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Abstract.

The yetreat of the West Antarctic Ice Sheet (WAIS) in the Ross Sea after the LGM was jnore significant than for any other

Antarctic sector. Here we combined the available chronology of retreat with new mapping of seismically resolvable grounding

zone wedges (GZWs). Mapping GZWs is important because they record the locations of former stillstands in the extent of

grounded ice for individual ice streams during the overall retreat. Our analysis shows that the longest stillstands occurred early
in the deglacial and had millennial durations. Stillstands ended abruptly with retreat distances measured in the tens to hundreds
of kilometers creating deep embayments in the extent of grounded ice across the Ross Sea. The location of embayments shifted

through time. The available chronological data shows that cessation of WAIS and East Antarctic Ice Sheet (EAIS) stillstands

wvere highly asynchronous across at least five thousand years. There was a general shift to shorter stillstands fhroughout the

deglacial. Asynchronous collapse of individual catchments during the deglacial suggests that the Ross Sea sector would have

contributed to multiple episodes of yelatively small amplitude, sea-level rise as the WAIS and EAIS retreated from the region.

Formatted: Top: 0.39", Bottom:
from edge: 0.51"

0.93", Footer distance j

(Deleted:

post-LGM

(Deleted:

greater

(Deleted:

seismically-resolvable

(Deleted:

and durations

NN NN

(Deleted:

was

(Deleted:

radiocarbon

1 (Deleted:

as the deglacial progressed

(Deleted:

over the course of the post-LGM

The high sinuosity of the modern grounding zone in_the Ross Sea suggests that this style of retreat persists.

(Deleted:

relatively-small

NN ANAN

(Deleted:




35

40

45

50

55

1 Introduction

By the peak of the Last Glacial Maximum (LGM), grounded ice had advanced to the outermost continental shelf in the western

Ross Sea, Antarctica, and to the continental shelf edge in the eastern Ross Sea (Anderson et al., 2014). The extent of grounded

and floating ice was nearly as expansive as it could have been. Six fast flowing ice streams deeply eroded broad. foredeepened

troughs across the continental shelf. Eroded sediment was transported in basal ice and/or subglacially (Alley et al., 1989;

Powell et al., 1996; Alley et al., 2007; Christoffersen et al., 2010; Prothro et al., 2018). The sediment was ultimately deposited
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either on the outer continental shelf,or upper slope depocenters (Shipp et al., 1999). In the western Ross Sea, foredeepened,

Drygalski Trough (DT), JOIDES Basin (JB), and Pennell Trough (PT) extend to the continental shelf edge and were eroded

during several successive glacial maxima. The outer parts of these troughs were partly backfilled with large-scale grounding

zone wedges (GZWs) during and/or after the LGM. In the eastern Ross Sea, troughs, where ice had reached the continental

shelf edge, large trough-mouth fans were deposited on the upper slope (Mosola and Anderson, 2006). During the post-LGM

retreat, grounding line retreat paused within the outer reaches of the Glomar Challenger Basin (GCB), Whales Deep Basin

(WDB) and Little America Basin (LAB), sufficiently long to deposit large GZWs (i.e., several tens of meters thick and tens of
kilometers long) (Mosola and Anderson, 2006; Bart and Owolana, 2012) . The GZW sediment volumes partly reflect durations
of grounding-line stillstands for individual ice streams (Bart and Cone, 2012; Bart and Owolana, 2012; Bart et al., 2017).
Several previous studies have focused on the changing extent of grounded and floating ice and timing of post-LGM retreat
(Conway et al., 1999; Domack et al., 1999; Mosola and Anderson, 2006). Anderson et al. (2014) conducted the last Ross Sea

synthesis of seismic stratigraphy and radiocarbon dates. More recently, Halberstadt et al. (2016) conducted a detailed

evaluation of legacy multibeam data and identified GZWs and mega-scale glacial lineations associated with the LGM and
post-LGM GZW stillstands. These stratigraphic data provide abundant evidence as to the progression of WAIS and EAIS
retreat based on stratigraphic superposition. Here we build on the Halberstadt et al. (2016) study of seafloor morphology by

mapping the sediment volume of the GZWs across the six basins of the Ross Sea to evaluate the duration of individual

grounding-zone stillstands. Establishing the former durations of GZWs is important to understand the,regional scale ice sheet
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retreat in the Ross Sea and thus how ice-volume changes from Antarctica contributed to global sea-level in the past. The paleo-

perspective also informs our understanding of how additional contraction might proceed and contribute to future sea-level rise,,

