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ABSTRACT

Sedimentological Investigations of Paleo-Ice Sheet Dynamics in
West Antarctica

by

Alexandra Ellen Kirshner

Modern Pine Island and Thwaites Glaciers, which both drain into Pine Island Bay
(PIB), are some of the fastest moving portions of the cryosphere and may be the most
unstable ice streams in Antarctica. I examined over 133 cores to conduct a detailed
sedimentological facies analysis. These data, augmented by new radiocarbon and *'°Pb
dates, and bathymetric data, are used to reconstruct the post-LGM deglacial history of

PIB and to gain a better understanding of the causes of ice sheet retreat.

My results record a clear retreat stratigraphy in PIB composed of, from top to
base; terrigenous sandy silt (plumite), pebbly sandy mud (ice-proximal glacimarine), and
till. Initial retreat from the outer continental shelf began shortly after the LGM and before
16.4 k cal yr BP, in response to rising sea level. Bedforms in outer PIB document
episodic retreat in the form of back-stepping grounding zone wedges and are associated
with proximal glacimarine sediments. A sub-ice shelf facies is observed in central PIB

that spans ~12.3-10.6 k cal yr BP. Widespread impingement of warm water onto the

continental shelf caused an abrupt change from sub-ice shelf sedimentation to distal
glacimarine sedimentation dominated by dispersal of terrigenous silt between 7.8 and 7.0

k cal yr BP. The uppermost sediments in PIB were hydrodynamically sorted by meltwater



plumes. Inner PIB contains several large basins that are linked by channels. The most
recent release of sediment coincides with rapid retreat of the grounding line, and has an
order of magnitude greater flux relative to the entire unit, indicating episodic
sedimentation. This is the first identification of a meltwater-derived deposit in Antarctica
and demonstrates that punctuated meltwater-intensive glacial retreat occurred at least

three times throughout the Holocene in this region.

Quartz sand grains were used to conduct an analysis of mode of transport for
sediments in the Antarctic Peninsula region from the Eocene to present to record the
onset of glaciation. Glacial transport imparts a unique suite of microtextures on quartz
grains from high shear-stresses. Eocene samples are free of glacial influence. Late
Eocene samples show the inception of glacially derived high-stress microtextures,
marking the onset of alpine glaciation. Oligocene grains are similar to the late Eocene
samples. Middle Miocene microtextures are characteristic of transport from far-field
large ice sheets, originating from ice rafting from the West Antarctic Ice Sheet. The
Pliocene and Pleistocene samples indicate the existence of the northern Antarctic

Peninsula Ice Sheet at this time, consistent with other proxies.
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Introduction

Remote sensing measurements have identified that the West Antarctic and
Antarctic Peninsula Ice Sheets are currently in a state of retreat. However, the long-term
glacial history of the Antarctic Ice Sheets is fragmentary. An accurate understanding of
how the Antarctic Ice Sheets behaved in the past will lead to increased predictability of
ice sheet behavior. This includes understanding the role and interaction of different
deglacial mechanisms including: buoying by eustatic sea-level rise, under-penning by
subglacial meltwater, thermal erosion by impinging oceanic waters, thermal isolation by
opening of oceanic gateways, and warming climate. Hypothetically, all of these

mechanisms leave a geological record.

This dissertation focuses on two separate geographic areas and very different time
frames, including 1) Eocene to Pleistocene sediments from Seymour Island and the
adjacent continental shelf, Antarctic Peninsula and 2) Last Glacial Maximum to present

sediments in Pine Island Bay, West Antarctica. The history of glacial onset and retreat in



xiii

both areas are important in continent-wide paleoclimate and ice sheet reconstructions and
as input for numerical models for testing ice sheet response to various external forcings.
Despite difference in location and age of sediments, similar sedimentologic and

geomorphic data were collected and interpreted in both regions.

The second chapter in this dissertation documents the climate demise in the
Antarctic Peninsula region and the growth of the Antarctic Peninsula Ice Sheet. This
study is a part of a larger collaboration that resulted in an AGU volume on the "Tectonic,
Climatic, and Cryospheric Evolution of the Antarctic Peninsula". The larger work is a
multi-proxy investigation of sediments and geophysical data that range in age from
Eocene to Pleistocene and provide a record of the onset of glaciation regionally. My
contribution to this collaborative work was to examine surface textures on quartz grains
to identify transport mechanism. Glacial transport, owing to its high shear-stress regime,
imparts a unique suite of microtextures on quartz grains. This analysis provided a basis

for differentiating non-glacial, alpine glacial and ice sheet conditions.

Prior to this dissertation, understanding of ice sheet retreat within Pine Island Bay
following the Last Glacial Maximum was based on seven radiocarbon dates and only
fragmentary seafloor geomorphic evidence. The third chapter in this dissertation includes
detailed sedimentological facies analysis of sediment 133 cores, the addition of 23 new
radiocarbon dates, and new bathymetric data from Pine Island Bay. These combined data
were used to reconstruct the post-LGM deglacial history of Pine Island Bay, which is
published in Quaternary Science Reviews. The mechanisms controlling ice sheet retreat
varied throughout post-LGM, and include: buoying by eustatic sea-level rise, thermal

erosion from warm waters and under-penning by subglacial meltwater.



Xiv

The fourth chapter in this dissertation expands on findings from chapter three and

is a more detailed examination of the most recent sediments in Pine Island Bay. This
research characterizes the uppermost sediments as a plumite deposit. This is the first
detailed study of a meltwater-derived facies in Antarctica, and has yielded the first
evidence that subglacial meltwater was an important contributor to ice sheet instability in

the past. There is also strong evidence that the current rapid retreat of Pine Island Glacier

1s a meltwater intensive event.



Cenozoic Glacial History of the
Northern Antarctic Peninsula: A
Micromorphological Investigation of
Quartz Sand Grains’

Glacial transport, owing to its high shear-stress regime, imparts a unique suite of
microtextures on quartz grains. Here we examine surface textures of quartz sand grains
from expedition SHALDRIL I and II and from an outcrop on Seymour Island, Antarctic

Peninsula. The samples range in age from Eocene to Pleistocene and provide a record of

' This chapter has been edited, reformatted and reprinted from Tectonic, Climatic,
and Cryospheric Evolution of the Antarctic Peninsula/ John B. Anderson and Julia S.
Wellner , editors, special publication; 63 Kirshner, A. E. and Anderson, J.B., Cenozoic
Glacial Hisotry of the Northern Antarctic Peninsula: A Micromorphologic Investigaion of
Quartz Sand Grains, Doi: 10.1029/SP063, ISBN: 978-0-87590-734-5, Copyright 2011.
Reproduced with permission of American Geophysical Union

1




the onset of glaciation regionally. The Eocene La Meseta Formation, Seymour Island, is
void of any high-stress microtextures, supporting earlier interpretations that this unit is
free of glacial influence. The inception of glacially derived high-stress microtextures and
a very low occurrence of subparallel linear fractures on quartz grains begins in the late
Eocene, marking the onset of alpine glaciation. Oligocene grains exhibit a continued
presence of glacially derived microtextures, with a similar style to the late Eocene
sediments. The morphological character changes in the middle Miocene. The middle
Miocene microtextures are characteristic of transport from large ice sheets, displaying an
increase in high-stress microtextures such as grooves, deep troughs, and crescentic
gouges, an elevated degree of physical weathering, and an increased abundance of
subparallel linear fractures. This is due to larger transit distances by ice rafting from the
West Antarctic Ice Sheet. The Pliocene and Pleistocene samples contain abundant glacial
microtextures, consistent with other evidence for the existence of the northern Antarctic

Peninsula Ice Sheet at this time.

2.1 Introduction

It has long been established that quartz grains are recorders of environmental
history (Krinsley and Doornkamp, 1973; Bull, 1981; Marshall, 1987; Mahaney, 2002), as
their robust nature allows for the signature of transportation to be imprinted onto their
surface. This has led to an extensive body of literature based on analysis of such features
using scanning electron microscopy (SEM). Recognition of past episodes of glacial

erosion and transport is possible by identifying a suite of microtextures that are unique to



sustained high-stress conditions (Krinsley and Margolis, 1969; Mahaney and Kalm, 1995,

2000; Mahaney, 2002; Sweet and Soreghan, 2010).

The scientific aim of SHALDRIL was to investigate the long-term climate record
of the Antarctic Peninsula region (Anderson et al., 2011). A number of sites were drilled
which span the late Eocene to Pleistocene. In this chapter, we report results from an
investigation of the micromorphology of quartz grains from the SHALDRIL site
sediments in conjunction with Eocene sediments from neighboring Seymour Island in
order to document major stages in Cenozoic glacial history of the northern Antarctic

Peninsula region.
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Figure 2-1 Geographic map of northern Antarctic Peninsula

with locations of core sites. Bathymetric contours based on ETOPO2 (Smith and
Sandwell, 1997) (seehttp://topex.ucsd.edu/marine_topo/mar_topo.html). Circles
mark core sites (PC06, 3C, 12A, 7A, 5D, 6D, and 6C) and outcrop area (D6).

2.2 Geologic Setting

This study area is located between 63°S to 65°S and 58°W to 52°W and includes
Seymour Island, the northern James Ross Basin, and the southern flank of the Joinville

Plateau, south of Joinville Island (Figure 2-1). Samples from Seymour Island were taken



from the Eocene La Meseta Formation, in particular, the youngest Submeseta unit. This
sandy unit has been interpreted as preglacial, based on an absence of dropstones or other
evidence for glaciation (Marenssi et al., 2002). The northern James Ross Basin sites
include Pleistocene till that occurs just below the seafloor, in a region of spectacular
glacial geomorphic features (Heroy and Anderson, 2005), and an uppermost Eocene
muddy sand unit sampled at SHALDRIL Site 3C (Figure 1-1). The Joinville Plateau sites
(12A, 7A, 5D, 6D, and 6C) sampled a thick sedimentary wedge along the southern flank
of the plateau and recovered sediments that range in age from late Oligocene to
Pleistocene. These sites occur in an area that is influenced by contour currents from the

Weddell Gyre (Maldonado et al., 2005; Wellner et al., 2011).

2.3 Methods

A total of 10 sand grains per sample from 19 stratigraphic intervals were
examined in detail for surface morphological characterization (Stickley et al., 2009). This
includes 40 grains from the Holocene/Pleistocene, 20 grains from the Pleistocene, 20
grains from the early Pliocene, 20 grains from the middle Miocene, 20 grains from the
late Oligocene, 30 grains from the late Eocene, and 30 grains from the Eocene. Rock
samples from Seymour Island were provided by the United States Polar Rock Repository
(D6-03, D6-05, D6-07). These samples were collected in 1986 and were noted to have
been collected from pristine outcrops of unconsolidated sand. All other samples were

acquired from drill core and piston cores.

Throughout the sample preparation, care was taken to preserve sample

morphology and avoid generating any surface features, following the procedures of



Mahaney et al. (1988). Samples were prepared by first immersing approximately 0.5 g of
bulk sediment into a mixture of sodium hexametaphosphate and reverse osmosis water
for 24 h in order to deflocculate clays. Following disaggregation, the samples were gently
wet-sieved through a 63 um sieve. The sand-sized particles were then split, and quartz
grains were selected using a dissecting microscope. The separated quartz grains were
mounted onto SEM sample mounts with carbon tape. The mounted specimens were then
sputtered-coated with approximately 20 nm of a conductive material (gold or carbon) and
examined using a FEI Quanta 400 high-resolution field emission scanning electron
microscope in high-vacuum mode. The composition of each grain was verified as pure

Si02 with energy-dispersive X-ray spectroscopy.

Textural features were identified based on the criteria and examples from
Mahaney (2002). Microtextures were recorded as not-present (barren), low abundance
(faint or scarce occurrence), medium abundance (present), and high abundance
(exceptional occurrence). Fifteen different features were assessed in groups based on the
process of microtexture formation (Sweet and Soreghan, 2010). The groups include
polygenetic features comprised of fracture faces, subparallel linear fractures, conchoidal
fractures, arc-shaped steps, linear steps, sharp angular features; sustained high-stress
features consisting of crescentic gouges, straight grooves, curved grooves, deep troughs,
and mechanically upturned plates; percussion features of v-shaped percussion cracks and
edge rounding; chemical dissolution/diagenesis features such as dissolution etching; and
diagenetic physical weathering resulting in a weathered surface. Examples of some of the

most diagnostic features are illustrated in Figure 2-2.



