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ABSTRACT 

Inaccessibility due to harsh weather conditions and perennial sea ice has left the 

Weddell Sea embayment (WSE) vastly under-studied in comparison to other regions of 

Antarctica. Yet understanding its deglacial history since the Last Glacial Maximum 

(LGM) is vital for understanding the dynamics and stability of the Antarctic ice sheet. 

Additionally, the debate continues as to the magnitude and timing of West Antarctic Ice 

Sheet (W AIS), Antarctic Peninsula Ice Sheet (APIS) and East Antarctic Ice Sheet (EAIS) 

advance during the LGM. 

Here we present geologic and geophysical evidence from the southern and eastern 

continental shelves of the WSE that show diachronous retreat by the WAIS and EAIS. 

Detailed analysis of sediment cores display a retreat stratigraphy in the WSE with distal 

glacimarine sediments overlying proximal glacimarine deposits and till. These results, in 

combination withAMS radiocarbon ages, demonstrate that the grounding line ofthe 

EAIS was very near that of present day as early as 30,476 cal yr BP and indicate little, if 

any, advance of the EAIS during the LGM. In contrast, multibeam swath bathymetry 

data show mega-scale glacial lineations, indicative of grounded, flowing ice in two 

troughs on the southern continental shelf, which drain ice from the WAIS. Although there 

are no radiocarbon ages to absolutely constrain the timing of this grounding event on the 

southern continental shelf, we interpret the lineations as LGM age based on their pristine 

nature. Further, there are similar geomorphic features on the western continental margin 

where the LGM timing of APIS advance has been demonstrated. Thus, during the LGM, 

the Antarctic ice sheets behaved independently in the WSE. 
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1. INTRODUCTION 

The Last Glacial Maximum (LGM) is largely associated with global ice sheet 

expansion ~26,500 to 19,000 years ago (Clark et al., 2009), but the idea that the Antarctic 

ice sheets did not advance and retreat in concert during the LGM remains controversial 

(Anderson et al., 2002). Antarctic continental-scale ice sheet models from Nakada et al. 

(2000), Denton and Hughes (2002), Huybrechts (2002), and Pollard and DeConto (2009) 

indicate that the Antarctic Peninsula Ice Sheet (APIS), West Antarctic Ice Sheet (W AIS), 

and East Antarctic Ice Sheet (EAIS) advanced to the continental shelf break during the 

LGM. These models are supported by field observations in the Ross Sea (Licht et al., 

1996, 1999; Domack et al., 1999, Mosola and Anderson, 2006), Amundsen Sea (Lowe 

and Anderson, 2002; Evans et al., 2006; Graham et al., 2010; Smith et al., 2011, Kirshner 

et al., in press), and the Antarctic Peninsula (OCofaigh et al., 2002; Domack et al., 2005; 

Evans et al., 2005; Heroy and Anderson, 2005) (Fig. 1). 

While model output indicates that ice expanded in East Antarctica during the 

LGM, results from field-based studies are mixed. In the Bunger Hills (Fig. 1), Gore et al. 

(2001) argue that the continental shelf was ice-free at the LGM, and Miura et al. (1998) 

concluded the same for Lutzow-Holm Bay (Fig. 1). Meanwhile, studies of other parts of 

the East Antarctic continental shelf indicate that these areas were overridden by grounded 

ice during the LGM. These include the Wilkes Land area (McMullen et al., 2006), Prydz 

Bay (Domack et al., 1998), and Mac. Robertson Land (Harris et al., 1996) (Fig. 1 ). 

Further, Mackintosh et al. (2007) and White et al. (2011) provided onshore evidence of 

outlet glaciers in Mac. Robertson Land thickening during the LGM. 
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The Weddell Sea embayment (WSE) (Fig. 2) is an ideal geographic location to 

study the relative timing of ice sheet advance and retreat as it receives drainage from the 

APIS, EAIS and W AIS. Yet, it remains largely under-studied because of harsh weather 

and severe sea ice conditions that limit access. Recent studies in the WSE support the 

idea that the EAIS and W AIS behaved independently during the LGM. Onshore 

evidence from cosmogenic-nuclide (CN) measurements by Bentley et al. (2010) indicate 

that the WAIS was up to 480 m thicker in the Ellsworth Mountains (ca. 15 ka) (Fig. 1). 

Their model results show that the WAIS advanced to the shelfbreak along much of the 

southern continental shelf of the Weddell Sea. Additionally, Hein et al. (20 11) used CN 

data to determine that Slessor and Recovery glaciers (Fig. 1 ), which drain East Antarctic 

ice, were not significantly thicker during the LGM than at present. 

Understanding the de glacial history of the WSE is critical to determining 

Antarctica's contribution to global sea level change, both past and present. Here we 

present geologic and geophysical data that document the Late Quaternary glacial history 

of the Antarctic ice sheets in the WSE. 

3 
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2. GEOLOGIC SETTING 

The Weddell Sea is located in a large embayment that is surrounded on three sides 

by the APIS, EAIS and W AIS (Fig. 2). Continuous glaciation since the Late Eocene has 

shaped the landscape in and around the Weddell Sea (Anderson, 1999). Along the 

eastern continental margin, which drains ice from the EAIS, the continental shelf is 

narrow (<100 km wide), with water depths of up to -600 m (Johnson et al., 1981). The 

southern continental shelf is substantially wider (100s ofkm) than the eastern shelf(Fig. 

