as geomorphic context, depositional 

environment, and depths of transitions. Circles represent AIO ages, triangles 

represent carbonate ages, and squares represent compound-specific ages. 

Sub-ice shelf, ice-proximal, subglacial, and IRD-rich AIO ages are omitted from 

regressions. For each core with a regression, the surface age used for LCO 

corrections is included. For brevity, ages from subglacial depositional 

environments are not shown in some cores, but can be found in Table B1. 
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Appendix C 

Supplementary Table C1: All ages for cores in the vicinity of Marguerite Bay and farther up the Antarctic Peninsula. 

Details regarding material dated are included with the following abbreviations: AIO—acid insoluble organic, F—

forams, F(m)—both benthic and planktonic; F(b)—benthic foraminifera; F(p)—planktonic foraminifera. Sample 

depth range is the range reported by the original study. Calibrated ages are shown to 1σ error after a 1300 yr 

reservoir correction. Facies designations and major events are denoted. 

Map 
ID 

Laboratory 
Sample ID Cruise Core 

Depth in 
core (cm) Material 

14C age 
(yr BP) 

SD 
(yr 
BP) Study Latitude Longitude Facies Event 

Calibrated 
age (cal yr 
BP) 

SD 
(cal yr 
BP) 

1 
SUERC-
31775 JR179 GC468 0 AIO 4403 36 

Graham 
and Smith 
2012 -68.5435 -74.0025 5b 

 
3383 133 

1 
SUERC 
31776 JR179 GC468 92 AIO 10169 42 

Graham 
and Smith 
2012 -68.5435 -74.0025 5b 

minimum 
open marine 
transition 10062 147 

2 
SUERC-
22280 JR179 GC514 125 AIO 14984 64 

Graham 
and Smith 
2012 -68.6863 -73.0737 5b 

 
16495 198 

2 
SUERC 
22281 JR179 GC514 168 AIO 16360 70 

Graham 
and Smith 
2012 -68.6863 -73.0737 5b 

open marine 
transition 18292 162 

2 
SUERC-
31778 JR179 GC514 180 AIO 24943 180 

Graham 
and Smith 
2012 -68.6863 -73.0737 2/3 

 
27744 160 

3 
YAUT-
037231 DF85 PC115 134-136 AIO 16378 116 This study -68.443 -70.763 4 

open marine 
transition 18317 157 

3 
YAUT-
038305 DF85 PC115 139-145 F(p) 11869 120 This study -68.443 -70.763 4 

end sub-ice 
shelf 12481 158 

3 
YAUT-
038430 DF85 PC115 139-145 F(b) 12086 144 This study -68.443 -70.763 4 

end sub-ice 
shelf 12695 127 

4 
YAUT-
037232 DF85 PC116 9-12 AIO 12866 108 This study -68.483 -70.6 5b 

open marine 
transition 13412 109 
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4 
YAUT-
037233 DF85 PC116 16-19 AIO 14260 111 This study -68.483 -70.6 4 