2 Methods
2.1 Regional seismic grid

Our study generated regional stratigraphic correlations of pounding surfaces across 22 surveys of multi- and single-channel

reflection seismic data acquired from across the Ross Sea (Supplemental Table 1). The surveys include 510 seismic lines with
a total coverage of ~54,000 km. The data are currently stored and maintained at the Antarctic seismic data library system
(SDLS) at the Italian National Institute of Oceanography and Applied Geophysics (OGS) and have been used in previous
studies such as Perez et al. (2021). Our mapping focused on GZWs interpreted to be of LGM and post-LGM ages,

complementing the analyses of seafloor morphology by Halberstadt et al. (2016). The seismic profiles were interpreted in

Petrel, (Figure 1). The digital data used in this study have been processed prior to being archived at the SDLS. Individual

seismic lines were imported as segy files into the software using separate files containing navigation data.
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Figure 1; Map of the Ross Sea showing
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We focused on the seismically-resolvable LGM and post-LGM GZWs throughout the Ross Sea that have been identified in
previous seismic studies (Shipp et al., 1999; Mosola and Anderson, 2006; Bart and De Santis, 2012; Bart and Owolana, 2012;
Bart et al., 2017). This includes GZWs identified in legacy multibeam data (Halberstadt et al., 2016). The seafloor reflection

and the unconformities bounding the top and base of the GZWs_in each trough on deglaciated Ross Sea shelf were mapped

using regional seismic stratigraphy and comparison to previous studies. ,Additional single channel paper seismic lines from

four surveys (NBP9307, NBP9401, NBP9501 and NBP9902) were used to supplement the interpretation of major GZW
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features. These interpretations were completed on paper and then imported into Petrel using navigation files as a set of points
in two-way travel time.

Two-way-travel time maps were made using convergent interpolation in Petrel, with a cell size of 50 meters, where the
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computer-interpreted horizons were the primary input,and the paper-interpreted data were secondary input. Time-structure

maps were made by subtracting the map of the GZW base from the seafloor map. Refraction sonobuoy measurements in the
Ross Sea provide a regional record of sediment velocities (Cochrane et al., 1992; Cochrane et al., 1995). The points of the

sonobuoy measurements taken from four expeditions were plotted in Petrel and jnterpolated fo create depth and interval
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Whillans, Mercer ice streams) and the eastern Ross Sea shelf while the sediment yield of 0.49 = 0.21 mm yr'was used for the

contribution from the outlet glaciers in East Antarctica such as Beardmore Glacier (Figure 2).

Qs = AS, O}

Paleo-drainage areas were estimated for each of the paleo-troughs of the Ross Sea using the drainage area of the present-day

WALIS ice-streams and EAIS outlet glaciers and projecting their extents into each of the troughs on the puter continental

(Figure 2). The terminus of each paleo-drainage area is the seaward edge of its respective grounding zone wedge, The approach

shelf

assumes single-ice stream capture for WDB and LAB. The GCB received drainage from the combination of Kamb, Whillans
and Mercer ice streams based on the sub-ice shelf topography shown in the ROSETTA project in addition to other East

Antarctic glaciers (Licht et al., 2005; Tinto et al., 2019).,The JB and PT shared capture from Byrd and other smaller East

Antarctic catchments. The upstream drainage area shared by JB and PT was halved for calculations to reflect the shared source
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hence cannot be investigated using the marine seismic profiles used in this study. Mapped horizons bound GZWs from the

base of the LGM unconformity to the seafloor (Figure 3). Seventeen GZWs were identified and mapped within the Ross Sea

trough basins (Supplemental Table 3). Fourteen of these GZWs (Figure 4 a-h, k-m, 0-q and Table 1) have been identified from

previous studies (e.g., Anderson et al., 2013; Halberstadt et al., 2016). Three new GZWs were mapped from the regional

seismic data in the inner reaches of the yniddle continental shelf sectors of JB, PT and GCB (Figure 4 i-j, n; and Table 1). The