2). As in many areas of Antarctica, the continental shelf slopes landward due to isostatic 

loading and repeated episodes of glacial erosion. Three glacial troughs, Ronne Trough, 

Filchner Trough and an unnamed trough, herein named Hughes Trough, located between 

these two, incise the southern continental shelf of the WSE (Fig. 2). Filchner Trough 

ranges from over 1100 m deep near the ice shelf front to -600 m at its seaward end. 

Ronne Trough is considerably shallower with a maximum depth of -700 m. The 

southern shelf primarily drains ice from the W AIS, with minor amounts from the EAIS 

and APIS. Maximum water depth in Hughes Trough is -600 m. 

The Antarctic Peninsula forms the western flank of the Weddell Sea (Fig. 1). The 

continental shelf surrounding the peninsula averages -200 km wide. Ice streams that 

delivered ice from the peninsular mountains to the Weddell Sea, once occupied four 

major troughs, Greenpeace, Prince Gustav, Robertson, and Vega troughs (Fig. 2} 
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3. PREVIOUS WORK 

3.1 Sedimentology and Associated Geophysical Results 

Anderson (1972) provided an early stratigraphic context for the Weddell Sea 

based on sedimentological and faunal facies from sediment cores taken on the shelf, slope 

and abyssal plain, and provided the first evidence for the ice sheet having been grounded 

on the continental shelf Later results and additional sediment cores from the shelf 

showed that glacimarine sediments overly till in many areas (Anderson et al., 1980; 

Elverhoi and Roaldset, 1983). Later, Haase (1986) acquired similar results to Anderson 

et al. (1980) and Elverhoi and Roaldset (1983) based on sediment cores taken 

immediately seaward of the Ronne-Filchner Ice Shelf. 

Elverhoi and Maisey (1982) examined seismic profiles and sediment cores from 

the eastern margin of the Weddell Sea. Their seismic records revealed a prominent 

glacial unconformity just below the sea floor and likely the first grounding zone wedge to 

be imaged on the continental shelf. They interpreted the sparse sediment cover above 

this regional unconformity to be the result of grounded ice having advanced to the shelf 

break. Sediment cores sampled thin glacimarine sediments sporadically overlying tills. 

Fiitterer and Melles (1990) combined sub-bottom profiler data with sediment cores to 

describe glacimarine sediments overlying tills in Filchner Trough. They used sediment 

facies distributions to argue for fluctuations of the formerly expanded ice shelf calving 

front. 

3.2 Till Provenance 

Andrews (1984) employed petrology to determine the provenance of tills in the 

eastern Weddell Sea. Cluster analysis of mineral and lithic associations were used to 
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delineate five petrologic provinces along the eastern margin. Results showed that ice 

sheet expansion in this region came primarily from the EAIS. Anderson et al. (1991) 

added to the work of Andrews (1984) by using palynomorphs to explain the 

sedimentological differences between glacimarine sediments along the eastern margin of 

the Weddell Sea and outcrops from nunataks from the perimeter of the embayment. 

Diekmann and Kuhn (1999) used sediment provenance to differentiate modes of 

sediment transport within the embayment. They found that ice rafting is the most 

common mode of transport for sand and gravel. Meanwhile, bottom currents transport 

silt and clay to the deeper part of the basin. Sand and gravel were believed to be of East 

Antarctic origin, while a southern source was presumed for the fine-grained material. 

3.3 Geomorphology 

No published high-resolution bathymetric data exists from the eastern and 

southern continental shelves, but studies from the western shelf show features indicative 

of a grounded ice sheet having advanced onto the shelf. Evans et al. (2005) discovered 

drumlins on the inner shelf south of James Ross Island in Prince Gustav, Greenpeace and 

Robertson troughs and in the Larsen Inlet. MSGL in these troughs extend across the 

middle shelf with those in Robertson Trough extending to within -10 km ofthe shelf 

break (Domack et al., 2005; Evans et al., 2005). North of James Ross Island in the Vega 

Trough, Heroy and Anderson (2005) show similar geomorphology with drumlins on the 

inner shelf and MSGL at the shelf break. 

3.4 Chronology 

Age constraints for ice sheet advance and retreat in the Weddell Sea are sparse, 

owing to a general paucity of carbonate material in sediment cores. Elverhoi ( 1981) 
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obtained four 14C dates from shell hash in sediment cores taken on the eastern shelfbreak 

and upper slope that indicated ice sheet retreat from the shelf prior to the LGM. 

Additionally, Anderson and Andrews (1999) acquired four AMS radiocarbon dates from 

foraminifera sampled in two cores from the eastern continental shelf. These samples also 

yielded pre-LGM ages. They further dated foraminifera associated with ice-rafted debris 

peaks in continental slope and rise cores, which they interpreted as representing 

deglaciation prior to 26,000 years B.P (Anderson and Andrews, 1999). To date, 

radiocarbon constraints on deglaciation of the southern continental shelf, west of Filchner 

Trough, has been limited to one core collected from the outer-most continental shelf and 

that core yielded an inverted radiocarbon stratigraphy dating back to 17,884 cal yr BP 

(Anderson and Andrews, 1999). 