end sub-ice 
shelf 15484 180 

4 
YAUT-
038307 DF85 PC116 20-25 F(p) 11561 120 This study -68.483 -70.6 4 

end sub-ice 
shelf 12037 261 

4 
YAUT-
038308 DF85 PC116 85-89 F(m) 11747 119 This study -68.483 -70.6 4 

 
12343 189 

5 
YAUT-
038433 DF85 PC117 60-65 F(b) 13439 153 This study -68.495 -70.208 3/4 

begin sub-ice 
shelf 14024 222 

6 
YAUT-
037236 DF85 PC119 45-47 AIO 12998 108 This study -68.343 -70.38 5b 

open marine 
transition 13551 125 

6 
YAUT-
038309 DF85 PC119 50-58 F(p) 11851 119 This study -68.343 -70.38 4 

end sub-ice 
shelf 12460 162 

7 
OxA-
13409 JR59/71 VC306 0 AIO 4560 40 

O Cofaigh 
et al., 2005 -68.1433 -70.5817 5b 

 
3567 135 

7 
OxA-
13410 JR59/71 VC306 162 AIO 12010 80 

O Cofaigh 
et al., 2005 -68.1433 -70.5817 5a end ice pack 12632 115 

7 
OxA-
13411 JR59/71 VC306 180 AIO 12610 110 

O Cofaigh 
et al., 2005 -68.1433 -70.5817 5a ice pack 13186 154 

8 
SUERC-
20979 JR157 GC002 

187–
191.5 F(p) 9790 39 

Kilfeather 
et al., 2011 -68.1418 -70.58201 5b 

open marine 
transition 9562 124 

8 
SUERC-
20980 JR157 GC002 

240.5–
244.5 F(p) 11830 40 

Kilfeather 
et al., 2011 -68.1418 -70.58201 4 

end sub-ice 
shelf/begin 
ice pack 12447 155 

8 
SUERC-
23755 JR157 GC002 278–286 F(p) 13340 57 

Kilfeather 
et al., 2011 -68.1418 -70.58201 4 

 
13923 134 

9 OxA-3255 DIS87 GC51 0-2 AIO 4020 90 
Pudsey et 
al., 1994 -64.3133 -65.45 5b 

 
2906 157 

9 OxA-3256 DIS87 GC51 99-101 AIO 8550 90 
Pudsey et 
al., 1994 -64.3133 -65.45 5b 

 
8112 139 

9 OxA-3257 DIS87 GC51 209-210 AIO 12730 130 
Pudsey et 
al., 1994 -64.3133 -65.45 5b 

open marine 
transition 13293 160 

10 
YAUT-
037237 DF85 PC125 13-14 AIO 12062 107 This study -68.232 -69.678 5b 

open marine 
transition 12666 86 

10 
YAUT-
038314 DF85 PC125 15-20 F(p) 11749 120 This study -68.232 -69.678 4 

end sub-ice 
shelf 12345 189 

10 
YAUT-
038313 DF85 PC125 58-62 F(m) 13313 123 This study -68.232 -69.678 4 

 
13896 144 

10 
YAUT-
038310 DF85 PC125 62-72 F(p) 13647 122 This study -68.232 -69.678 3/4 

begin sub-ice 
shelf 14393 266 

11 
YAUT-
037226 DF85 PC87 533-534 AIO 10451 108 This study -68.253 -68.332 5b 

open marine 
transition 10402 131 

11 
YAUT-
037228 DF85 PC87 558-559 AIO 10639 107 This study -68.253 -68.332 4 

 
10642 144 
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11 
YAUT-
037229 DF85 PC87 572-573 AIO 10700 108 This study -68.253 -68.332 5b 

 
10724 152 

12 
 

NBP0201 PC49 792–800 Shell 9126 95 

Heroy and 
Anderson, 
2007 -68.2042 -68.3727 5b 

minimum 
open marine 
transition 8764 182 

12 
 

NBP0201 PC49 792-800 AIO 9126 95 Fretwell -68.2042 68.372667 5b 

minimum 
open marine 
transition 8764 182 

13 
YAUT-
037224 DF85 PC79 218-220 AIO 11648 109 This study -68.195 -68.253 5b 

open marine 
transition 12213 204 

13 
YAUT-
038319 DF85 PC79 226-235 F(m) 10831 117 This study -68.195 -68.253 3/4 

end sub-ice 
shelf 10895 156 

13 
YAUT-
038320 DF85 PC79 270-280 F(m) 10989 117 This study -68.195 -68.253 3/4 

begin sub-ice 
shelf 11071 141 

14 
YAUT-
037225 DF85 PC84 5-10 AIO 6620 106 This study -68.28 -67.908 5b 

open marine 
transition 6124 119 

15 
 

NBP0201 JPC43 Cutter F(m) 9360 50 

Heroy and 
Anderson, 
2007 -68.2571 -66.9617 5b 

minimum 
open marine 
transition 9102 153 

15 AA53651 NBP0201 JPC43 0-5 F na na 
Allen et al., 
2010 -68.2571 -66.9617 5 

   