WDB and PT have two GZWs at the shelf edge and on the yniddle continental shelf. JB has a GZW,at the yniddle continental
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4 Discussion
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4.1.1 Millennial scale stillstand durations on the outer and middle continental shelf
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stillstands by countering the effect of ice-stream thinning associated with the deglaciation as flow accelerates, sea-level rises
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with both its larger catchment, flow capture from the PT catchment and buttressing from its adjacent broad shallow banks. The
long stillstand duration in the WDB may have been aided by antecedent topography that includes a bottleneck constriction at

the location of the yniddle continental shelf grounding stillstand (Danielson and Bart, 2019) plus the apparent rapid sediment

aggradation following ice shelf break up at 12.3 cal kyr BP (Bart and Tulaczyk, 2020). The available age control (see above)
suggests that up to three millennia may have elapsed before grounded ice retreated from the GCB and LABs but here the
chronologies are poorly constrained.

We acknowledge that the retreat chronology is likely to change as more radiocarbon data are generated. With the available
constraints, our data supports other previous studies that suggested that retreat was not synchronous or in lock step between

troughs {Mosola and Anderson, 2006; Halberstadt et al., 2016; Prothro et al., 2020). Neither the onset, duration or termination

of Ross Sea stillstands appear to be related to global or regional scale forcing mechanism with the possible exception of the

WDB jniddle continental shelf stillstand which may be bracketed between intervals of rapid, large amplitude sea level rise at

meltwater pulses (MWPs) 1a and 1b (Lin et al., 2021). These data are not consistent with the view that WAIS and EAIS
contraction in_the Ross Sea contributed significantly to the sustained sea-level rise during either MWPla or 1b. An
asynchronous opening of grounding-line embayments would have been associated with multiple episodes of short-lived

accelerated sea-level rise. The marked sinuosity of the ynodern grounding line in the Ross Sea suggests that this staggered

retreat persists through to present.

GZW Wedge Retreat mode Nearest retreat | Grounding start date
Location Duration, AT (yr) date (cal yr BP) (cal yr BP) Date Reference
NBP0802 PC27 -9
cm
b. LAB Middle Shelf 1535 8715, = 70 10250 & 70 (Bart and Cone, 2012)
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Ross Sea Middle Shelf Duration Model

DT Outer Shelf JOIDES Middle Shelf PT Middle Shelf GCB Middle Shelf WDB Middle Shelf LAB Middle Shelf

= Minimum Grounding Start Date
—Maximum Grounding Start Date 4.5

= Retreat Date Minimum

— Retreat Date Maximum 5.5

Time BP (kyrs)

Paleo-Trough

Figure 5. Duration age model for the middle continental shelf GZWs in the Ross Sea using the durations and nearest retreat date (l‘ leted: MCS )

plotted in Table 5,,T'he grey box shows the median gr ding zone retreat date added to the estimated duration to yield a gr di (r leted: 6

N/

start date. Blue markers show the uncertainty of the retreat date. Red markers show the uncertainty of the retreat date added to the (Deleted: The
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duration yielding minimum and maximum grounding start dates. The uncertainty of the duration estimates is incorporated in the

minimum and maximum start dates.

5 Conclusion

Given the inherent uncertainties in our approach, we acknowledge that future work should focus on more directly constraining

onset, duration, and cessation of grounding zone stillstands with radiocarbon data. With the available chronologic data, seismic

mapping of GZWs provide reasonable first-order estimates for stillstand duration. The locations and sediment volumes of

GZWs suggest millennial to centennial duration stillstands for Ross Sea ice streams during the early phases of the post-LGM

retreat followed by a shift to significantly shorter stillstands. Combined with the available age control, our first-order duration

estimates strongly suggest a staggered retreat that formed deep grounding-line embayments between troughs. These results

can be used as inputs to ice sheet models to better contributions to the post-LGM sea-level rise as the deglacial progressed in

the Ross Sea. Asynchronous collapse of individual catchments occurring over the course of the post-LGM suggests that the

Ross Sea sector contributed to multiple episodes of relatively small-amplitude sea-level rise rather than fewer intervals of rapid

large-amplitude sea level from a regionally synchronous retreat. The high sinuosity of the modern grounding zone in Ross Sea

suggests that this retreat style persists.

v
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