Deglaciation in the western Weddell Sea, where the APIS was grounded during 

the LGM (Pudsey et al, 1994; Domack et al., 2005; Evans et al., 2005; Heroy and 

Anderson, 2007) is better constrained than in the eastern and southern Weddell Sea 

Heroy and Anderson (2007) obtained radiocarbon ages from glacimarine sediments from 

the outer and middle shelfthat range back to ~18,500 cal yr BP. Results from the inner 

shelf indicate that the transition from a grounded ice sheet to an ice shelf was complete 

by ~11,000-13,000 cal yr BP (Brachfeld et al., 2003; Domack et al., 2005; Evans et al., 

2005). Further north in the Firth ofTay, a similar transition occurred at ~9,400 cal yr BP 

(Michalchuk et al., 2009). There are considerably more radiocarbon ages from the 

Pacific side of the peninsula, where ice that drained from the expanded APIS toward the 

north was grounded. There, Heroy and Anderson (2007) concluded that retreat from the 

outer shelf commenced in the north at~ 18,000 cal yr BP and occurred in step-like 
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fashion toward the inner shelf, reaching the inner shelfby ~ 14,000 cal yr BP. These 

combined results indicate that retreat from the eastern and western sides of the peninsula 

might have been diachronous, with the retreat of the ice sheet on the Weddell Sea side of 

the peninsula having lagged retreat on the Pacific side. 
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4.METHODS 

Multibeam swath bathymetric data collected aboard the RV Polarstern during 

austral summer 1995 are used to map parts of the eastern continental margin of the 

Weddell Sea, the southern shelf (immediately seaward of the Ronne-Filchner Ice Shelf), 

and the western flank and sill of Filchner Trough. Data were collected using a hull

mounted Multi-Beam Echosounder System (MBES) Hydrosweep DS-1 which emits 59 

sonar-beams at a frequency of 15 kHz, and has a vertical resolution of ~5 m per 1000 m 

water depth. Data were processed using MB-System, with an average grid size of 50 m 

using 1500 m/s as a sound velocity profile. 

Icebergs and harsh sea-ice conditions from multi-year pack ice limit marine 

access to the WSE. This study focuses primarily on piston cores (Fig. 2) collected over 

three decades ago during IWSOE 1968-1970 aboard the USCGC Glacier and in 1978 

aboard the ARA Islas Orcadas (I01578). The cores have been continuously stored at the 

Antarctic Marine Research Facility in Tallahassee, Florida. Anderson (1972) provided 

visual descriptions from cores acquired aboard expeditions IWSOE 1968-1970, while 

descriptions of cores from IO 1578 are found in the cruise report (Kaharoeddin et al., 

1980). Quantitative matrix grain-size measurements of representative samples were 

obtained using a Malvern laser particle-size analyzer housed at Rice University. Clasts 

(>2 mm in diameter) concentrations were estimated from x-radiographs and visual 

descriptions (Anderson, 1972; Kaharoeddin et al., 1980). 

Twenty-one samples from eleven piston cores were prepared for radiocarbon 

dating. Tests of foraminifera were used in every sample, with the exception of core 3-7-

1, where an echinoid spine was dated in the absence offoraminifera. Samples were wet-
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sieved and picked before being analyzed at the University of California Irvine Keck 

CCAMS using accelerator mass spectrometry (AMS). Radiocarbon ages were corrected 

for a 1300-year marine reservoir (Berkman and Foreman, 1996) and calibrated using the 

Fairbanks0107 Radiocarbon Calibration program (Fairbanks et al., 2005). Dates are 

reported as both uncorrected (14C BP) and calibrated calendar years before present (cal yr 

BP). 
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5. RESULTS 

This study focuses on three objectives: 1) to identify and map key geomorphic 

features, primarily those indicative of grounded ice; 2) to determine maximum ice sheet 

advance by correlating subglacial, glacial-proximal, and open marine sediment facies; 

and 3) to constrain the timing of ice-sheet retreat using AMS radiocarbon analysis. 

5.1 Multibeam Swath Bathymetry Survey 

5.1.1 Hughes Trough 

Troughs are overdeepened, elongate depressions (covering tens to thousands of 

km2) associated with repeated glacial erosion by ice streams (Shepard, 1931; Sugden and 

John, 1976; Anderson, 1999). One result ofthe multibeam survey was the discovery of a 

previously unnamed linear depression that trends perpendicular to the present day ice 

shelf front on the southern continental margin ~200 km northwest ofBerkner Island (Fig. 

1). This feature extends 320 km from the present day ice shelf front to the shelfbreak 

( ~600 m water depth), averages 140 km across ( ~44,800 km2), with relief on the order of 

100-200 m. This depression is herein referred to as Hughes Trough (Fig. 2). 

5.1.2 Mega-scale Glacial Lineations 

Mega-scale glacial lineations (MSGL) are longitudinally elongate lineations that 

generally exceed 6 km in length, have widths of 200-1300 m, and heights generally less 

than ten meters (Clark, 1993; Clark et al., 2003; Wellner et al., 2006). They have been 

observed forming under modem fast flowing ice streams (King et al., 2009). These 

geomorphic features are prevalent on the Antarctic continental shelf, with locations 

including the Ross Sea (Shipp et al., 1999; Mosola and Anderson, 2006), Amundsen Sea 

(Lowe and Anderson, 2002; Evans et al., 2006; Graham et al., 2010; Jakobsson et al., 
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2011; Smith et al., 2011), Wilkes Land (McMullen et al., 2006) and Antarctic Peninsula 

(Domack et al., 2005; Evans et al., 2005; Heroy and Anderson, 2005). 