Figure 2-2 Examples of microtextures examined in this study

including (a) fracture faces (ff ), (b) subparallel linear fractures (splf ), (¢) (top left)
conchoidal fractures (cf ) and (right) linear steps (Is), (d) arc steps (as), (e) sharp
angular features (saf ), (f) crescentic gouges (cgg), (g) (top) straight grooves (sg) and



(bottom) curved grooves (cg), (h) deep trough (dt), (i) v-shaped percussion pits (vp),
(j) mechanically upturned plates (mp) and rounded edges (re), (k) dissolution
etching (de), and (1) weathered surface (ws).

2.4 Results

2.4.1 Eocene

2.4.1.1 Eocene La Meseta Formation, Seymour Island.

The Eocene La Meseta Formation sites (D6-3m, D6-5m, and D6-7m, Figure 2-3)
are characterized by a general low abundance of microtextures. The most prevalent
features are those associated with weathering and diagenesis, including weathered
surfaces, dissolution etching, and edge rounding, which all occur in medium abundances.
Over two thirds of the grains are rounded. Sustained high-impact features are present in
low (crescentic gouges) to zero abundance (straight and curved grooves, deep troughs,

and mechanically upturned plates) (Figure 2-4).
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Figure 2-3 Representative samples from the Eocene La Meseta Formation.

(a) Sample D6-3m, a weathered grain that is very rounded with rounded edges (re),
weathered surface (ws), weathered crescentic gouges (cgg), and v-shaped impact pits
(vp). (b) D6-3m grain with crescentic gouges (cgg), straight grooves (sg), dissolution
etching (de), rounded edges (re), and weathered surface (ws). (¢) V-shaped impact
pits (vp) and fracture faces (ff) on grain D6-3m, along with weathering features,
including dissolution etching (de), rounded edges (re), and weathered surface (ws).
(d) Sample D6-5m is highly weathered with v-shaped impact pits (vp), fracture faces
(ff), straight grooves (sg), dissolution etching (de), rounded edges (re), and
weathered surface (ws). (e) This highly weathered grain from sample D6-5m
displays many weathering features including dissolution etching (de), rounded edges
(re), weathered surface (ws), and weathering features superimposed on crescentic
gouges (cgg, arrow). (f) Sample D6-7m is a highly weathered grain characterized by
dissolution etching (de), rounded edges (re), and weathered surface (ws).



2.4.1.2 Late Eocene Offshore James Ross Basin.

Late Eocene sand grains from SHALDRIL Site 3C (3C-3_8-9cm, 3C-3 114-
115cm, and 3C-7_47-48cm, Figure 2-5) are fresh, with over half angular grains and a
large majority of the grains displaying angular edge features. The most common
microtexture is fracture faces, which occurs at medium frequency. The subsequent most
abundant features include a medium to low abundance of linear steps and sharp angular
features. The samples contain low abundances of the sustained high-impact features,
including, in order of abundance, straight grooves, crescentic gouges, deep troughs, and

curved grooves. There is a low occurrence of subparallel linear fractures (Figure 2-4).
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Figure 2-4 Occurrence of microtextures by age of samples.

The x axis is 15 identifiable microtextures, and the y axis is relative abundance of
features based on classification of Mahaney (2002). Feature classification is zero,
low, medium, and high abundances. Processes of microtexture formation are from
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the work of Sweet and Soreghan (2010). Gray area highlights sustained high-impact
features formed during glacial transport. Graphs are representative of entire
intervals of time and are averaged within units.

2.4.2 Late Oligocene and Middle Miocene

2.4.2.1 Late Oligocene Joinville Plateau.

Late Oligocene samples from Site 12A-2 (12A-2 67-68cm and 12A-2 225-
226cm, Figure 2-5) contain semiangular grains with rounded edges. Edge rounding is the
most common feature, occurring in medium abundance in over half of the grains.
Microtextures appear to have a later phase of physical weathering, based on dulling and
rounding of features and edges. There are low/medium abundances of crescentic gouges

and curved grooves, both with rounded feature edges (Figure 2-4).
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Figure 2-5 Representative samples from the late Eocene, late Oligocene, and the
middle Miocene.

Representative samples from the (top) late Eocene, (middle) late Oligocene, and
(bottom) the middle Miocene. (a) Late Eocene sample 3C-3_114-115cm contains
straight and curved grooves (sg and cg), deep troughs (dt), fracture faces (ff), and
conchoidal fractures (cf). The grain is slightly weathered, showing rounded edges
(re) and dissolution etching (de). (b) Extremely fresh and angular late Eocene grain
from sample 3C-3_114-115cm with angular edges (ae), fracture faces (ff), linear
steps (Is), crescentic gouges (cgg), straight grooves (sg), and mechanically upturned
plates (mp). (¢) Grain from late Eocene sample 3C-7_47-48cm displays rounded
edges (re), weathered surface (ws), dissolution etching (de), deep troughs (dt),
crescentic gouges (cgg), curved grooves (cg), and linear steps (Is). (d) Grain from

13



late Oligocene sample 12A-2 225-226c¢m illustrating crescentic gouges (cgg) that are
overprinted by weathering features such as weathered surface (ws), rounded edges
(re), and dissolution etching (de). (e) Late Oligocene 12A-2 225-226¢cm grain
showing fracture faces (ff), v-impact pits (vp), arc steps (as), crescentic gouges (cgg),
rounded edges (re), dissolution etching (de), and a weathered surface (ws). (f) Late
Oligocene sample 12A-2 225-226cm grain illustrating crescentic gouges (cgg),
curved grooves (cg), deep troughs (dt), and overprinting by weathering features
including rounded edges (re). Grains from this site also contain v-impact pits (vp)
and fracture faces (ff). (g) Grain from mid-Miocene sample 5D-7 4-Scm with
straight grooves (sg), linear steps (Is), fracture faces (ff), subparallel linear fractures
(splf), angular edges (ae), and weathered surface (ws). (h) Grain from mid-Miocene
sample SD-7_4-5cm has straight and curved grooves (sg and cg), subparallel linear
fractures (splf), fracture faces (ff), rounded edges (re), dissolution etching (de), and
a weathered surface (ws). (i) Grain from mid-Miocene sample 5D-7 4-5¢m
illustrating weathered surfaces (ws), faint dissolution etching (de), and rounded
edges (re), which overprint earlier stage crescentic gouges (cgg), curved grooves
(cg), and arc shaped steps (as)

2.4.2.2 Middle Miocene.

Middle Miocene samples from Site 5D (5D-6 1-2cm, 5D-7 4-5cm, and 5D-
10_44-45cm, Figure 2-5) are angular to subangular with rounded edges. The most
abundant features, in medium abundances, are crescentic gouges, weathered surfaces, and
edge rounding. The majority of grains display features of dissolution etching. Other
attributes include fracture faces, subparallel linear fractures, linear steps, sharp angular
features, straight and curved grooves, and deep troughs. Most of the impact features have

subsequently been rounded, resulting in rounded edges and low relief.
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2.4.3 Pliocene

2.4.3.1 Early Pliocene.

The early Pliocene samples from SHALDRIL sites 6C and 5D (6C- 6 46-47cm,
5D-2 26-27cm, and 5D-4 27-28cm, Figure 2-6) consist of a wide range of grain shapes,
averaging slightly more than half rounded grains and slightly less than half angular
grains. Rounded edges are common and appear in a majority of the grains. Most grains
show evidence of silica precipitation, edge rounding, dissolution etching, and weathered
surfaces. Crescentic gouges are the most common feature, occurring in medium
abundance. There are low abundances of fracture faces, linear steps, sharp angular

features, and straight grooves.
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Figure 2-6 Samples from Pleistocene till, Joinville Plateau, and Pliocene

Samples from (top) Pleistocene till, from Joinville Plateau, (middle) sites 7A and 5D,
and (bottom) Pliocene. (a) Sample NBP02-01 PC-06_70-72c¢m displays curved
grooves (cg), straight grooves (sg), crescentic gouges (cgg), deep troughs (dt), and
subparallel linear fractures (splf) and is fresh with little/no weathering and angular
edges (ae). (b) Grain from Pleistocene sample NBP02-01_PC-06 70-72c¢m
illustrating crescentic gouges (cgg), curved grooves (cg), fracture faces (ff), and
linear steps (Is). (¢) Pleistocene NBP02-01_PC-06_70-72cm grain with deep troughs
(dt), curved grooves (cg), rounded edges (re), dissolution etching (de), sharp angular
features (saf), and a weathered surface (ws). (d) Grain from Pleistocene SHALDRIL
sample 7A_1-2cm showing rounded edges (re), abundant curved grooves (cg),
straight grooves (sg), and arc shaped steps (as). (¢) Grain from Pleistocene sample



SD-1_10-11cm is very fresh with angular edges (ae), straight grooves (sg), deep
troughs (dt), and linear steps (Is). (f) Sample 5D- 1_10-11cm contains deep troughs
(dt), curved grooves (cg), crescentic gouges (cgg), v-impact pits (vp), conchoidal
fractures (cf), arc steps (as), dissolution etching (de), and rounded edges (re). (g)
Grain from Pliocene sample 6D-1_13-14cm with rounded edges (re), a weathered
surface (ws), and dissolution etching (de). The grain also contains fracture faces (ff),
straight grooves (sg), crescentic gouges (cgg), arc steps (as), linear steps (ls),
mechanically upturned plates (mp), and subparallel linear features (splf). (h) Grains
from early Pliocene sample S5D-2 26-27cm have rounded edges (re), a very
weathered surface (ws), relict straight grooves (sg), and weathered crescentic gouges
(cgg). (i) This Pliocene 5D-4_27-28cm sample is extremely fresh with angular edges
(ae), crescentic gouges (cgg), curved and straight grooves (cg and sg), sharp angular
features (saf), and subparallel linear features (splf).

2.4.3.2 Late early Pliocene.

Late early Pliocene deposits from SHALDRIL sites 6D and 6C (6D-1 13-14cm
and 6C-2 61-62cm, Figure 2-6) contain a range of grain shapes, with most grains
displaying a high degree of angularity and low degree of rounding. The most abundant
microtextures are crescentic gouges. There is a low abundance of fracture faces,
subparallel linear and conchoidal fractures, linear steps, sharp angular features, and
straight and curved grooves. The features are commonly very fresh, with individual

grains having sharp edges.

2.4.4 Pleistocene

2.4.4.1 Offshore Joinville Plateau.

The Pleistocene samples from SHALDRIL sites 5D and 7A (7A_1-2cm and 5D-
1 _10-11cm, Figure 2-6) display a broad scope of grain shapes with a wide range of length

to width ratios. The grain edges range in degree of rounding from rounded to quite
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angular. The most abundant microtextures (medium abundance) include crescentic
gouges, sharp angular features, and straight and curved grooves. There is a low
abundance of fracture faces, subparallel linear and conchoidal fractures, arc-shaped and

linear steps, curved grooves, and deep troughs.

2.4.4.2 Late Pleistocene till.

The Pleistocene till from piston core NBP02-01-PC06 (70-72cm, Figure 2-6)
contains mostly highly angular grains, with individual grains having a high aspect ratio.
Edges vary between fresh to weathered and rounded. There is a medium abundance of
straight and curved grooves, fracture faces, crescentic gouges, and deep troughs on the
majority of grains. There is a low frequency of weathered surfaces, dissolution etching,

and edge rounding.

2.5 Discussion

Sustained high-impact features are created through extreme shear stress during
glacial transport and include crescentic gouges, straight and curved grooves, deep troughs
and mechanically upturned plates (Mahaney et al., 1996; Sweet and Soreghan, 2010),
(Figure 2-3, Figure 2-5, Figure 2-6). In this study, Pleistocene tills provide a baseline for
glacially transported grains. Generally, the features observed most commonly in tills, in
order of abundance, are (1) subparallel linear and conchoidal fractures; (2) sharp angular
features, straight grooves, and deep troughs; and (3) curved grooves, low relief crescentic
gouges, arc steps, linear steps, mechanically upturned plates, lattice shatters, and fracture

features. The relative abundance of subparallel linear fractures can be related to the



amount of stress incurred during transport. Smaller glaciers and ice caps transport
sediment in a lower stress regime and impart a lower relative abundance of subparallel
linear fractures as opposed to large ice sheets which transport grains with higher stresses

and have higher abundances of subparallel linear fractures (Mahaney, 2002).