15 AA53647 NBP0201 JPC43 200-205 Scaphopod 2185 54 
Allen et al., 
2010 -68.2571 -66.9617 5 

 
820 110 

15 AA53649 NBP0201 JPC43 655-662 Shell 3920 240 
Allen et al., 
2010 -68.2571 -66.9617 5 

 
2798 329 

15 AA53648 NBP0201 JPC43 665-670 F 5800 150 
Allen et al., 
2010 -68.2571 -66.9617 5b 

 
5204 229 

15 AA53650 NBP0201 JPC43 750-755 Shell 9441 67 
Allen et al., 
2010 -68.2571 -66.9617 5b 

 
9164 150 

15 AA52485 NBP0201 JPC43 993-994 Shell 6633 53 
Allen et al., 
2010 -68.2571 -66.9617 5b 

 
6135 125 

15 OS–37597 NBP0201 JPC43 
1094-
1095 

Mollusc 
frag 8080 50 

Allen et al., 
2010 -68.2571 -66.9617 5b 

 
7659 107 

15 OS–37598 NBP0201 JPC43 cutter F 9360 50 
Allen et al., 
2010 -68.2571 -66.9617 5b 

minimum 
open marine 
transition 9102 153 

16 
 

DF86 PC112 0-20 AIO 4100 150 
Harden et 
al., 1992 -67.9995 -68.54256 5b 

 
3002 215 

16 
 

DF86 PC112 50-70 AIO 9430 150 
Harden et 
al., 1992 -67.9995 -68.54256 5b 

 
9184 220 

16 
 

DF86 PC112 100-120 AIO 10800 160 
Harden et 
al., 1992 -67.9995 -68.54256 3/4 

end sub-ice 
shelf 10866 226 
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17 
YAUT-
037223 DF85 PC72 534-536 AIO 10207 107 This study -67.915 -68.448 5b 

open marine 
transition 10092 149 

17 
YAUT-
038315 DF85 PC72 540-549 F(m) 10237 115 This study -67.915 -68.448 4 

end sub-ice 
shelf 10159 163 

17 
YAUT-
038233 DF85 PC72 540-549 

Clam 
fragment 10335 107 This study -67.915 -68.448 4 

end sub-ice 
shelf 10295 124 

17 
YAUT-
038316 DF85 PC72 580-590 F(m) 10360 116 This study -67.915 -68.448 4 

begin sub-ice 
shelf 10324 132 

18 
 

DF86 PC111 0-20 AIO 4260 160 
Harden et 
al., 1992 -67.8636 -68.57254 5b 

 
3197 232 

18 
 

DF86 PC111 50-70 AIO 6960 160 
Harden et 
al., 1992 -67.8636 -68.57254 5b 

 
6487 205 

18 
 

DF86 PC111 100-120 AIO 7210 160 
Harden et 
al., 1992 -67.8636 -68.57254 5b 

 
6771 226 

18 
 

DF86 PC111 150-170 AIO 9060 170 
Harden et 
al., 1992 -67.8636 -68.57254 5b 

 
8687 243 

18 
 

DF86 PC111 200-220 AIO 8780 160 
Harden et 
al., 1992 -67.8636 -68.57254 5b 

 
8348 207 

18 
 

DF86 PC111 250-270 AIO 10180 170 
Harden et 
al., 1992 -67.8636 -68.57254 5b 

minimum 
open marine 
transition 10044 273 

19 
 

NBP0201 PC48 784–786 Shell 9640 60 

Heroy and 
Anderson, 
2007 -67.8013 -68.1612 5b 

minimum 
open marine 
transition 9395 122 

19 
 

NBP0201 PC48 813-820 AIO 9030 290 Fretwell -67.8013 -68.16117 5b 

minimum 
open marine 
transition 8661 360 

20 AA-5684 PD88III PC99 180-190 F(m) 13490 140 

Pope and 
Anderson, 
1992 -67.582 -70.581 3/4 

begin ice 
pack 14138 300 

20 
YAUT-
038321 PD88 PC99 183-186 F(p) 11785 118 This study -67.582 -70.581 3/4 

begin ice 
pack 12389 178 

21 
SUERC-
21175 JR157 GC005 94.5–99 F(p) 9540 81 

Kilfeather 
et al., 2011 -67.5082 -70.60978 5b 

open marine 
transition 9287 149 

21 
SUERC-
20981 JR157 GC005 138–140 F(p) 12590 43 

Kilfeather 
et al., 2011 -67.5082 -70.60978 4 

end sub-ice 
shelf/begin 
ice pack 13182 116 

21 
SUERC-
23756 JR157 GC005 153–160 F(p) 13390 56 

Kilfeather 
et al., 2011 -67.5082 -70.60978 4 

begin sub-ice 
shelf 13971 134 

22 
OxA-
13412 JR59/71 VC307 0 AIO 3710 45 

O Cofaigh 
et al., 2005 -67.5000 -70.6117 5b 

 
2559 137 

22 
OxA-
13413 JR59/71 VC307 150 AIO 12910 110 

O Cofaigh 
et al., 2005 -67.5000 -70.6117 5b 

open marine 
transition 13470 155 
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23 
YAUT-
038322 PD88 PC83 119-138 F(m) 11040 117 This study -67.06 -70.078 5a end ice pack 11122 144 