MSGL occur in all three troughs along the southern Weddell Sea continental shelf 

(Fig. 3). One set (LS 1) occurs in Ronne Trough and trends north, along the main trough 

axis. LS 1 (Fig. 3A) exhibits similar dimensions to MSGL in other Antarctic locations 

with crest to crest widths of 200-500 m, elongation ratios > 100:1, amplitudes of 4-10 m 

and lengths> 12 km. Note that the elongation ratios and lengths reported here must be 

viewed as minimum estimates due to the scarcity of multi beam coverage. 

A second set ofMSGL (LS 2) (Fig. 3B) appears in Hughes Trough. These 

lineations measure 300-600 m from crest to crest, have elongation ratios >50:1, 

amplitudes of 4-7 m, and extend over 22 km. Additionally, these MSGL are oriented 

perpendicular to the present day ice shelf front and project northeast along strike of the 

trough axis. 

Lineations in Filchner Trough (LS 3) (Fig. 3C) measure 150-250 m from crest to 

crest, with elongation ratios of ~20: 1, amplitudes of 2-6 m, lengths ~4.5 km, trend 

parallel to the trough axis and occur in water depths > 11 00 m. While these lineations 

share many similarities to MSGL, they have lower amplitudes and shorter lengths than 

those of the other troughs and they are generally less well defined. 

5.1.3 Iceberg Furrows 

Randomly oriented grooves, as defined by Wellner et al. (2006), are interpreted as 

iceberg furrows (Fig. 3B). Large icebergs ploughing into the seafloor create iceberg 



Fig. 3. Multi beam swath bathymetric data show mega-scale glacial lineations in Ronne Trough 
(A) and Hughes Trough (B). Muted lineations were imaged in Filchner Trough (C). Iceberg 
furrows (B) were imaged on a bank between Hughes and Ronne troughs. The location map 
(lower right) shows the multibeam survey track lines and bathymetry of the southern continental 
shelf. Troughs are outlined with white dashed line. 
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furrows, effectively mixing the sediment into an iceberg turbate (Lien, 1981; Barnes and 

Lien, 1988; Vorren et al., 1983). Lengths that are typically a few km in conjunction with 

their random orientations make iceberg furrows easily distinguishable from MSGL. 

Iceberg furrows are prevalent along the eastern and southern continental margins 

of the Weddell Sea where multi beam swath bathymetric data exist. They generally occur 

along the eastern shelf, north of 7 4 ° S, and the southern continental margin within ~50 

km of the shelfbreak. While less common, iceberg furrows are still observed on the 

eastern shelf, south of74° S, and the western flanks ofFilchner Trough. Iceberg furrows 

most commonly occur in water depths <400 m, but are observed in water depths of up to 

680 m along the southern shelf near the seaward end of Filchner Trough. 

5.1.4 Continental Slope Gullies 

Gullies are identified in two locations along the eastern shelf of the Weddell Sea, 

seaward of the shelf break near Halley Bay and Dronning Maud Land (Fig. 1 ). They do 

not appear to be associated with MSGL on the adjacent shelf, as in other areas 

(Anderson, 1999; Shipp et al., 1999; Lowe and Anderson, 2002; Dowdeswell et al., 2004; 

Heroy and Anderson, 2005). Rather they occur in areas distal to glacial troughs, similar 

to those identified by Canals et al. (2002). Gully lengths reported here are minimum 

approximations due to limited multibeam swath bathymetry coverage. 

Near Halley Bay, gullies measure, on average, over 1.25 km long, are 20~600 m 

across, and extend from 750-1000 m water depth. Because of limited multi beam 

coverage and resolution, it is difficult to assess where these gullies begin and end; though 

it is believed they originate as smaller features at the shelf break ( ~520 m) and develop 

into larger features downslope (Anderson, 1999). 



16 

A larger gully complex is observed north of Dronning Maud Land. There gullies 

average slightly <2 km in length, are 150-700 m wide and occur in water depths of 650-

1400 m. The shelf break in this region varies between 250-400 m water depth. 

Downslope, these gullies coalesce into much larger features before transitioning into 

upper slope fans (Anderson, 1999). 

5.2 Idealized Stratigraphic Facies Succession 

This study focuses on cores from the southern and eastern continental shelves of 

the WSE, areas that drain ice from theW AIS and EAIS, respectively. The stratigraphic 

units are presented from youngest to oldest, are described from core top to core base, and 

occur in stratigraphic order in every core. 

5.2.1 UnitA 

Uppermost Unit A is generally void of pebble- and cobble-sized clasts, with the 

exception of cores 2-19-1 and 3-17-1. In these cores, crudely stratified diamictons and 

pebbly muds, as well as unstratified pebbly muds are observed. Sand-silt-clay ratios (Fig. 