The oldest sediments examined for this study are from the Eocene La Meseta
Formation, which historically has been interpreted as a nonglacial deposit, void of any
ice-rafted debris or any other evidence for glaciation (e.g., Marenssie et al., 2002),
(Figure 2-7). This interpretation is supported by this investigation, which has yielded no
compelling evidence for glaciation at this time. The samples examined from the La
Meseta Formation contain a low abundance of crescentic gouges and no other sustained
high-stress microtextures (Figure 2-3 and Figure 2-4). Thus, the La Meseta Formation
provides a preglacial baseline with which to compare samples from younger strata in the

region.

SHALDRIL cores that sampled the late Eocene (Site 3C) consist of poorly sorted
muddy/silty very fine sand with few subangular-subrounded pebbles. The age of the
sampled interval has been constrained to 37-34 Ma based on diatom biostratigraphy and
Sr dating (Bohaty et al.,, 2011). The samples from this core are characterized by a
medium abundance of sustained high-impact microtextures, in contrast to the Seymour
Island samples which are relatively void of such features (Figure 2-5). The samples also
contain zero to low abundance of subparallel linear fractures and are characterized by
high angularity. The dramatic difference in sand grain surface textures between the
Eocene La Meseta samples and the SHALDRIL Site 3C (late Eocene) samples indicates

that the onset of glaciation in the northern Antarctic Peninsula occurred at the end of the
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Eocene, likely restricted to alpine glaciation. This is based on sharp-edged microtextures
and low abundance of subparallel linear fractures (Mahaney, 2002). These findings are
consistent with palynological results, which indicate a significant change in the
vegetation of the area at this time (Warny and Askin, 2011(a), 2011(b)) and seismic
stratigraphic analyses that show no evidence of ice having grounded on the continental
shelf (Smith and Anderson, 2010). This corresponds to the beginning of a large positive
oxygen isotopic excursion (Zachos et al., 2001) and fall in sea level (Miller et al., 2005)

marking the transition from greenhouse to icehouse conditions (Figure 2-7).
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Figure 2-7 Overall stratigraphy, grain surface textures, and glacial history of the
James Ross Basin.

(a) Age constraints on glacial evolution of the West Antarctic Ice Sheet (WAIS) and
Antarctic Peninsula Ice Sheet (APIS) (Anderson et al., 2011). (b) Lithostratigraphic
column of units sampled. (c) Plot of frequency of sustained high-stress microtextures
based on the work of Sweet and Soreghan (2010). Frequency of particular features
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was calculated over the entire sample interval using the presence or absence of that
feature and taking the mean. The relative frequency of sustained high-stress
microtextures was calculated by averaging all five high-stress features for the
specific sample. (d) Modified 6180 curve from the work of Zachos et al. (2001).

The upper Oligocene deposits sampled by SHALDRIL Site 12A consist of dark
gray sandy mud to muddy sand that contains clay lenses, burrows, and rare dropstones.
This deposit is interpreted as representing a distal deltaic or shoreface environment
(Wellner et al., 2011). Sand grains from the upper Oligocene display a presence, but a
lower abundance, of glacially derived microtextures compared to Site 3C deposits, along
with a high degree of physical weathering. A lower abundance of glacially derived
microtextures may be a function of the distal location of this site in comparison to Site
3C. This is consistent with palynological evidence for a colder climate during the

Oligocene than existed in the Eocene (Warny and Askin, 2011(a), 2011(b)).

The middle Miocene deposits recovered at SHALDRIL Site 5D sampled pebbly
gray diamicton, interpreted as glacimarine sediment (Wellner et al., 2011) and thus
indicate more extreme glacial conditions than previously existed in the region. The
palynomorphs present at this site also indicate colder conditions relative to the late
Oligocene, with limited land taxa and dominantly sea-ice species offshore (Warny and
Askin, 2011(a), 2011(b)). The microtextures of grains from Site 5D show an increased
abundance of high-impact features relative to the late Oligocene samples from Site 12A
(Figure 2-4 and Figure 2-5). Individual grains display sustained high-impact features, but
have a high degree of rounding (Figure 2-7). These glacial grains have medium to high
abundances of physical weathering features and were likely transported by contour

currents after being delivered to the drill site by icebergs drifting under the influence of



the Weddell Gyre. This is consistent with inferred expansion of the West Antarctic Ice
Sheet (WAIS) onto the southwestern Weddell Sea continental shelf in the middle

Miocene (Smith and Anderson, 2010).

The early Pliocene section recovered at sites 6C and 6D consists of pebbly
glacimarine sediments. The sand grains from these sediments contain a mixture of well-
rounded contour current-transported grains and glacially transported grains. The oldest
deposits from Site 6C include very dark greenish gray, medium to coarse sand, and
poorly sorted diamicton. Sand grains show a clear increase in the abundance of sustained
high-stress microtextures (Figure 2-4), consistent with other evidence for extreme glacial
conditions at this time, culminating in initial advance of the Antarctic Peninsula Ice Sheet

(APIS) onto the Joinville Plateau (Smith and Anderson, 2011).

Pleistocene samples contain the highest abundance of sustained high-impact
surface features (Figure 2-7), which is consistent with evidence for an expanding and
contracting APIS during the Pleistocene. The SHALDRIL Pleistocene samples are only
slightly lower in abundance of sustained high-impact features relative to the late

Pleistocene till samples from piston cores.

2.6 Conclusion

During the late Eocene, there was onset of alpine glaciation in the northern
Antarctic Peninsula. The occurrence of glacial surface features records the continued
presence of alpine glaciers during the late Oligocene, which is consistent with

palynological evidence for significantly cooler conditions relative to the late Eocene.
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Samples from mid-Miocene deposits include ice-rafted grains from distant
sources, likely West Antarctica, that were probably transported to the study area by
icebergs drifting under the influence of the Weddell Gyre. Samples from early Pliocene
strata show an increase in the abundance of high-impact features and record the early
development of the APIS. Pleistocene till samples display the highest abundance of
glacially influenced microtextures and record the extreme glacial conditions that have

characterized the region since the early Pliocene.



Post-LGM deglaciation in Pine Island
Bay, West Antarctica’

To date, understanding of ice sheet retreat within Pine Island Bay (PIB) following
the Last Glacial Maximum (LGM) was based on seven radiocarbon dates and only
fragmentary seafloor geomorphic evidence. During the austral summer 2009-2010,
restricted sea ice cover allowed for the collection of 27 sediment cores from the outer PIB
trough region. Combining these cores with data from prior cruises, over 133 cores have

been used to conduct a detailed sedimentological facies analysis. These results,

> This chapter has been edited, reformatted and reprinted from Quaternary
Science Reviews, Vol 38 Kirshner, A. E., Anderson, J.B, Jakobsson, M., O'Regan,M.,
Majewski, W., Nitsche, F.,Post-LGM deglaciation in Pine Island Bay, West Antarctica,
Do0i:10.1016/j.quascirev.2012.01.017, Copyright 2012. Reproduced with permission of
Elsevier
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augmented by 23 new radiocarbon dates, are used to reconstruct the post-LGM deglacial

history of PIB.

Our results record a clear retreat stratigraphy in PIB composed of, from top to
base; terrigenous sandy silt (distal glacimarine), pebbly sandy mud (ice-proximal
glacimarine), and till. Initial retreat from the outer-continental shelf began shortly after
the LGM and before 16.4 k cal yr BP, as a likely response to rising sea level. Bedforms in
outer PIB document episodic retreat in the form of back-stepping grounding zone wedges
and are associated with proximal glacimarine sediments. A sub-ice shelf facies is

observed in central PIB and spans ~12.3—10.6 k cal yr BP. It is possible that widespread

impingement of warm water onto the continental shelf caused an abrupt and widespread
change from sub-ice shelf sedimentation to distal glacimarine sedimentation dominated
by widespread dispersal of terrigenous silt between 7.8 and 7.0 k cal yr BP. The final

phase of retreat ended before ~1.3 k cal yr BP, when the grounding line migrated to a

location near the current ice margin.

3.1 Introduction

In 2011, T. Hughes eloquently summarized the necessity in thoroughly
understanding the deglacial cycle of ice sheets. “Ice sheets are the only components of
Earth’s climate system that can rapidly self-destruct, and thereby terminate a cycle of
Quaternary glaciation (Denton and Hughes, 1981 and Hughes, 1998). How ice sheets
self-destruct is unclear, but it seems to be linked to a rapid and progressive loss of ice-bed

coupling, especially coupling beneath and beyond ice streams that causes rapid



gravitational collapse of marine portions of ice sheets (MacAyeal, 1992, 1993) followed
by rapid disintegration of the resulting floating ice shelves (MacAyeal et al., 2003; Hulbe
et al., 2004) and rapid migration of calving bays up stagnating ice streams into the
collapsed ice sheet (Thomas, 1977 and Hughes, 2002), thereby carving out its

accumulation zone so it can never recover (Hughes, 1977).”

Here we focus on the marine-based ice sheet in Pine Island Bay and the large Pine
Island Glacier (PIG) ice stream, which have configurations conducive to rapid
disintegration and show the greatest signs of inherent instability (Hughes, 1981). More
importantly, the ice sheet is grounded below sea level on a landward-sloping seafloor,
making it intrinsically dynamic (Weertman, 1976, Hughes, 1977 and Mercer, 1978).
Glacial modeling supports this claim, suggesting that this portion of the ice sheet is
inherently unstable (Schoof, 2007a and Schoof, 2007b). Corroborative to the
hypothesized and modeled instability, focused research during the last 30 years has
identified PIG as being one of the most dynamic portions of the cryosphere. It has
experienced rapid ice-shelf thinning (Shepherd et al., 2001, Rignot et al., 2002 and
Wingham et al., 2009); negative mass balance (Thomas et al., 2004 and Rignot et al.,
2008); glacial flow acceleration (Rignot, 2006); and grounding line retreat of 1200 m
over a 4-year period from 1994 to 1998 (Rignot, 1998). This extreme record of modern
change has prompted authors to suggest that the PIG could potentially collapse over the

millennial time-span of human civilization (e.g. Katz and Worster, 2010 and Hughes,

2011), raising eustatic sea-level up to ~1.5 m (Vaughan, 2008).

Currently, Circumpolar Deep Water (CDW) is documented as impinging into the

Pine Island Trough, a large feature deeply incised into the continental shelf (Jacobs et al.,
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1996 and Jacobs et al., 2011). Enhanced basal melting due to the presence of CDW
thermally eroding the Pine Island Glacier has been identified as a potential culprit for the
rapid nature of modern retreat. However, the question remains whether the changes
measured in PIG represent the normal, transient behavior in the deglacial history or
whether other mechanisms of retreat contributed previously to the deglacial cycle. In
other words, are ongoing changes unprecedented in the context of the long-term, post-
LGM deglaciation? To identify the mechanism(s) responsible for retreat of this ice sheet
we must understand both the timing and style of deglaciation in the wider Amundsen Sea
Embayment (ASE). Here we present constraints on the post-LGM retreat in PIB, eastern
ASE, establish a framework to test whether current rates are exceptional, and provide
insight into the mechanisms that allow for marine ice sheets to self-destruct.
Complementary to the results from the sediment cores presented here is a paper by
Jakobsson et al. (2012) providing the detailed glacial morphology of the outer Pine Island
Trough and estimated formation time for the largest grounding zone wedge in PIB that

indicates a long pause during the general post-LGM ice stream retreat.
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displaying geomorphic regions and core locations in UTM zone 13S projection.
Core and exposure age site symbols include: OSO0910-red circles, NBP99-02-gray
circles, and JCR 179-gray squares. Grounding zone wedges (GZW) in Pine Island
Bay are modified from Graham et al. (2010). Thin black lines are 500 m isobath
lines A. Inner Pine Island Bay B. Outer Pine Island Bay C. Outer Shelf D.
Getz/Dotson region (Graham et al., 2009). E. Multibeam map displaying shelf edge
gullies (from Lowe and Anderson, 2002 and Nitsche et al., 2007).

3.2 Regional setting and existing data

Pine Island Bay is located in the polar setting of the ASE. It is the third-largest
drainage outlet for the West Antarctic Ice Sheet (WAIS) and the primary drainage path
for eastern Marie Byrd Land and western Ellsworth Land (Figure 3-1). Pine Island Bay
currently hosts two major ice streams, the Pine Island and Thwaites ice streams, and a
smaller ice stream from Smith Glacier (Dotson Ice Shelf). Together they drain ~5% of
ice from Antarctica (Vaughan et al., 2001), one of the three main drainage paths of the

WAIS. Seismic records illustrate that interior PIB (Figure 3-1), south of ~73.4°S, has a

crystalline substrate (Lowe and Anderson, 2002 and Uenzelmann-Neben et al., 2007),
characterized by glacially carved features such as p-forms, drumlins, and anastomosing
and linear channels (Figure 3-1 A). The erosional seascape has been interpreted as
conducive to hosting an organized, convergent seaward subglacial meltwater drainage
system, based on the connectivity of basins and channels (Lowe and Anderson, 2002 and
Lowe and Anderson, 2003). This geomorphic province will henceforth be referred to as

inner PIB as demarcated in Figure 3-1.