24 AA-7324 PD88III PC85 125-135 F(m) 13335 105 

Pope and 
Anderson, 
1992 -66.963 -70.386 5a 

 
13918 171 

25 
OxA-
13407 JR59/71 VC304 0 AIO 3473 39 

O Cofaigh 
et al., 2005 -66.8767 -70.43833 5b 

 
2230 138 

25 
OxA-
13408 JR59/71 VC304 103 AIO 11670 250 

O Cofaigh 
et al., 2005 -66.8767 -70.43833 5b 

open marine 
transition 12178 403 

26 AA-5685 PD88III PC76 1-6 F(m) 12425 110 

Pope and 
Anderson, 
1992 -66.342 -70.907 5a 

begin ice 
pack 12997 161 

 
AA57841 NBP0201 PC30 320–322 AIO 17660 110 

Heroy and 
Anderson, 
2005 -65.8831 -69.0822 2/3? 

 
19748 186 

 
AA51314 NBP0201 PC30 395–405 F (b) >46,000 NA 

Heroy and 
Anderson, 
2005 -65.8831 -69.0822 1 

   

 

AA-7323 PD88III PC42 80-90 F(m) 13120 100 

Pope and 
Anderson, 
1992 -65.7 -66.867 RGM 

 
13666 160 

  

NBP0201 KC51 249–253 Shell 9640 na 

Heroy and 
Anderson, 
2007 -68.1474 -70.3649 5b 

   

  

NBP0201 PC52 88-94 AIO 9320 220 Fretwell -68.0495 -72.37583 5b 
 

8994 309 

  

NBP0201 PC52 88–94 Shell 9320 220 

Heroy and 
Anderson, 
2007 -68.0495 -72.3758 5b 

 
8994 309 

 
AA57844 NBP0201 PC55 151–153 AIO 18420 130 

Heroy and 
Anderson, 
2005 -65.1257 -67.7489 2/3? 

 
20655 214 

 
AA57847 NBP0201 PC57 52–54 AIO 19132 87 

Heroy and 
Anderson, 
2005 -65.1112 -66.8987 2/3 

 
21607 191 

 
OxA-3250 DIS87 GC47 240-242 AIO 7780 90 

Pudsey et 
al., 1994 -64.5883 -64.805 5b 

open marine 
transition 7385 121 

 
OxA-3251 DIS87 GC47 378-380 AIO 12280 150 

Pudsey et 
al., 1994 -64.5883 -64.805 5b 

open marine 
transition 12866 175 

 
OxA-3253 DIS87 GC49 120-122 AIO 10290 110 

Pudsey et 
al., 1994 -64.4433 -65.14333 5b 

 
10271 201 

 
OxA-3254 DIS87 GC49 289-291 AIO 13110 120 

Pudsey et 
al., 1994 -64.4433 -65.14333 5b 

open marine 
transition 13658 172 
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Beta-
109032 TH96 GC1702 5-8 AIO 2340 50 

Nishimura 
et al., 1999 -64.3703 -65.19944 5b 

 
1011 124 

 

Beta-
109033 TH96 GC1702 195-198 AIO 14320 50 

Nishimura 
et al., 1999 -64.3703 -65.19944 3/4 

begin sub-ice 
shelf 15557 189 

 

Beta-
109034 TH96 GC1702 225-228 AIO 17520 60 

Nishimura 
et al., 1999 -64.3703 -65.19944 1 

 
19576 169 

 

Beta-
109035 TH96 GC1702 300-302 AIO 31250 280 

Nishimura 
et al., 1999 -64.3703 -65.19944 1 

 
34026 250 

 
AA54038 NBP0201 PC24 190–200 F 14020 110 

Heroy and 
Anderson, 
2005 -64.0877 -65.486 3/4 

begin sub-ice 
shelf 15076 290 

 
AA51312 NBP0201 KC26 248–252 F 14880 200 

Heroy and 
Anderson, 
2005 -64.0663 -65.5188 2/3? 