4) and matrix grain-size distributions (Fig. 5) vary considerably in this unit. Sorting 

(graphic standard deviation) and skewness are also highly variable (Fig. 4). Diverse and 

abundant foraminifera species exist, particularly in cores from the eastern shelf 

(Anderson, 1975). This unit is interpreted as a distal glacimarine facies. 

5.2.2 Unit B 

Middle Unit B is a massive, heterogeneous diamicton. Sand-silt-clay ratios are 

highly variable (Fig. 4). Matrix grain-size distributions (Fig. 5) as well as sorting and 

skewness (Fig. 4) vary slightly compared to the underlying Unit C. Gravel content is 

generally greater than 30%. Unit B lacks any sedimentary structures. 
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Foraminifera tests show a lower diversity and abundance compared to Unit A (Anderson, 

1975). Unit B is interpreted as a proximal glacimarine facies. 

5.2.3 Unit C 

Lowermost Unit Cis a massive, homogeneous diamicton. Sand-silt-clay ratios do 

not vary appreciably within individual cores (Fig. 4). Additionally, sorting, skewness 

(Fig. 4) and matrix grain-size distributions (Fig. 5) are virtually constant within each 

core. Gravel content is commonly greater than 30% and clasts show a random 

orientation. Unit Cis devoid of microfauna and is interpreted as till (Anderson, 1975). 

5.2.4 Units Band C Pebble Lithology 

Pebble lithologies from tills and proximal glacimarine sediments show a distinct 

connection to their respective drainage basins (Andrews, 1984) (Fig. 6). Tills (Unit C) 

from the eastern shelf, north of 7 4 o S, are dominated by igneous lithologies, on average 

~87%. South of 74° S, tills and proximal glacimarine sediments are on average 

composed of 60% igneous lithologies with lesser amounts of sedimentary (22%) and 

metamorphic ( 18%) lithologies. In Filchner Trough, tills and proximal glacimarine 

sediments are characterized by mixed lithologies, with the foremost being sedimentary 

(43%), followed by metamorphic (32%) and igneous (25%). 

5.3 Radiocarbon Results 

Elverhoi ( 1981) first dated shell fragments in short cores acquired from the outer 

continental shelf and upper slope of the WSE. Dates from Elver hoi's study ranged from 

21,240 to 37,830 14C BP. As these samples were dated before the advent of AMS dating, 

shell fragments were used to provide the amount of material necessary to obtain a date. 
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However, due to the likelihood of reworking associated with shell fragments, these dates 

must be interpreted with caution. 

Here we present thirty-four new radiocarbon dates from the Weddell Sea 

continental margin, augmenting six ages from Anderson and Andrews (1999). 

Radiocarbon ages are presented in calibrated calendar years before present (cal yr BP). 

Table 1 presents a comprehensive list of ages. With one exception, all dates are from 

foraminifera tests. 

Radiocarbon ages from the Weddell Sea continental margin occur in chronologie 

order with the exception of cores 2-19-1, 3-6-1 and 3-7-1 (Fig. 2). Iceberg turbation, 

which can redistribute and reorganize sediment (producing age reversals) during the ice

sediment interaction, is interpreted as the cause of these inverted dates (Anderson and 

Andrews, 1999). Cores 3-6-1 and 3-7-1 were acquired in shallow water(< 320m) in 

areas where multibeam swath bathymetry shows iceberg furrows. Core 2-19-1 was 

collected in slightly deeper water ( ~490 m) near the southern shelf break where iceberg 

scours are common. 

Radiocarbon ages from Unit A (distal glacimarine facies) range from 526 to 

27,119 cal yr BP. The majority of ages were sampled in cores along the eastern 

continental margin, aside from those in cores G 7 (Filchner Trough), G 10 (western flank 

ofFilchner Trough), and 2-19-1 (southern shelfbreak) (Fig. 2). Five radiocarbon ages 

were recovered from core 3-1 7-1. The ages are in chronologie order and extend from 

15,876 to 27,119 cal yr BP, spanning the LGM (Fig. 7). 

Ages from Unit B (proximal glacimarine facies) extend from 1,690 to 48,212 cal 

yr BP (radiocarbon dead) with the majority of ages recovered being >30,000 cal yr BP. 
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Core 3-7-1 yielded six ages in proximal glacimarine sediments. With the exception of 

two ages that are out of chronologie order, the four remaining ages span from 14,192 to 

30,476 cal yr BP (Fig. 7). No ages were recovered from Unit C (subglacial till). 
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Table 1 
Water Sample MRE' 
Depth Depth Sediment Material 14CYr Corrected Cal Yr 

Study Cruise• CoreiD Labm• (m) (em) Facies' Dated• BP ± Ia Date spto.• ± 1ato.• 

This WS69 G2 87464 411 80-85 PGM FM 12,235 30 10,935 12,821 41 
Study WS69 G3 95866 439 24-31 PGM FM 51,800 2,700 50,500 OCR OCR 