Onlapping the crystalline basement is a thick, landward-dipping sedimentary

package of outer PIB (Lowe and Anderson, 2002). This change in basement lithology



results in different processes controlling the seascape, creating a distinct region that will
be referred to as outer PIB (Figure 3-1). This region includes the Pine Island Thwaites
Paleo Ice Stream Trough (PITPIS) of Graham et al. (2010). The geomorphology of outer
PIB is characterized by mega-scale glacial lineations (MSGLs), two large, broad,
grounding zone wedges (GZW #4 and #5, nomenclature from Graham et al., 2010),
corrugation ridges, corrugated furrows and iceberg plow moraines (Figure 3-1B; Figure
3-2) (Lowe and Anderson, 2002, Evans et al., 2006, Graham et al., 2010 and Jakobsson et

al., 2011).
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Figure 3-2 Bathymetry of outer PIB acquired aboard I/B Oden.

Geomorphic regions referred to in text are delineated by dashed lines, from north to
south; trough flanks, deep basin, grounding zone wedges (Wedges), and mega-scale
glacial lineations (MSGLs). Sediment cores from OS00910 are black circles and
NBP99-02 are gray circles. Solid white line shows locations of cores in Figure 3-6.

Heretofore, few cores have been collected from the outermost Pine Island Bay
trough region due to persistent sea ice coverage. The northernmost section of the ASE,

the outer shelf, contains a relatively flat, broad shelf at 450-550 m water depth that is
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covered by iceberg furrows and contains two small grounding zone wedges (GZW #1 and
#2 as named by Graham et al., 2010). This geomorphic zone extends to the shelf break
and is characterized by gullies that extend seaward to the upper slope (Figure 3-1C, E).
The northernmost geomorphic province will henceforth be referred to as the outer shelf,

which includes the Pine Island Trough East (PITE) of Graham et al. (2010).

The established deglaciation chronology for the ASE is based on one marine and
one terrestrial study in PIB (Lowe and Anderson, 2002 and Johnson et al., 2008) (Figure
3-1A, B, C; Figure 3-2) and two marine studies in the western ASE, in the nearby
Getz/Dotson region (Hillenbrand et al., 2010 and Smith et al., 2011) (Figure 3-1D). The
Pine Island Bay marine record is limited to seven radiocarbon dates from benthic
foraminifera in five cores (Table 3-1) (Lowe and Anderson, 2002). Integrating the
geomorphic data and the scant chronologic constraints, Lowe and Anderson (2002)
proposed a stepped glacial retreat for the ice sheet, from a grounding line position at the
shelf edge during the LGM. The LGM configuration in PIB includes the convergence of
the Thwaites and Pine Island ice streams into a large, confluent ice stream (Lowe and

Anderson, 2002 and Graham et al., 2010). The ice sheet is interpreted to have stabilized

on a bathymetric high near Burke Island (Figure 3-1) in outer PIB from ~16 14C kyr to
~12 14C kyr, based on one radiocarbon date from core NBP99-02 PC39. Following this

~4 kyr pause, the ice retreated to within ~250 km of the modern grounding line (core

location NBP99-02 PC41) (Lowe and Anderson, 2002). However, the dates constraining
the retreat from the continental shelf edge to the modern location have a large error due to
small sample size. This leads to uncertainty in the timing of retreat from the shelf edge

and associated mechanism of destabilization.
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Table 3-1 Radiocarbon constraints on West Antarctic Ice Sheet retreat following the



Last Glacial Maximum (LGM) in Pine Island Bay. Compiled uncorrected and
calibrated radiocarbon ages representing minimum estimates of glacial retreat
20S00910: Oden Southern Ocean 2009-2010; NBP9902: Nathan B. Palmer 1999-
02; DF81: Deep Freeze 1981 PpC: piston core; KC: kasten (gravity) core; TC
trigger core ¢ For core locations, see Figure 3-1; 3-2, Table 3-3 * Foraminifera:N.
Pachyderma; Shell Fragment: unidentified shell fragment; Shell: articulated
unidentified shell ¢ Assigned Facies Unit " See Figure 3-1 ¢ Naming scheme following
Folk and Ward (1957) " Reservoir age for Antarctic marine carbonates estimated as
1300 £ 70 (Berkman and Forman, 1996). Delta R=897+-70. This reservoir correction
is based on closest possible calibration point. ' Calibrated using CALIB program v.
6.0 (Stuiver et al. 1998) with Marine09 curve. Ages reported in calendar years
before present (cal yr BP). Prior study (Lowe and Anderson, 2002) ages have been
recalibrated. ' Calibrated sigma age range using CALIB v 6.0

The marine record from western ASE (Figure 3-1D) primarily utilizes acid
insoluble (AOI) dating to constrain the age of deposition of the uppermost glacimarine
unit, marking the onset of seasonably ice-free waters (Hillenbrand et al., 2010 and Smith

et al., 2011). This deposition occurred on the western mid-shelf before 13.8 k cal yr BP

and the inner shelf to within ~10-12 km of the present Getz/Dotson ice-shelf front

between ~12.6 k cal yr BP and ~10.0 k cal yr BP. Terrestrial work on cosmogenic

surface-exposure ages resulted in four dates in eastern ASE, recording progressive
thinning of the WAIS since 14.5 kyr (Johnson et al., 2008). These combined observations
in the ASE establish a general post-LGM retreat. However, both the specific timing and,
therefore, mechanism(s) of retreat are not well constrained, requiring an enhanced

chronologic framework.
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3.3 Materials and methods

Data were collected aboard Icebreaker Oden during the expedition Oden Southern
Ocean 0910 (OSO0910) in the austral summer of 2010, and augmented by data from
cruises Deep Freeze 81(DF-81), R/V Nathaniel B. Palmer 99-02 (NBP99-02), and R/V
Nathaniel B. Palmer 00-01 (NBP00-01). Icebreaker Oden acquired swath bathymetry
data, chirp sub-bottom profiler data, and sediment cores from outer Pine Island Bay
(Figure 3-1B; Figure 3-2). The chirp data were collected with a Kongsberg SBP120 3°
sub-bottom profiler at 2.5-7 Hz. Chirp data were analyzed in real-time to identify areas
for sediment coring. Bathymetric data were collected with a hull-mounted Kongsberg 12
kHz EM122 1° x 1° multibeam echo sounder. Details on the processing of multibeam
data can be found in Jakobsson et al. (2012). Following processing, the bathymetric data
were merged with prior cruise data (Nitsche et al., 2007). The complete bathymetric data
set of Pine Island Bay was then analyzed for geomorphic context, with details described

in Jakobsson et al. (2012).

Twenty-seven sediment cores were collected with a 3-m Kasten gravity corer.
This length of core is sufficient to recover the entire post-LGM sequence in PIB due to
low sedimentation rates (Lowe and Anderson, 2002). Once onboard, cores were
photographed and visually described. The lithological descriptions include Munsell
sediment color, texture, sorting, and sedimentary structures. Shear strength was measured
at approximately 10 cm intervals using either a pocket penetrometer or a pocket shear
vane. Following the preliminary procedures, 10 cm3 sediment plug samples were
extracted at 10 cm intervals for micropaleontology and grain size analysis. Each Kasten

core was sub-sampled using split plastic liners for archival purposes. A shipboard multi-
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sensor core logger (MSCL) was used to measure the magnetic susceptibility, gamma-ray
derived density, and compressional wave (p-wave) velocity of archived sections at a 1-
cm resolution following standard Geotek™ processing. Gravel and pebble concentrations
were quantified by wet-sieving the remaining sediment in the Kasten core through a 2
mm and 0.5 mm mesh in 10-cm sections. Any identified shell material was extracted
from each sieved sample for radiocarbon analyses. The >0.5 mm samples were weighed
for an approximation of pebble abundance. Archived core halves were shipped to the
Antarctic Marine Geology Research Facility in Tallahassee, Florida where X-radiographs
were taken and examined for microstructures, layering, and for additional carbonate

material.

Matrix grain size was measured at Rice University using a Malvern Mastersizer
2000 laser grain size analyzer following the methods of McCave et al. (1986). Bulk
composition and degree of sorting was categorized following the scheme of Folk and

Ward (1957) (Table 3-2).

Pine Island Bay has a dearth of carbonate material, resulting in sparse age
constraints. To combat this deficiency, shipboard reconnaissance micropaleontology was
performed at 10 cm intervals in every core to identify foraminiferal populations.
Following this initial examination, over 52 samples were washed and picked in detail for
radiocarbon material. Radiocarbon dating by Accelerated Mass Spectrometery was
performed by Lund University and the University of California at Irvine Keck-CCAMS.
The datable material was taken from the base of each subunit when possible, to best
constrain the initial deposition of each facies. Radiocarbon dating in the Southern Ocean

is known to have numerous complications including: reservoir effects, reworking, and
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organism specific fractionation (e.g. Berkman and Forman, 1996; Andrews et al., 1999).
To minimize such issues, we focused primarily on Neogloboquadrina pachyderma tests
for a robust and consistent chronology. When foraminifera were absent, in-situ shell
fragments were dated. Dates are reported in both uncorrected radiocarbon years (14C BP)
and calibrated calendar years before present (cal yr BP) using the Marine 0.9 calibration
curve of the Calib 6.0 program (Reimer et al., 2009) with a reservoir age for Antarctic
marine carbonates estimated as 1300 + 70 k yr (Table 3-1) ( Berkman and Forman, 1996

and Domack et al., 2001).
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Table 3-2 Attribute table of physical properties for cores collected in Pine Island
Bay.

Each measurement is an average of all 25 cores analyzed. * Units in Pine Island Bay,
see text for more information ™ Facies interpretations © Matrix composition
measured on the Malvern Mastersizer 2000 at Rice University  Average Munsell
Color Code

3.4 Results

3.4.1 Stratigraphic succession and facies distribution

This study focuses primarily on outer PIB (Figure 3-1B; Figure 3-2), an area
identified as being crucial to understanding the retreat history (e.g. Lowe and Anderson,
2002, Lowe and Anderson, 2003, Evans et al., 2006 and Graham et al., 2010) but
includes cores from both the outer shelf and inner PIB, allowing us to reconstruct a near-
surface stratigraphy within the eastern ASE (Figure 3-3). Sediment facies in Pine Island
Bay are described herein, from seafloor to the base of the cores. Without exception the
following units occur in stratigraphic order in every core. A sample stratigraphic section
for each geomorphic region, as demarcated in Figure 3-1, is provided in Figure 3-3.

Additional information on each core analyzed is provided in the Appendix A.
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Figure 3-3 Example core for each geomorphic region

from north (left) to south (right) (see Figure 3-1 and Figure 3-2 for specific
locations). Depth axis to left in meters. Curve to right of cores is magnetic
susceptibility, with scale at the base of each curve in units of 10—5 SI. Additional
information for every core in this study can be found in Appendix A. A. Outer shelf-
upper slope region. B. Outer PIB-flanks region. C. Outer PIB-deep basin region. D.
Outer PIB-wedges region. E. Outer PIB-MSGL region. F. Inner PIB.