 
16378 333 

 

Beta-
109036 TH96 GC1703 3-7 AIO 6210 50 

Nishimura 
et al., 1999 -63.8711 -65.65389 5b 

open marine 
transition 5692 119 

 

Beta-
109037 TH96 GC1703 16-18 AIO 31240 270 

Nishimura 
et al., 1999 -63.8711 -65.65389 1 

 
34017 242 

 

Beta-
109038 TH96 GC1703 55-58 AIO 29380 270 

Nishimura 
et al., 1999 -63.8711 -65.65389 1 

 
31884 410 

 

Beta-
109039 TH96 GC1703 151-154 AIO 28090 160 

Nishimura 
et al., 1999 -63.8711 -65.65389 1 

 
30946 127 

 

Beta-
109040 TH96 GC1704 22-25 AIO 23410 100 

Nishimura 
et al., 1999 -64.0236 -65.29944 1 

 
26300 178 

 

Beta-
109041 TH96 GC1704 112-115 AIO 22870 90 

Nishimura 
et al., 1999 -64.0236 -65.29944 1 

 
25853 114 

  

NBP0201 PC23 306–308 Shell 11168 81 

Heroy and 
Anderson, 
2007 -64.1415 -64.448 2/3? 

 
11337 211 

 
AA54039 NBP0201 PC25 20–30 F 14450 120 

Heroy and 
Anderson, 
2005 -63.9493 -65.8835 turbate  15782 

248 

  

NBP0201 PC25 89–99 F(b) 14090 100 

Heroy and 
Anderson, 
2007 -63.9493 -65.8835 turbate  15283 

252 

  

KARP98 GC02 0 AIO 3960 55 
Yoon et al., 
2002 -64.2918 -63.96234 5b 

 
2848 127 

  

KARP98 GC02 15 AIO 8415 95 
Yoon et al., 
2002 -64.2918 -63.96234 5b 

 
7986 145 

  

KARP98 GC02 70 AIO 12840 85 
Yoon et al., 
2002 -64.2918 -63.96234 5b 

open marine 
transition 13393 130 

  

KARP98 GC03 0 AIO 3120 50 
Yoon et al., 
2002 -63.3537 -64.05867 5b 

 
1822 137 
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KARP98 GC03 32 AIO 4935 50 
Yoon et al., 
2002 -63.3537 -64.05867 5b 

 
4059 158 

  

KARP98 GC03 81 AIO 6820 60 
Yoon et al., 
2002 -63.3537 -64.05867 5b 

 
6337 123 

  

KARP98 GC03 104 AIO 7555 60 
Yoon et al., 
2002 -63.3537 -64.05867 5b 

 
7168 133 

  

KARP98 GC03 185 AIO 11340 75 
Yoon et al., 
2002 -63.3537 -64.05867 5b 

open marine 
transition 11556 239 

  

KARP98 GC03 270 AIO 13390 90 
Yoon et al., 
2002 -63.3537 -64.05867 3/4 

 
13969 163 

  

KARP98 GC03 287 AIO 14210 90 
Yoon et al., 
2002 -63.3537 -64.05867 3/4 

begin sub-ice 
shelf 15428 208 

 
OxA-3249 DIS87 TC46 0-2 AIO 1870 70 

Pudsey et 
al., 1994 -64.5883 -64.805 5b 

 
568 91 

 
OxA-3252 DIS87 TC48 0-2 AIO 3200 120 

Pudsey et 
al., 1994 -64.4433 -65.14333 5b 

 
1916 192 

 
GX-20530 PD92II GC01 456-460 Scaphopod 9358 70 

Shevenell 
et al., 1996 -67.1353 -66.70842 5 

 
9098 169 

 

YAUT-
037238 DF85 TC126 3-6 AIO 3167 103 This study -68.172 -69.683 5b 

 
1867 128 

 

YAUT-
037239 DF85 TC126 13-16 AIO 4100 103 This study -68.172 -69.683 5b 

 
3004 136 

 
AA34635 NBP9903 KC01 0-2 AIO 1830 40 

Domack et 
al., 2001 -66.765 -66.951 5b 

 
547 83 

 
AA34635 NBP9903 KC03 0-2 AIO 1820 45 

Domack et 
al., 2001 -66.244 -66.537 5b 

 
541 87 

 
AA34644 NBP9903 KC18C 0-2 AIO 1450 40 

Domack et 
al., 2001 -64.772 -62.83 5b 

 
169 109 

 
AA29169 LMG9802 KC01 0-2 AIO 1265 40 

Domack et 
al., 2001 -64.862 -64.217 5b 

 
0 0 

 
AA29168 LMG9802 KC01 30-34 AIO 1200 40 

Domack et 
al., 2001 -64.862 -64.217 5b 

 
0 0 

 
OS24758 ODP178 1098C 

4192-
4194 AIO 12250 60 

Domack et 
al., 2001 -64.8619 -64.20782 4? 