WS69 G3 96255* 439 24-31 PGM FM 50,800 2,800 49,500 OCR OCR 
WS69 G3 87465 439 90-98 PGM FM 52,480 3,460 51,180 OCR OCR 
WS69 G7 95867 1,079 0-5 PGM FM 9,040 100 7,740 8,521 101 
WS69 G10 92248 512 26-32 PGM FM 45,370 790 44,070 48,212 781 
WS69 Gl7 95868 384 7-11 PGM FM 3,070 15 1,770 1,690 25 
WS70 2-20-1 87459 409 2-5 PGM FM 28,760 190 27,460 32,795 256 
WS70 2-20-1 87461 409 97-100 PGM FM 34,000 350 32,700 38,097 385 
WS70 2-20-1 87460 409 203-207 PGM FM 48,030 3,340 46,730 OCR OCR 
WS70 3-3-1 95856 554 0-5 PGM FM 45,600 1,200 44,300 OCR OCR 
WS70 3-6-1 95857 320 2-7 PGM FM 3,295 20 1,995 1,938 25 
WS70 3-6-1 95858 320 28-31 PGM FM 9,760 25 8,460 9,480 17 
WS70 3-6-1 95859 320 47-51 PGM FM 3,130 20 1,830 1,763 34 
WS70 3-6-1 96163* 320 47-51 PGM FM 3,340 15 2,040 1,986 17 
WS70 3-6-1 96249* 320 47-51 PGM FM 2,950 20 1,650 1,542 18 
WS70 3-7-1 87463 235 70-70 PGM EC >52,800 N/A N/A N/A N/A 
WS70 3-7-1 95860 235 223-227 PGM FM 28,930 160 27,630 32,975 232 
WS70 3-7-1 96164* 235 223-227 PGM FM 30,740 140 29,440 34,863 193 
WS70 3-7-1 96250* 235 223-227 PGM FM 29,490 220 28,190 33,564 276 
WS70 3-7-1 95861 235 304-308 PGM FM 17,980 50 16,680 19,807 84 
WS70 3-7-1 96165* 235 304-308 PGM FM 13,315 30 12,015 13,821 49 
WS70 3-7-1 96251* 235 304-308 PGM FM 15,330 45 14,030 16,377 128 
WS70 3-7-1 96262* 235 304-308 PGM FM 14,655 40 13,355 15,549 116 
WS70 3-7-1 96263* 235 304-308 PGM FM 14,970 40 13,670 15,911 116 
WS70 3-7-1 95862 235 348-352 PGM FM 16,610 45 15,310 18,557 66 
WS70 3-7-1 96166* 235 348-352 PGM FM 18,820 45 17,520 20,712 94 
WS70 3-7-1 96252* 235 348-352 PGM FM 19,400 70 18,100 21,511 141 
WS70 3-17-1 95863 418 270-274 DGM FM 18,130 45 16,830 19,992 86 
WS70 3-17-1 96253* 418 270-274 DGM FM 18,020 120 16,720 19,859 155 
WS70 3-17-1 95864 418 303-307 DGM FM 20,700 60 19,400 23,084 144 
WS70 3-17-1 96254* 418 303-307 DGM FM 20,650 80 19,350 23,001 156 
WS70 3-17-1 95865 418 347-350 DGM FM 23,740 90 22,440 26,971 162 
I078 30 95869 530 3-6 DGM FM 1,810 20 510 526 8 

Anderson WS70 2-19-1 GRL-1345-S 489 30-35 DGM FM 16,190 70 14,890 17,884 199 
and WS70 2-19-1 GRL-1346-S 489 350-355 DGM FM 11,270 60 9,970 11,389 127 
Andrews, WS70 3-7-1 AA-27756 235 200 PGM FM 13,640 130 12,340 14,192 217 
1999 WS70 3-7-1 AA-27757 235 400 PGM FM 26,660 490 25,360 30,476 628 

WS70 3-17-1 GRL-1343-S 418 203-208 DGM FM 14,940 70 13,640 15,876 134 
WS70 3-17-1 GRL-1344-S 418 400-405 DGM FM 23 870 160 22 570 27 119 222 

• WS: International Weddell Sea Oceanographic Expedition 1968-1970; IO: Islas Orcadas 1578 
• • denotes replicate 14C Analysis 
'PGM: Proximal Glacimarine; DGM: Distal Glacimarine 
• FM: Foraminifera; EC: Echinoid 
• MRE: Marine Reservoir Effect; Samples corrected for 1300 year marine reservoir from Berkman & Forman (1996) 
r Calibrated using the Fairbanks01 07 Radiocarbon Calibration program (Fairbanks et al., 2005) 
• N/ A: Sample was out of the range of radiocarbon analysis and is considered radiocarbon dead 
• OCR: Outside the Calculation Range of the Fairbanks0107 Curve and is considered radiocarbon dead 
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Fig. 7. Lithology and sorting/skewness profiles for representative cores from the eastern shelf of 
the WSE. Sorting refers to graphic standard deviation. AMS radiocarbon ages (cal yr BP) are 
shown (right of lithology) at corresponding depths. Depositional environments are identified by 
sedimentary units: (A) Distal glacimarine, (B) Proximal glacimarine, (C) Till. Green (base of 
distal glacimarine) and brown (base of proximal glacimarine) lines correlate sedimentary units 
between cores. Dates that span the LGM suggest that the EAIS advance little, if any, in the last 
30,000 years. 
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6. DISCUSSION 