3.4.1.1 Unitl

Unit 1, the youngest unit, is a massive, light olive brown (2.5 Y 5/3) sandy silt
(Table 3-2). The clay component varies slightly throughout the interval (ranging between
25 and 27% on average), while the sand and silt fraction vary notably with depth (Figure
3-4A, B, C). Unit 1 coarsens down section, with the concentration of sand increasing two
fold near the base of the unit and sorting decreasing down section (Figure 3-5). Pebble

concentrations are low but increase slightly near the base of the unit. Pebbles are
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primarily of mafic rock types. The magnetic susceptibility character mirrors the sand and
pebble concentrations, with low and uniform values that increase slightly down unit to
higher and more varied values at the base (Figure 3-3). Unit 1 is devoid of sedimentary

structures or bioturbation and has low shear strength (~1.96-2.94 kPa). Abundant and

diverse foraminifera exist in the upper part of the unit, decreasing in abundance down
section, but the unit is diatom barren. In the chirp sub-bottom profiles, Unit 1 is
acoustically layered and draping (Anderson et al., 2010 and Jakobsson et al., 2012). Its
thickness increases towards the modern grounding line and with increasing water depth.
Three subunits are defined in Unit 1, from top to bottom, subunits 1-A, 1-B and 1-C, and

always occur in stratigraphic order.
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Figure 3-4 Representative grain size curves for each subunit.
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The curves displayed are frequency (solid line) and cumulative (line with dots)
curves. The truncation of curves at sizes larger than 2000 pm is an artifact of the
sample preparation and measurement process, as all samples were sieved at 2000
pm. A. Subunit 1-A, sample from OSO0910 KC19 at 0—2 cm core depth. B. Subunit
1-B sample from OS00910 KC04 at 24-26 cm core depth. C. Subunit 1-C, sample
from OS00910 KC 25 at 70-72 cm core depth. D. Subunit 2-A, sample OS00910
KC04 at 44-46 cm core depth. E. Subunit 2-B, sample from OS00910 KC11 at 104-
106 cm core depth. F. Subunit 2-C, sample from OS00910 KC04 at 84-86 cm core
depth. G. Subunit 2-D, sample from OS0O0910 KC04 at 174-176 cm core depth. H.
Unit 3, sample from OS00910 KC19 at 80-82 cm core depth. I. Unit 4, sample from
0S00910 KC19 at 105-107 core depth J. Unit 5, sample from OSO0910 KC04 at
204-206 cm core depth.

3.4.1.1.1 Subunit 1-A

Subunit 1-A is the uppermost facies. It is a light olive brown (2.5 Y 5/3) sandy silt
with a low sand content (mean 13%), high silt content (mean 62%), and is virtually
devoid of pebbles (Table 3-1). Grain size analysis shows a single mode with normal
distribution and is the most sorted unit found in PIB (Figure 3-4A; Figure 3-5). Magnetic
susceptibility and bulk density signatures are constant throughout the subunit and are the
lowest values recorded in Pine Island Bay sediments (Figure 3-3). Subunit 1-A has very
low shear strength. Microfauna include abundant calcareous, agglutinated, and planktonic

foraminifera. Unit 1-A thickens towards the modern grounding line.
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Figure 3-5 Plot of mean grain size (phi units) and degree of sorting (sigma one
standard deviation) for all samples analyzed.

Samples are labeled by subunit. Grain size measurement for each sample is
truncated at 2000 pm in size from measurement process. Subunit fields are
generalized and delineated by encompassing a maximum number of samples.

3.4.1.1.2 Subunit 1-B

Subunit 1-B is a light olive brown (2.5 Y 5/3) sandy mud. Color varies slightly
from olive gray (5 Y 4/2) in interior PIB to light olive gray (5Y 5/2) on the outer shelf.
Subunit 1-B has greater pebble and sand content, 8% sandier on average, relative to
subunit 1-A (Figure 3-4B). This corresponds to an increase in both magnetic

susceptibility and bulk density values, with a low degree of variability in both and a
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decrease in sorting (Figure 3-5). Rare rip-up clasts (KC12) and distorted bedding (KC18)
exist in some cores. The majority of cores contain few to some agglutinated foraminifera,
while cores from shallower water-depths contain some to abundant calcareous,
agglutinated, and planktonic foraminifers. Subunit 1-B is always located below Subunit

1-A (when present).

3.4.1.1.3 Subunit 1-C

Subunit 1-C is a light olive brown (2.5 Y 5/3) sandy mud with a high abundance
of pebbles (Figure 3-4C). It has the highest and most varied magnetic susceptibility, the
highest bulk density and acoustic velocity values, and the least sorting in Unit 1 (Table 3-
1; Figure 3-3; Figure 3-5). Sedimentary structures are limited to laminae observed in a
single core (KC13). Few to some calcareous and agglutinated foraminifera occur in cores

collected in water shallower than ~730 m water depth. Subunit 1-C is located below

subunit 1-B with an average thickness of 23 c¢cm. This subunit thins basinward and was

not sampled on the outer shelf (Figure 3-3A).

3.4.1.2 Unit2

Unit 2 is a medium-stiff, pebbly, sandy mud that varies from dark gray to very
dark grayish brown (2.5 Y 3-5/2 to 10 YR 4/1) (Table 3-2). Pebble content increases
down-unit and is an order of magnitude higher than Unit 1 and with more varied
lithologies. Unit 2 is generally massive with occasional layering, no evidence for
bioturbation, and has the highest degree of scatter in both mean grain size and sorting in
PIB sediments (Figure 3-5). When present, foraminiferal assemblages are relatively

diverse and the unit is always barren of diatoms. On average, it has a medium shear
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strength which increases down section from ~2.0 to 18.0 kPa. Unit 2 exhibits discrete

changes in character, more precisely defined in four subunits: subunits 2-A, 2-B, 2-C, and
2-D, which are always found in stratigraphic order. A sharp contact separates Unit 1 and
Unit 2. Unit 2 was penetrated in a few cores (e.g. KC04, KCO05), directly overlying Unit

5. It is sampled in ~60% of cores collected and is more commonly observed seaward of

the prominent grounding zone wedges (GZWs 4 and 5) in outer PIB (Figure 3-3B, C).

3.4.1.2.1 Subunit 2-A

Subunit 2-A is a pebbly, sandy mud that is dark-grayish brown (10 YR 5-4/2),
varying slightly in color throughout outer PIB (Figure 3-4D; Figure 3-5). Magnetic
susceptibility values are high and varied. There are rare rip-up clasts (KC11) and layering
(KC13, Figure 3-3C) primarily observed in cores collected from deeper water-depths.
Subunit 2-A has higher shear strength relative to Unit 1. It contains pelletized clays in
some locations. Microfauna are barren to sparse, but when present are composed of a
diverse population. Subunit 2-A is present in 60% of cores sampled and is situated
directly below Unit 1. The basal contact of subunit 2-A with subunit 2-B is gradational
(when present) and sharp with subunit 2-C. This subunit is primarily located in the wedge
geomorphic region of outer PIB and seaward (Figure 3-2; Figure 3-3B, C). However, a
more southern core (KC24) in the outer Pine Island Bay trough sampled subunit 2-A.
This is the only subunit of Unit 2 to have a correlative increase in thickness as water

depth increases.
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3.4.1.2.2 Subunit 2-B

Subunit 2-B is a transitional facies between subunit 2-A and subunit 2-C,
displaying gradational changes in color, grain size, and magnetic susceptibility (Figure 3-
4E.). It is a dark grayish brown (2.5 Y 3-5/2) pebbly, sandy mud. Magnetic susceptibility
is low compared to subunit 2-A. This subunit is primarily massive and homogeneous,
however, two cores, KC13 and KC23, display isolated layering. Subunit 2-B contains
some benthic and planktonic foraminifera in cores collected between 957 m and 495 m
water depth. It is only present in locations in the wedge geomorphic region of outer PIB

and seaward, and is most prominent in the deep outer basin (Figure 3-2; Figure 3-3B, C).

3.4.1.2.3 Subunit 2-C

Subunit 2-C is a massive, very dark gray to dark grayish (2.5 Y 3-4/1-2) pebbly,
sandy mud (Figure 3-4F). This subunit has low bulk density and low magnetic
susceptibility and medium shear strength. There are few to barren foraminifera and
pebbles are abundant. Subunit 2-C was sampled in the wedge geomorphic region of outer
PIB and seaward (Figure 3-2; Figure 3-3B, C). The subunit is marked by a sharp contact
below subunit 2-B (when present) or subunit 2-A, and a sharp basal contact with

underlying subunit 2-D.

3.4.1.2.4 Subunit 2-D

Subunit 2-D is a dark gray to olive gray (2.5 Y 3/1 to 10 YR 4/1) pebbly, sandy
mud (Figure 3-4G). This subunit has higher magnetic susceptibility and bulk density

values than the overlying units. Subunit 2-D contains abundant pebbles and is massive,



but contains isolated 1 to 3 cm thick dark gray layers and sedimentary clasts.
Foraminifera occur in high abundance in core KC06, which was collected at 612 m water
depth. In cores that sampled this subunit below 720 m water depth, foraminifera are
absent. Subunit 2-D was only sampled in the deep basin of outer PIB and more seaward
(Figure 3-2; Figure 3-3B, C). Both the upper contact with subunit 2-C and the basal

contact to Unit 5 are sharp.

3.4.1.3 Unit3

Unit 3 is a massive, homogeneous, olive gray (5Y 5/2) mud (Table 3-2). This is
an extremely fine-grained unit, containing an order of magnitude less sand than any other
unit, devoid of pebbles, and is on average the most sorted unit (Figure 3-4H; Figure 3-5).
Faunal assemblages include some to high abundance of planktonic foraminifera (N.
pachyderma), pyritized worm tubes and rare bryozoans. The unit is diatom barren. Unit 3
was only sampled in the MSGL region of outer PIB (Figure 3-2; Figure 3-3E). It occurs
below a sharp contact from subunit 1-C and above a sharp contact with either underlying
Unit 4 (e.g. KC19, Figure 2-3E) or Unit 5 (e.g. core KC25). Unit 3 was never sampled in

the same core as Unit 2.

3.4.14 Unit4

Unit 4 is a light olive to dark grayish brown (2.5 Y 4-5/1-3) muddy sand (Table 3-
2). Mean matrix composition of Unit 4 includes 67% sand. The grain size distribution is
truncated at 100-200 um, displaying a sorted peak in the coarse fraction, but is generally
extremely poorly sorted (Figure 3-4I; Figure 3-5). In core KC18, there is a marked

transition in color from light olive brown and 63% sand composition to a dark grayish
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brown interval and 80% sand composition. Unit 4 is barren of microfauna. The upper
contact is very sharp with either Unit 1 or Unit 3. The basal contact remains unsampled,
as the unit was never penetrated to its base. Unit 4 was sampled throughout PIB and

never sampled in the same core as Unit 2.

3.4.1.5 Unit$5

Unit 5 is a massive, homogeneous diamicton with a sandy mud matrix and very
high shear strength (Figure 3-4J; Figure 3-5; Table 3-2). Two distinctly different colored
diamictons were sampled within Pine Island Bay, one being very dark olive gray (5 Y 3-
4/1-2) and the other a dark blueish gray (2 Gley 4/10B) color. The unit contains large
cobbles, up to the width of the core barrel in size, that range in lithology from mafic to
felsic. Unit 5 is barren of fauna and lacks any discernable layering or evidence of
bioturbation. It has the highest average bulk density (2.53 g/cc) measured in PIB and high

shear strength (~7.0-40.0 kPa). Only three of the cores collected during expedition

0OS00910 penetrated into Unit 5, and no cores penetrated it completely. The unit was
sampled in outer PIB, in both the deep trough and the MSGL region (Figure 3-2). It is
likely present in other locations, but its recovery was limited by the coring method
(gravity cores). Piston coring in prior cruises sampled Unit 5 in additional cores (e.g.
NBP99-02 PC39 in MSGL region). This is the basal unit below a sharp contact of

overlying units, Unit 2 and Unit 3.

3.4.2 Radiocarbon analysis

Twenty-four new radiocarbon dates are presented from outer Pine Island Bay,

adding to the nine ages reported by Lowe and Anderson (2002). Two of the radiocarbon
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dates from the OSO0910 cores were included in Jakobsson et al. (2011). Table 3-1 lists
radiocarbon results for each sample in both 14C years and calibrated years and the
assigned sedimentary unit. All dates are from carbonate material, primarily tests of
planktonic foraminifera. Locations of cores are shown in Figure 3-1 with additional

information given in Table 3-3.

Radiocarbon ages in outer Pine Island Bay occur in chronologic order down core
in all locations with one exception (KC06). This consistency is additional verification of
the integrity in the dating methods and results and this implies limited bioturbation or
reworking. Core KC06 was collected in relatively shallow water (612 m) on the flank of
the outer Pine Island Bay trough (Figure 3-1B; Figure 3-2), an area that is highly iceberg
turbated. Core KCO06 yielded three ages of 10.7 kyr from foraminifera tests and shell
material within subunit 2-C, while down core in the same subunit an age of 8.2 kyr was

derived from foraminifera tests, thus constraining the age of deposition of KC06 post-

glacial sediments as older than ~8.2 kyr. All other ages are in stratigraphic order.