 
12816 122 

 
OS-86511 NBP1001 KC-54 0–3 F(b) 1390 40 

Christ et al. 
2015 Barilari Bay 5 

   

 

OS-86534 NBP1001 KC-54 38–42 F(b) 1600 25 
Christ et al. 
2015 Barilari Bay 5 

   

 

OS-86510 NBP1001 KC-54 69–75 
Shell 
fragments 7500 45 

Christ et al. 
2015 Barilari Bay 5 

   

 

OS-92298 NBP1001 
JPC-
126 769.5 

Complete, 
undisturbed 
scaphopod 1770 30 

Christ et al. 
2015 Barilari Bay 5 
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OS-92299 NBP1001 
JPC-
126 1413 

Mollusk 
fragment 2010 25 

Christ et al. 
2015 Barilari Bay 5 

   

 

OS-92300 NBP1001 
JPC-
126 1880 

Scaphopod 
fragments 2180 35 

Christ et al. 
2015 Barilari Bay 5 

   

 

OS-87515 NBP1001 
JPC-
126 1920 

Complete 
mollusk 2170 25 

Christ et al. 
2015 Barilari Bay 5 

   

 

OS-92187 NBP1001 KC-55 19–24 F(b) 1450 45 
Christ et al. 
2015 Barilari Bay 5 

   

 

OS-92260 NBP1001 KC-55 49–54 F(b) 1820 50 
Christ et al. 
2015 Barilari Bay 5 

   

 

OS-92177 NBP1001 KC-55 80–84 F(b) 2050 50 
Christ et al. 
2015 Barilari Bay 5 

   

 

OS-102267 NBP1001 KC-55 200–205 F(b) 3450 45 
Christ et al. 
2015 Barilari Bay 5 

   

 

OS-92276 NBP1001 KC-55 250–254 F(b) 4030 60 
Christ et al. 
2015 Barilari Bay 5 

   

 

OS-92190 NBP1001 KC-55 400–405 F(b) 4880 55 
Christ et al. 
2015 Barilari Bay 5 

   

 

Beta-
364186 ANA03C GC47 0 AIO 1670 30 

Kim et al., 
2018 Barilari Bay 5 

   

 

Beta-
364187 ANA03C GC47 62 AIO 2890 30 

Kim et al., 
2018 Bigo Bay 5 

   

 

Beta-
447357 ANA03C GC47 80 AIO 3100 40 

Kim et al., 
2018 Bigo Bay 5 

   

 

Beta-
447358 ANA03C GC47 100 AIO 2900 30 

Kim et al., 
2018 Bigo Bay 5 

   

 

Beta-
447359 ANA03C GC47 120 AIO 3110 30 

Kim et al., 
2018 Bigo Bay 5 

   

 

Beta-
364188 ANA03C GC47 166 AIO 6280 40 

Kim et al., 
2018 Bigo Bay 5 

   

 

Beta-
361570 ANA03C GC47 282 

Shell 
fragment 9050 40 

Kim et al., 
2018 Bigo Bay 5 

   

 

Beta-
361570 ANA03C GC47 306 AIO 8820 40 

Kim et al., 
2018 Bigo Bay 5 

   

 

Beta-
364189 ANA03C GC47 309 

Shell 
fragment 8730 40 

Kim et al., 
2018 Bigo Bay 5 

   

 

Beta-
364190 ANA03C GC47 366 AIO 4650 40 

Kim et al., 
2018 Bigo Bay 5 

   

 

Beta-
364191 ANA03C GC47 514 AIO 6970 40 

Kim et al., 
2018 Bigo Bay 5 

   

 

Beta-
447360 ANA03C GC45 78 AIO 4940 30 

Kim et al., 
2018 Bigo Bay 5 
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Beta-
354400 ANA03C GC45 78 Scaphopod 1660 30 

Kim et al., 
2018 Bigo Bay 5 

   

 

Beta-
447361 ANA03C GC45 481 AIO 5540 30 

Kim et al., 
2018 Bigo Bay 5 

   

 

Beta-
354401 ANA03C GC45 481 Shell 2360 30 

Kim et al., 
2018 Bigo Bay 5 
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