6.1 Paleodrainage of the Southern Shelf of the Weddell Sea Embayment 

In our paleodrainage reconstruction (Fig. 8), two large ice streams channel ice 

north through Ronne Trough (Fig. 3A) and northeast through Hughes Trough (Fig. 3B) 

based on extension of modern ice flow lines visible in satellite images and on the 

orientations of subaqueous MSGL within the troughs (Fig. 3). In both cases, these 

lineations demonstrate extraordinary uniformity in flow direction through time, which 

together with the absence of crosscutting bedforms, provide direct evidence of grounded, 

streaming ice draining from the W AIS. In contrast to a single drainage pathway 

proposed by Bentley et al. (20 1 0) and Le Brocq et al. (20 11 ), our interpretations indicate 

that W AIS ice drained into two separate troughs, which is consistent with earlier model 

results of Hughes et al. (1981 ). In turn, this would seemingly allow more ice to drain, 

effectively lowering the ice sheet profile. 

Lineations in Filchner Trough are different from MSGL in other Antarctic troughs 

(e.g. Wellner et al., 2006; Heroy and Anderson, 2005; and others), specifically their 

limited extent ( <6 km), height and generally poor definition. They occur in deeper water 

(> 1100 m) than those in Hughes and Ronne troughs (Fig. 3C). Because the features in 

Filcher Trough are within the resolution capabilities of the multi beam system, we infer 

that they are relicts from pre-LGM glaciations. However, without improved age 

constraints we cannot rule out the possibility that they are of LGM origin. 
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While no age constraints exist for Hughes or Ronne troughs, we interpret these 

features to be ofLGM origin based on their pristine nature compared to MSGL observed 

in other Antarctic locations. Further support of this hypothesis is the overwhelming data 

from Ross Sea and the Amundsen Sea that demonstrate the W AIS did extend far onto the 

continental shelf in these areas during the LGM (Licht et al., 1996, 1999; Domack et al., 

1999; Shipp et al., 1999; Anderson et al., 2002; Lowe and Anderson, 2002; Evans et al., 

2006; Graham et al., 2010; Smith et al., 2011). Alternatively, these MSGL may be relict 

features from previous glaciations, such as those interpreted in Filchner Trough. 

Unfortunately, because of limited accessibility, low carbonate productivity rates and 

corrosive bottom waters that inhibit preservation of carbonate material, age constraints 

will remain difficult to secure. 

6.2 Sedimentary Succession 

The sedimentary succession in the southeastern Weddell Sea reflects progressive 

change from subglacial conditions to grounding line-proximal conditions, meaning 

glacially dominated sedimentation but with minor marine influence, and eventually 

conditions similar to present, with measurable marine influence and existence of a 

diverse microfauna (Fig. 7). Several cores from the eastern shelf exhibit truncated silt 

and clay fractions, which is interpreted to be the result of current winnowing (residual 

glacimarine sediment of Anderson et al., 1980) (Fig. 5B). Distal glacimarine sediments 

from the western flank ofFilchner Trough display higher concentrations of silt and clay 

relative to the eastern continental shelf, which is likely due to its distance from a source 

of coarse material and to more quiescent bottom conditions in the trough. Distal 

glacimarine facies within Filchner Trough include thin sands, interpreted as sediment 
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gravity flow deposits, composed of well sorted, spherical and frosted grains, previously 

interpreted as eolian sands that are exposed at the seafloor near Berlmer Island (Rex et 

al., 1970; Anderson, 1999). These eolian sediments represent one of the great mysteries 

of the region, indicating much less severe glacial conditions at some time in the geologic 

past. 

6.3 Glacial Chronology of the Eastern and Southern Continental Margins 

High-resolution seismic profiles collected on the eastern continental shelf by 

Elverhoi and Maisey (1982) show a prominent unconformity on the shelf, little or no 

sediment above acoustic basement, and a possible grounding zone wedge on the middle 

part of the eastern continental shel£ These observations suggest that ice was grounded 

on the shelf at some time, but do not provide any age control. Thirty-two radiocarbon 

dates from nine cores collected on the eastern continental shelf of the Weddell Sea span 

the past 30,000 cal yr BP (Table 1 ). These results indicate that the EAIS was not 

grounded on the eastern shelf during or after the LGM. These findings are consistent 

with cosmogenic nuclide measurements from Hein et al. (20 11 ), which show two East 

Antarctic glaciers, Slessor and Recovery glaciers (Fig. 8), were no thicker during the 

LGM than at present. Further, results from the study of an ice core from Berkner Island 

indicate that the island was not completely overridden by ice during the LGM (Mulvaney 

et al., 2007). 

In all, we have collected and analyzed six piston cores from Filchner Trough 

Most of these cores sampled till with thin, mainly proximal glacimarine sediment cover. 

This may in part be due to the coring method used, which consisted of piston coring 

coupled with a lightweight trigger core used to sample surface sediments. Proximal 
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glacimarine sediments from core G 10 from the western flank ofFilchner Trough (~512 

m water depth) yielded one age that extends beyond the reliable range of radiocarbon 

dating (48,212 cal yr BP). The only other sample from Filchner Trough (core G7 in 

~1079 m water depth) yielded an age of8,521 cal yr BP in the upper 5 em ofthe core. 