Radiocarbon ages in Unit 1 span ~7 kyr to present in outer and inner PIB. Subunit

1-A is dated in one core (TC49) as 1.3 k cal yr BP in inner PIB. Subunit 1-B ages vary by
location; outer shelf age constraints include 19.0 k cal yr BP from the upper slope (PC03)
and 16.7 k cal yr BP from the shelf edge (PC07), while subunit 1-B ages in outer PIB
range from 6.2 (KC04) to 1.7 k cal yr BP (PC37). Subunit 1-C yields calibrated ages
including 6.8 k cal yr BP (KC10) in outer PIB and 7.0 k cal yr BP to 4.3 k cal yr BP in

inner PIB (PC37).
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Unit 2 ages range from 12.2 to 7.8 k cal yr BP in outer PIB. Subunit 2-A yielded
ages ranging from 10.1 (PC41) to 11.4 k cal yr BP (KC23) in outer PIB. Subunit 2-C
yielded ages from 10.9 (KC06) to 7.8 k cal yr BP (KC09). Two shell samples from
subunit 2-C, both in core KC13, were dated as radiocarbon dead, implying an age prior to
the LGM and reflecting reworking. Subunits 2-B and 2-D were not dated due to a lack of

carbonate material.

Unit 3 yielded ages which span 10.6 to 12.3 k cal yr BP (KC19). Samples from
Ferrero Bay (Figure 3-1), outer PIB, range in age from 10.7 to 9.8 k cal yr BP (KC15).

Units 4 and 5 were not dated due to a dearth of carbonate material.



Cruise * Core° | Longitute | Latitude [Water Depth| Core Length
[CW] [*S] [m] [cm]

0S00910  |[KC04 -107.1105| -72.6971 729 208.8
0S00910  |KCO5 -107.1105| -72.6971 729 245
0S00910  [KCO06 -106.9100| -72.1325 612 102.8
0S00910  |KCO7 -106.8823] -72.3394 707 50
0S00910  |KCO8 -106.8439] -72.3469 711 40
0S00910  [KCO09 -106.6390| -72.4867 548 45
0S00910  |KC10 -106.7736| -72.4923 687 88
0S00910 |KCl1 -107.1518] -72.5762 733 150
0S00910  [KC12 -107.1908| -72.5705 735 104.5
0S00910  |KC13 -107.1687| -72.6407 742 226
0S00910 [KC14 -107.5130] -72.6503 639 72
0S00910  [KC15 -101.8362] -73.3603 1257 130
0S00910 |KC16 -102.0792] -73.4540 706 38
0S00910  |KC17 -102.8267| -73.4197 855 147
0S00910  |KCI18 -106.8710] -73.3835 894 148.5
0S00910  |KC19 -106.9688| -73.1285 782 139
0S00910  |KC20 -107.0567| -72.9102 671 -1
0S00910  |KC21 -106.9563| -72.8268 728 60
0S00910  |KC22 -106.9633| -72.8187 724 115
0S00910  |KC23 -106.9243| -72.8923 660 36
0S00910  [KC24 -106.7568| -73.2398 807 160
0S00910  |KC25 -107.1057] -73.2570 838 77
0S00910  [KC26 -107.2223| -72.8645 689 106
0S00910  |KC27 -107.2548| -72.8828 666 52
DF81 PCO03 -110.3500f -71.2167 1009 68
DF81 PCO07 -109.0000| -71.2500 475 260
NBP9902  [PC37 -109.8830] -72.8970 438 203
NBP9902  |PC38 -107.5680] -72.9730 652 nr
NBP9902  |PC39 -105.6710| -73.1870 495 59
NBP9902  [PC40 -106.0500] -73.7900 953 58
NBP9902  [PC41 -106.6480] -73.9170 957 215
NBP9902  |[TC49 -104.7500| -74.7590 852 48.5
NBP9902  [PC54 -105.1370] -74.3060 1202 224
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Table 3-3 Information for sediment core sites for eastern Amundsen Sea
Embayment

* 0S00910: Oden Southern Ocean 2009-2010; NBP9902: Nathan B. Palmer 1999-
02; DF81: Deep Freeze 1981. ™ PC: piston core; KC: kasten (gravity) core; TC:

trigger core
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3.5 Discussion
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Figure 3-6 Stratigraphic cross section of depositional facies in Pine Island Bay
constructed along axis of trough.

Transect core locations delineated in Figure 3-2 (solid white line) and detailed core
information found in Appendix A. Datum is the base of Unit 1, which is interpreted
as a modern depositional unit (see text). Black dashed lines are isochrons for ages of
deposition. Sedimentary units are designated on cores KC13, KC04 and KC19.

3.5.1 Depositional environment/sedimentary facies model

A detailed microstratigraphic approach was taken in examining cores from Pine
Island Bay (Figure 3-6). Interpretations for each sedimentary unit are as follows, from
basal Unit 5 through surficial Unit 1. The basal diamicton, Unit 5, is interpreted as till. It
is characterized by high stiffness and lack of sorting, sedimentary structures or fauna, and
a wide range of pebble lithologies (Anderson, 1999). The matrix grain-size distribution of

the tills is similar in all locations despite color variations.

Muddy-sand Unit 4 is interpreted as a proximal glacimarine deposit. Its sorted
coarse fraction and truncated fine fraction indicate winnowing (e.g. residual glacial
marine sediment of Anderson et al., 1980) (Figure 3-4I). Based on the deep water

occurrence (700-900 m), it is hypothesized that currents active near the grounding line,



potentially from water emanating from the ice-sheet front, were responsible for
winnowing. This unit displays evidence for a reduction in current strength with time and
theoretically increased distance from the grounding line, as seen in core KCI8 by a

decrease in sand content and corresponding increase in silt and clay content up-section.

Unit 3 is considered a sub-ice shelf facies based on an extremely low abundance
of pebbles or sand (ice-rafted material) (Figure 3-4; Figure 3-5) (Kennedy and Anderson,
1989, Domack et al., 1999, Evans and Pudsey, 2002 and Kilfeather et al., 2011). There is,
however, a high abundance of planktonic foraminifers (N. pachyderma), which also
characterize sub-ice shelf sediments deposited beneath the Larsen B Ice Shelf and Amery
Ice Shelf ( Domack et al., 2005 and Hemer et al., 2007). Unit 3 in outer PIB has
sedimentological similarities to Facies 5 of Smith et al. (2011) in the western ASE
(Figure 3-1D). Facies 5 is a homogenous, terrigenous silty clay, which contains a more

diverse assemblage of foraminifera than Unit 3.

Unit 2 is an extremely poorly-sorted pebbly sandy mud that is interpreted as a
proximal glacimarine facies, deposited near the grounding line of an ice sheet (Anderson
et al., 1980 and Anderson et al., 1991). The high degree of scatter in mean grain size and
sorting is a reflection of the low degree of influence by marine processes (Figure 3-5).
The IRD composition is roughly the same as till (Unit 5), a characteristic of proximal
glacimarine sediments. It has a discrete microstratigraphy of four subunits which record a
change in depositional setting, from a “lift-off” facies near the grounding line to sub-ice
shelf setting (Anderson, 1999 and Lowe and Anderson, 2002). The slight decrease in IRD
upwards in the section is interpreted as either due to a decrease in current winnowing

and/or ice rafting with increasing distance from the grounding line. Subunit 2-A is
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interpreted as associated with an ice-shelf break-up event based on the presence of
pelletized clays in some locations (granulated facies of Domack et al., 1999), abundance
of IRD, and a small but diverse microfauna population, perhaps reflecting changing water

mass conditions (Kilfeather et al., 2011).

The uppermost facies in all cores, Unit 1, is considered to be a distal meltwater-
derived glacimarine deposit (possibly a ‘plumite’ as defined by Hesse et al., 1997). This
interpretation is based on the fine grain-size, low microfossil content, low abundance of
IRD and the draping character as observed in the chirp sub-bottom profiler data
(Anderson et al., 2010). Subunits of Unit 1 do not display layering; rather they are very
homogenous. Typically, turbid meltwater plumes are laminated in ice-proximal settings
and become more massive with increased distance from the grounding line (O’Cofaigh
and Dowdeswell, 2001), therefore we consider Unit 1 to be an ice distal deposit. The
pebble content is limited in lithology to primarily mafic rock types, in contrast to the
wide compositional range of pebbles in Units 2 and 5. The pebbles are likely derived
from icebergs that are sourced from a limited surrounding region, as opposed to an ice
stream that samples a vast area. Lowe and Anderson (2002) recognized this meltwater-
derived silt in interior PIB where its thickness increases towards the modern grounding
line. A similar facies in Marguerite Bay, Bellingshausen Sea is also suggested as derived
from subglacial meltwater (Kennedy and Anderson, 1989, Anderson et al., 1991 and

Kilfeather et al., 2011).
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Figure 3-7 Reconstructed cross section from continental shelf edge to the modern
grounding location through the Pine Island Trough at significant intervals of the
Pine Island Glacier retreat history.

Grounding zone wedges (GZWs) following nomenclature of Graham et al. (2010).
Basement type interpreted from seismic data. A. Last Glacial Maximum
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configuration. B. Deglaciation between ~16.4-12.3 k cal yr BP characterized by
multiple stages of back stepping and a changing ice profile. C. Period of stability
from ~12.3-10.6 k cal yr BP during which a large Amundsen Sea Ice Shelf was
present. D. Location of the modern ice sheet.

3.5.2 Deglacial history

To establish a deglacial history within Pine Island Bay, we first developed a
careful foundation of depositional facies and stratal relationships. We then placed the
radiocarbon results into our constructed stratigraphic framework, thus reducing ambiguity
within the data and providing a more accurate deglacial chronology. The radiocarbon

ages, whilst accurate and reliable, only provide a minimum age for deposition.

During its maximum extent the PIB ice sheet is suggested to have included one
large ice stream and to have extended to the shelf edge (Figure 3-7A; Figure 3-8A). The
shelf edge position is, however, tenuous and is based on a glacial unconformity imaged in
seismic records and on the occurrence of gullies on the upper slope that are believed to
have been conduits for sediment-laden water debouching from the ice sheet grounding
line (Lowe and Anderson, 2002, Dowdeswell et al., 2006, Evans et al., 2006 and Graham
et al., 2010). However, similar gullies occur on non-glaciated continental margins and
may simply reflect upper slope mass movement (Walsh and Nittrouer, 1999, Pratson et
al., 2007 and Fedele and Garcia, 2009). The unconformity is situated just a few tens of
meters below the seafloor, but the surface is yet to be dated. Therefore, GZW1 is the
most seaward limit for which there is conclusive evidence of grounding during the LGM

and it is located ~450 km from the modern Pine Island Glacier terminus, or ~65 km from

the shelf break (Graham et al., 2010).
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Grounded ice in dark gray, Ice shelves in light gray. Black lines are 500 m isobaths.
Interpreted flow lines are delineated by arrows pointing in the direction of flow. A.

Last Glacial Maximum, B. ~16-13.8 k cal yr BP, C. ~16-12 k cal yr BP, D. ~16-12
k cal yr BP, E. ~12.3-10.6 k cal yr BP F.~7 k cal yr BP to present configuration.

In western ASE, ice sheet retreat from the outer shelf has been interpreted as
having been underway as early as ~22.4 k cal yr BP (VC436 in 466 m water depth)

(Smith et al., 2011). However, the outer shelf is riddled with iceberg furrows making it
virtually impossible to acquire an undisturbed stratigraphic record of ice sheet retreat.
What can be said is that glacimarine sediments began accumulating on the eastern ASE
outer shelf before 16.4 k cal yr BP (DF-81 PC7), providing a minimum age for initial

retreat of the ice.

Our results show that the ice sheet stepped landward from the position of GZW 1
to the middle shelf area (constrained by PC38 Figure 3-1B) between ~16.4 and 12.2 k cal

yr BP (Figure 3-7B; Figure 3-8B, C, D). Retreat of the grounding line from the outer
shelf in western ASE occurred over a similar time interval, reaching the mid-shelf before
13.8 k cal yr BP (Smith et al., 2011). The episodic nature of grounding line retreat on the
mid shelf in eastern ASE is manifested as sharp contacts that separate discrete subunits of
ice-proximal Unit 2, by mega-scale glacial lineations overprinted by grounding zone
wedges, and by the formation of at least three additional grounding zone wedges (GZWs
2, 4, and 5) south of GZW 1 (Evans et al., 2006; Graham et al., 2010; Jakobsson et al.,
2011, 2012). These grounding zone wedges, described in morphological detail in
Jakobsson et al. (2012), record sediment accumulation at the grounding line during

pauses in retreat. The lower-most subunit of Unit 2 (2-D) is restricted in distribution to
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north of GZW 4 in outer PIB. This indicates that grounding-line proximal subunit 2-D
formed while the grounding line was located at GZW 4. This is proposed by Jakobsson et
al. (2011) as the most likely grounding line location associated with a major break-up of
an ice shelf, and likely rapid retreat of the PIB ice stream. We interpret the sharp contact
separating subunit 2-D and overlying 2-C as marking this rapid back-stepping of the
grounding line and sediment source. Subunit 2-C was sampled on and seaward of GZW
5, necessitating a location of ice-sheet grounding south and proximal to this wedge.
Overlying subunit 2-B is a transitional facies between subunits 2-C and 2-A that records

more gradual retreat of the grounding line.

Sub-ice shelf deposits of Unit 3 record a period of grounding line stability that

occurred between ~12.3 to ~10.6 k cal yr BP. Facies 5 in eastern ASE is remarkably
similar and possibly records similar conditions at ~11.4 k cal yr BP (Smith et al., 2011).

This interpretation calls for a large, continuous Amundsen Sea Ice-Shelf (ASIS) that
would have extended across the mid shelf of the entire Amundsen Sea Embayment
(Figure 3-7C; Figure 3-8E). A pan-ASE ice shelf was inferred by Hughes (1981) based
on coastline physiography that encourages both the buttressing of the Pine Island and
Thwaites Ice Streams and pinning against small islands. The most dynamically favorable
grounding zone position at this time would be the transition between sedimentary and
crystalline substrate (Figure 3-7C; Figure 3-8E) (Lowe and Anderson, 2002). The Pan-
ASE ice shelf configuration remains speculative and requires further investigation to test

this hypothesis.



An episode of rapid grounding line retreat and associated collapse of the ASIS
ended the ~2.3 k yr period of ice shelf stability between ~12.3 and 10.6 k cal yr BP. This

break-up is recorded both sedimentologically and geomorphically (Jakobsson et al.,
2012). Geomorphic evidence includes regularly spaced corrugated furrows within the
MSGLs that are attributed to a large coherent ice mass calving at the grounding line. This
is both south of, and more recent than, the event observed by Jakobsson et al. (2011),
where similar corrugation-furrows between GZW 2 and GZW 4 were interpreted as
marking the collapse of an ice-shelf. We interpret subunit 2-A as having been deposited

during this latter break-up event. We also note an abundance of ~10.7 k cal yr BP ages

from reworked sediments within subunit 2-C (core KC06). A re-advance of the ice has
been observed in the mapped landforms (Jakobsson et al., 2012). However, this did not
leave an imprint in the stratigraphy captured in our sediment cores. This may be due to

that the re-advance is both short time duration and spatially limited.

There is no geomorphic record of the ice sheet’s retreat across the rugged inner

bay where crystalline basement is exposed at the seafloor (Lowe and Anderson, 2002,
Uenzelmann-Neben et al., 2007 and Graham et al., 2009). However, there is a mere ~0.8

k yr age difference between proximal glacimarine sediments of Unit 2 and distal
glacimarine sediments of Unit 1, suggesting rapid grounding line retreat across the inner
trough. We speculate that it is at this point in time when the confluent, large paleo-ice
stream that occupied the outer Pine Island Bay trough split into two independent ice
streams, the Pine Island and Thwaites, which occupied separate troughs (Figure 3-7D;

Figure 3-8F).
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The draping deposits of Unit 1 record the most recent conditions in PIB,
dominated by widespread dispersal of fine-grained sediments. There is a virtual absence
of diatoms and other biogenic material. Unit 1 contains three discrete subfacies with
sharp contacts, recording punctuated deposition in PIB. Accumulation of Unit 1 began

~7.0 k cal yr BP. Subunit 1-B yielded radiocarbon ages of 6.1 k cal yr BP in two separate

cores (KC04 and KC10) and an age of 4.7 k cal yr BP in one of the cores (KC10),

documenting a minimum age span of deposition. Uppermost subunit 1-A began

accumulating by ~1.3 k cal yr BP in inner PIB (TC49).

3.5.3 Mechanisms of glacial retreat

An understanding of the mechanisms responsible for retreat in PIB, in conjunction
with results from the western ASE (Smith et al., 2011), provide important constraints for
glacial models, a longer-term context in which to evaluate modern changes, and insight
into the processes which allow for ice sheets to self-destruct. The geologic record
supports varied mechanisms influencing marine ice sheet retreat, including sea-level rise,
oceanographic circulation, subglacial geology, trough morphology, and possibly

subglacial meltwater storage and release.

Deglaciation commenced in eastern ASE after the LGM and before ~16.4 k cal yr

BP. An elevated rate of eustatic rise of 5—7 mm/yr characterizes this period (Bard et al.,
1996, Lambeck and Chappell, 2001 and Clark et al., 2009). This rate of sea-level rise
undoubtedly contributed to instability of ice grounded on the relatively flat outer ASE
continental shelf, especially if the ice sheet had a low profile as expected for a large

paleo-ice stream. Sea-level rise has been suggested as the driving force in marine ice
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sheet retreat from the Antarctic Peninsula continental shelf during about this same time
interval (Heroy and Anderson, 2007). We hypothesize that the initial retreat was
contemporaneous in both the eastern and western ASE given their similar outer-shelf

physiographies.

Rapid, stepped retreat of the grounding line occurred in outer PIB between ~16.4—

12.2 k cal yr BP. Pauses in retreat are recorded by at least three prominent grounding

zone wedges and multiple subfacies of ice-proximal deposits. Over 40 m of sea-level rise
occurred during this time interval, with a time-averaged rate of ~12 mm/yr (Clark et al.,
2009). This was also a time of punctuated sea-level rise, including meltwater pulse 1-a
(MWP 1-a), where sea-level rose by ~10-20 m in the short period between ~14.65-13.7

k cal yr BP (Fairbanks, 1989 and Clark et al., 2009). This particular event has been
suggested as the mechanism for destabilizing portions of the ice sheet in the western ASE
(Smith et al,, 2011) and on the Antarctic Peninsula continental shelf (Heroy and
Anderson, 2007). Given our chronologic constraints in PIB, we are unable to resolve the
back-stepping as occurring in association with MWP 1-a. However, at this rate of sea-
level rise the gentle relief of the eastern ASE provided ample opportunity for stepped
grounding line retreat. The grounding zone wedges are located in narrow portions of the
trough, implying a bottlenecking phenomenon in which the ice stream flow and retreat
was also controlled by trough geometry (Jakobsson et al., 2012). In contrast, the western
ASE appears to have deglaciated quickly and continuously, possibly a run-away retreat
over the deep, landward-sloping Getz/Dotson trough (Smith et al., 2011). Modeled
deglaciation in similar settings demonstrates that isolated eustatic events are not required

for stepped retreat, rather more continuous sea-level rise coupled with variable trough



morphology can regulate grounding line retreat (Jamieson et al., 2011). The degree in
which sea-level rise was compensated by isostatic uplift in the ASE is not constrained for
this time period. It is assumed to be a negligible contribution based on the geomorphic
features in outer PIB, particularly MSGLs that imply the ice was streaming and had a low
profile, thus exerting minimal force from loading and having almost neutral buoyancy.

This is a configuration similar to the modern Ross Ice Sheet (Hughes, 1981).

The overall retreat of the marine ice sheet from PIB included at least two episodes
of ice shelf disintegration (Jakobsson et al., 2011). CLIMAP solutions allow for an ice
shelf to deteriorate in less than 100 years (e.g. Hughes, 1981). This model was recently
verified by the collapse of the Larsen B ice-shelf in response to rapid atmospheric
warming (Domack et al., 2005). However, given the polar location of the ASE, it is
unlikely that isolated atmospheric change was the mechanism responsible for the
disintegration of these ice shelves. The presence of planktonic foraminifers in the sub-ice

shelf facies associated with the disintegration event from ~12.3-10.6 k cal yr BP seems

to provide evidence for oceanic waters flowing onto the continental shelf during this
time. The exact temperature and nature of the water mass is unconstrained, however, it
was likely 3—4 °C warmer than the sub-ice shelf waters based on modern measurements
(Jacobs et al., 1996 and Jacobs et al., 2011). Similarly, a presence of abundant, well-
preserved planktonic foraminifera in sub-ice shelf sediments have been associated with
landward currents beneath the Amery Ice Shelf (Hemer et al., 2007). Both the eastern and
western ASE sediments record coincident onset of ice-shelf retreat, despite separate
troughs incising into the outer shelf to different depths (400500 m water depth in the

west and 550-640 m water depth in the east) and an expansive topographic high between
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them. The western ASE trough is much broader than the eastern trough, and appears to
flatten with increased distance towards the shelf break. Contemporaneous ice shelf
disintegration across the entire region suggests that the mechanism for delivering warmer
water onto the inner shelf and in contact with the ice affected the entire ASIS. This is in
contrast to circumpolar warm deep water presently impinging via the deeply incised Pine
Island Trough (Jacobs et al., 1996 and Jacobs et al., 2011). Therefore, we propose that the
collapse of the ASIS after 10.3 kyr was the result of a warmer water mass encroaching
onto the broad continental shelf and thermally eroding the base of the ice shelf. Regional

grounding line retreat was then promoted by the removal of an ice shelf.

The rather sudden shift in style of deposition in PIB, from grounding-line
proximal and sub-ice shelf facies to a draping silt unit, occurred within a relatively short
(0.8 k yr) time interval. This change in sedimentation was associated with grounding-line

retreat from the flat outer portion of PIB onto the rugged seafloor of inner PIB.

Highly varied bedrock topography, in conjunction with a relatively slow rate of
sea-level rise after ~7.5 k yr, would have significantly limited the role of sea-level rise in

grounding line instability. What then was the mechanism responsible for continued, and
relatively rapid, grounding line retreat during the late Holocene? We suggest that
underpinning of the grounding line by subglacial water may have caused this final phase
of deglaciation. This hypothesis is based on the interpretation that the youngest silt facies
was derived from water released from subglacial basins on the inner shelf due to a change
in hydraulic potential associated with thinning of the ice sheet. The movement of
subglacial water has been demonstrated in smaller systems to increase glacial speed and

promote instability (e.g. Wingham et al., 2006, Fricker et al., 2007 and Stearns et al.,
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2008). The three subunits of the upper Unit 1 facies may even record separate episodes of

water release. Ongoing research is aimed at testing this hypothesis.

3.6 Conclusions

We propose that Pine Island Bay is a type-location for understanding the
dynamics of marine-based ice sheets, where multiple mechanisms have affected the ice
sheet throughout its deglacial history. The style of deglaciation in Pine Island Bay has
varied since the Last Glacial Maximum, with accelerated retreat alternating with relative

stability. The summarized post-LGM deglacial history in Pine Island Bay is as follows:

* Deglaciation from the LGM configuration commenced in eastern ASE between
the LGM and ~16.4 k cal yr BP from buoying due to rising sea level.

* Grounding line retreat continued from 16.4 to 12.3 k cal yr BP during an interval
of rapid global sea-level rise. Shelf morphology controlled the tempo of retreat.
Eastern ASE had a gradual, stepped retreat and formed grounding zone wedges
during brief intervals of stability. The western ASE deglaciated in one large event
due to sea-level rise and the over-deepened, rugged seafloor morphology.

* The initial phase of deglaciation, from LGM through 12.3 k cal yr BP, in the ASE
demonstrates the sensitivity of marine-based ice sheets to eustatic sea-level rise

on the relatively flat outer-continental shelf, as the ~55 m rise in sea-level resulted

in up to 225 km of grounding line retreat of the paleo-PIB ice sheet.

* Sediments and geomorphology record the presence and collapse of at least two ice

shelves. From ~12.3—~10.6 k cal yr BP the Amundsen Ice Shelf spanned the
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entire ASE. Collapse of this ice shelf and associated grounding line retreat after

~10.6 k cal yr BP is marked by an occurrence of N. pachyderma that indicate

warmer water flowing onto the entire shelf. This event occurred after ~10.6 k cal

yr BP.

* Underpinning by subglacial water may have caused the final phase of grounding
line retreat across rugged inner PIB as evidenced by the geomorphic features of
the inner trough (Lowe and Anderson, 2003) and by the widespread sedimentation
of a draping silt unit that is interpreted as having been derived from waters

flowing from beneath the ice sheet. This retreat began ~7.8—7.0 k cal yr BP.

Pine Island Bay demonstrates the complexity in what has been interpreted as
“perhaps the most important challenge in glaciology; understanding how ice sheets self
destruct.” (Hughes, 2011). One cause of deglaciation does not characterize the post-LGM
history in this bay, rather it is a saga comprised of multiple mechanisms over a range of

time scales.