The paucity of glacimarine sediments in Filchner Trough is considered anomalous 

relative to other Antarctic troughs (Anderson, 1999). This suggests that an ice sheet was 

grounded in the trough during the LGM or that an ice shelf restricted sedimentation in the 

trough. 

Severe sea ice conditions have restricted coring operations on the southern 

continental shelf where the W AIS would have been grounded during the LGM. A total 

of four dates from glacimarine sediments provide the only age constraints on the 

de glacial history of this area. Core 2-19-1 from the shelf break suggests a minimum age 

ofretreat from the outermost continental shelfby 17,884 cal yr BP. 

6.4 LGM Reconstruction of the Weddell Sea Embayment 

Figure 9 presents the interpreted grounding line position of the APIS, EAIS and 

W AIS during the LGM. On the southern continental margin, west of Filchner Trough, 

we extrapolate the extent of grounded ice between troughs based on the maximum depths 

ofMSGL in the troughs (>700 m). We assume that ice was grounded outside ofthe 

troughs to at least the depths seen within the troughs. Consequently, we conclude that ice 

was grounded at the shelfbreak during the LGM. In order to remain consistent with the 

~480 m of ice sheet thickening of the W AIS in the Ellsworth Mountains proposed by 

Bentley et al. (20 1 0), we hypothesize that an ice shelf buttressed the ice sheet allowing it 

to thicken and eventually ground. This hypothesis is supported by LGM sea ice 
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reconstructions that show perennial ice covering the WSE, particularly in the west 

(Gersonde and Zielinski, 2000; Gersonde et al., 2005). Unfortunately, our multibeam 

lines do not provide adequate coverage to determine if grounding zone wedges occur in 

Hughes or Ronne troughs, so the retreat history of the ice sheet remains unknown. 

The LGM grounding line position ofthe Antarctic Peninsula shelf in the WSE is 

well constrained, particularly in the north. Results from Domack et al. (2005), Evans et 

al. (2005) and Heroy and Anderson (2005) show MSGL extending to the shelf break to 

the north and south of James Ross Island (Fig. 8). While no published high-resolution 

bathymetric data exist south of the Larsen-A region, we infer that ice was grounded near 

the shelf break based on evidence of the APIS grounding near the shelf break in all 

locations studied (Anderson et al., 2002; 6Cofaigh et al., 2002; Domack et al., 2005; 

Evans et al., 2005; Heroy and Anderson, 2005, 2007). 
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7. CONCLUSIONS 

This study establishes the paleodrainage, retreat stratigraphy and chronology, as 

well as the LGM grounding line position, in the WSE. These are summarized as follows: 

1) The paleodrainage of the WSE is largely constrained on its flanks. Anderson et 

al. (1991) established that East Antarctic ice (without age constraints) drained to 

the eastern shelf of the WSE. Studies from the Antarctic Peninsula show drainage 

concentrated in Greenpeace, Prince Gustav, Robertson, and Vega troughs 

(Domack et al., 2005; Evans et al., 2005; Heroy and Anderson, 2005). This study 

established the previously unknown paleodrainage for the southern shelf of the 

WSE. MSGL imaged in Hughes and Ronne troughs indicate that West Antarctic 

ice diverged into two ice streams that occupied these troughs. 

2) Using multiple sedimentological and faunal proxies, we determine a retreat 

stratigraphy for the WSE. This idealized stratigraphy consists of distal 

glacimarine sediments overlying proximal glacimarine sediments and till. Highly 

variable sorting, skewness and sand-silt-clay ratios, as well as diverse and 

abundant foraminifera assemblages indicative of open-marine conditions, 

characterize distal glacimarine sediments. Distal glacimarine sediments also show 

evidence of current winnowing and mass wasting along the eastern shelf and 

western flank ofFilchner Trough, respectively. Proximal glacimarine sediments 

are heterogeneous diamictons deposited near the grounding line that show a slight 

variance in sorting, skewness and sand-silt-clay ratios compared to the underlying 

till. Foraminifera tests in proximal glacimarine sediments show a decrease in 

diversity and abundance in comparison to the distal glacimarine facies. Tills are 



homogeneous diamictons deposited beneath grounded ice. This facies displays 

little to no variance in sorting, skewness, sand-silt-clay ratios and mineral 

composition. It is also devoid of microfossils. 
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3) This study represents a five-fold increase in the number of radiocarbon dates from 

the continental shelf. Dates from glacimarine sediments collected on the eastern 

shelf span 38,000 cal yr BP to present, indicating that the EAIS did not ground on 

the shelf during this time interval. Radiocarbon ages from Filchner Trough and 

its western flank indicate that ice was not grounded below 500 m in the trough. 

However, there is evidence that ice was grounded on the eastern shelf and in 

Filchner Trough at some time prior to the LGM. By extrapolating maximum 

depths of ice grounded in Hughes and Ronne troughs we conclude that the W AIS 

was grounded near the shelfbreak on the southern continental shelf (west of 

Filchner Trough), which is consistent with the model results of Bentley et al. 

(2010). 

4) Prior to this study the LGM grounding line position of the APIS in the western 

Weddell Sea was constrained by Evans et al. (2005) and Heroy and Anderson 

(2005). They concluded that grounded ice advanced to within 10 km of the shelf 

break. Thus, we conclude that the EAIS behaved independently from the APIS 

and W AIS during the LGM. 
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