Meltwater Intensive Glacial Retreat in
Polar Environments and Investigation

of Associated Sediments: example
from Pine Island Bay, West Antarctica

Modern Pine Island and Thwaites Glaciers, which both drain into Pine Island Bay,
are some of the fastest changing portions of the cryosphere and is among the least stable
ice streams in Antarctica. Here we show that the uppermost sediments in Pine Island Bay
were deposited from a meltwater plume, a plumite, which occurred during the late stages
of ice sheet retreat ~7-8.6 k cal yr BP. It is a hydraulically sorted, glacially sourced unit
that we separate into three subunits. This is a draping deposit that overlies proximal

glacimarine sediments and thickens towards the modern grounding line.

The inner part of Pine Island Bay contains several basins that are linked by

channels with a storage capacity on the order of 70 km’ of water and sediment. The
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plumite is a product of non-steady-state processes in which low background
sedimentation alternates with sediment sequestration in the large bedrock-carved basins
and episodic purging. This is caused by changes in hydraulic potential and glacial
reorganization. The most recent release of sediment coincides with rapid retreat of the
grounding line, and has an order of magnitude greater flux relative to the entire unit,

indicating episodic sedimentation.

Our identification of a meltwater-derived deposit has profound implications for
understanding glacial instability and numerical modeling studies of ice sheet dynamics
for more improved prediction of future sea level. This study demonstrates that punctuated
meltwater-intensive glacial retreat occurred at least three times in the Holocene in this
region. We further suggest that the modern Thwaites Glacier is poised for an analogous

meltwater-intensive similar retreat.

4.1 Introduction

The last few decades of Antarctic research has yielded several examples for
diachronous and stepped retreat of ice sheet grounding lines around the Antarctic margin
following the Last Glacial Maximum (LGM). The mechanisms that have been put
forward for forcing grounding-line retreat, and thus the promotion of instability, include:
buoying by sea-level rise, thinning from accelerated glacial flow, basal melting from
impinging warmer waters and under-penning by subglacial meltwater. These mechanisms
were apparently active at different times and locations throughout the post-LGM retreat,

due in part to bathymetric controls (e.g Heroy and Anderson, 2007; Mosola and



Anderson, 2006; O Cofaigh et al., 2008; Kirshner et al., 2012; Livingstone et al., 2012;

Anderson et al., in press).

Subglacial water is hypothesized to play a critical role in glacial stability by
altering basal the conditions that control glacial sliding and stability (Kamb et al., 1985;
Kamb, 1987; Fowler, 1987; Sharpe, 1988, Alley, 1989; Walder and Fowler, 1994;
Anandakrishnan and Alley, 1997). Modern remote sensing measurements have yielded
evidence for the movement of considerable volumes of water beneath the Antarctic Ice
Sheets (Gray et al., 2005, Wingham et al., 2006, Fricker et al., 2007; Carter et al.,2009;
Schroeder et al., in review). Direct observation on Byrd Glacier documented the
movement of water, corresponding to an increase in glacial flow speed (Stearns, 2008)

and highlights the potential of subglacial hydrology to influence ice sheet dynamics.

Evidence for subglacial water having contributed to past instability of the ice
sheet is derived from bathymetric maps of the catchment areas of former ice streams.
Extensive, organized subglacial drainage networks consisting of basins linked by
channels have been identified using multibeam swath bathymetry in Marguerite Bay
(Anderson and Fretwell, 2008) and in Pine Island Bay (Lowe and Anderson, 2003; Smith
et al., 2009; Nitche et al., 2012). Geomorphic evidence for organized meltwater drainage
also exists in the Transantarctic Mountains (Sugden et al., 1991, Denton and Sugden,
2005; Lewis et al., 2006), but these drainage networks appear to be much older and more
confined than those in Marguerite and Pine Island bays. The question remains, when

were these drainage networks active and did they contribute to instability of the ice sheet?
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Here we describe unique sedimentary deposits that, to our knowledge, have been
discovered only in Marguerite Bay and Pine Island Bay and are inferred to have a
meltwater origin followed by dispersal by marine currents (plumites by the nomenclature
of Hesse et al., 1997). The meltwater origin of these sediments is based primarily on
observed draping seismic character, sorted grain-sizes of terrigenous silt and very fine
sand and a low abundance of microfossils and ice-rafted debris (e.g. Kennedy and
Anderson, 1989; Lowe and Anderson, 2003; Smith et al., 2009; Kirshner et al, 2012). We
extend this work with an investigation of the Pine Island Bay. This research includes:
quantitative geomorphology, sedimentology, and radiometric constraints on the age of
deposition. This extensive suite of data enables us to calculate the rate of deposition for
meltwater deposits as well as sediment flux. We use this information to discuss a
comprehensive reconstructed glacial history, assess the feedback between changes in
meltwater storage, ice thickness, subglacial hydrological processes and ice stream
activity, and gauge the potential magnitude of meltwater discharge and its influence on

ice sheet instability.
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Figure 4-1 Bathymetry map of the Amundsen Sea with inset maps showing locations
of Pine Island Bay

(a) and Marguerite Bay (b). Bathymetric data is a compilation from all cruises to
the region (Nitsche, 2007; Nitsche et al., 2012). Contour interval is at 200 m. The
boundary between sedimentary and crystalline bedrock is denoted in dashed line at
~73.5°S. Cores used in this study are designated with white squares. Other cores
used to map the distribution of Unit 1 are shown with white circles. KC- Kasten
Core, PC-Piston Core, TC- Trigger Core. Cores were collected on expeditions
NBP99-02 and OSO0910. Grounding zone wedge (GZW) nomenclature from
Graham et al (2010).



4.1.1 Geologic Setting

Pine Island Bay is located in the Amundsen Sea Embayment (ASE), West
Antarctica, a truly polar regime (Figure 4-1). The modern ice sheet is ~1 km m thick at its
grounding line, generally is 2-3 km thick, and levels off to ~3.5 km thick in the
catchment region (Vaughan et al., 2006 and Holt et al., 2006). PIB is bounded to the east
by the Hudson Mountains and Ellsworth Land and to the south by Marie Byrd Land.
Within the bay, Burke Island lies in the northeast and the large Pine Island Trough
extends across the continental shelf. Glaciers that drain into the Amundsen Sea
Embayment include Pine Island Glacier to the south and Thwaites Glacier to the
southwest. Further inland and to the south of Pine Island Glacier is the Bentley
Subglacial Trough, and south of the Thwaites Glacier is the Byrd Subglacial Basin. The
Amundsen Sea Glaciers drain approximately 25% of outflow from the entire West
Antarctic Ice Sheet into Pine Island Bay (Vaughan et al., 2008). The drainage basin for
the Pine Island Glacier is 184,000 km* and the Thwaites Glacier is nearly equal in area at
189,000 km* (Joughin et al., 2009). The modern glaciers draining into the ASE are
thinning and accelerating at unsustainable rates, and it has been suggested that Pine
Island Glacier is currently in a state of retreat (Rignot, 2008; Jenkins et al., 2010; Jacobs
et al., 2011, Pritchard et al., 2012). Pine Island Glacier was grounded on a large
transverse bedrock ridge as recently as the 1970’s, but has recently uncoupled from this

ridge (Bindschadler et al., 2002; Jenkins et al., 2010).
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4.1.1.1 Geomorphology

Pine Island Bay south of ~73.5°S is characterized by rugged crystalline bedrock,
with bathymetric relief of over 400 m (Lowe and Anderson, 2002; Nitche et al., 2012)
(Figure 4-1). This region will henceforth be referred to as inner Pine Island Bay,
following the nomenclature of Kirshner et al., (2012). The geomorphology of inner PIB
has been noted as being indicative of a subglacial drainage system (Lowe and Anderson,
2003; Nitche et al., 2012), displaying a well-organized, seaward-convergent, channel
network sculpted into bedrock. The age of this seascape has yet to be determined, but is
thought to have formed over numerous glacial/interglacial cycles (Lowe and Anderson,
2003). Deep channels connect otherwise isolated basins which may have the potential to

store considerable volumes of water (Nitsche et al., 2012).

North of ~73.5°S, Pine Island Bay has a sedimentary substrate. This region will
be referred to as Outer Pine Island Bay/Outer Shelf, following the nomenclature from
Kirshner et al., (2012). Geomorphic features in Outer PIB/Outer Shelf are indicative of
grounded, streaming ice and include grounding zone wedges and mega-scale glacial
lineations. Other geomorphic features include plough moraines, corrugation ridges and
corrugation moraines (Lowe and Anderson 2002; Graham et al., 2010; Jakobsson et al.,

2011; 2012).

4.1.1.2 Regional Oceanography

The Amundsen Sea Embayment contains three primary water masses. An upper

~50-100 m surface layer that is influenced by melting sea ice and icebergs, wind, and



solar radiation, a middle layer of Ice Shelf Water (ISW), that is a mix of Circumpolar
Deep Water (CDW) and ice shelf melt-water, and a lower (below ~500 m) water mass
composed entirely of CDW. This CDW is warm (~1°C), saltier and more dense than
ISW. The ISW layer is seasonally modified and extends from ~100-450 m in the water
column (Jacobs et al., 2011; Mankoff et al., 2012). In addition to these water masses,
oceanographic measurements have revealed almost undiluted Circumpolar Deep Water
below the pycnocline impinging onto the continental shelf through deep submarine
troughs (Jacobs et al., 1996; Shepherd et al., 2004; Jenkins et al., 1997; Hellmer et al.,

1998).

Positive temperature, salinity and current anomalies have been observed near the
modern floating terminus of Pine Island Glacier, revealing a buoyant plume of melt-
laden, deep outflow. This outflow becomes entrained and follows the general cyclonic
circulation within PIB (Mankoff et al., 2012). Additionally, some of the outflow into PIB
introduces a less buoyant plume that is well below the sea surface and unseen by
satellites (Hellmer et al., 1998; Jenkins et al., 2010; Mankoff et al., 2012). Semidiurnal
tides are observed in both ISW and CDW, with the strength and direction of tidal forces
varying between the two layers. ISW exhibits stronger tidal influence, which are directed
in and out of the ice shelf cavity, while the CDW has lower tidal energy and is directed
primarily parallel to the ice-shelf cavity front. Contrast between the tidal forces
contributes to mixing and circulation within the sub ice-shelf cavity (Robertson, 2010).
Plume dynamics and the spatial distribution of ice melt have been modeled as influenced
by both Coriolis effect and sub-shelf topography (Payne et al., 2007). Temporal

variability in the presence of CDW is forced by the Amundsen Sea Low Pressure System
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and, in turn, by regional winds, with periods of stronger westerly winds resulting in the
on-shelf flow of CDW through the deep troughs of the continental shelf (Thoma et al.,
2008). Basal melt rates of the Pine Island floating terminus are as high as one order of
magnitude larger than those recorded on other Antarctic ice shelves and ice tongues,
measured between 6-12.5 m/yr (Hellmer et al., 1998). The modern rapid recession of the
Pine Island Glacier has been proposed to be due to thermal erosion by the impinging
CDW at the grounding line and melting at the base of the ice shelf (e.g. Jacobs et al.,

1996; 2011: Thoma et al., 2008).
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Figure 4-2 Idealized retreat stratigraphy in Pine Island Bay using representative
cores along north-south transect

(modified from Kirshner et al., 2012). See Figure 4-1) for more detailed locations.
Magnetic susceptibility curve in black. A. Outer shelf-upper slope region. B. Outer
PIB-flanks region. C. Outer PIB-deep basin region. D. Inner PIB

4.1.1.3 Sedimentology

Sediments in Pine Island Bay have been interpreted as recording a retreat
stratigraphy (Lowe and Anderson, 2002; Kirshner et al., 2012; Hillenbrand et al., 2013).
A generalized facies model is consistent throughout, which is a glacimarine sandy mud,
overlying ice proximal pebbly sandy mud, overlying till (Figure 4-2) (Kirshner et al.,
2012). The upper glacimarine sandy mud will henceforth be called Unit 1 following the
nomenclature of Kirshner et al., (2012) (lithofacies MSi, S, and MSa of Hillenbrand et
al., 2013). It consists of three sandy mud subunits that always occur in stratigraphic order.
Unit 1 is an interpreted meltwater-derived facies (Kirshner et al., 2012). In chirp sub-
bottom profiles, Unit 1 is acoustically layered and draping (Anderson et al., 2010). Its
thickness increases towards the modern grounding line and with increased water depth

(Lowe and Anderson, 2002).

Unit 1 is massive, devoid of any bioturbation or sedimentary structures and has a
low shear strength (~1.96 to 2.94 kPa) (Lowe and Anderson, 2002; Kirshner et al., 2012).
All three subunits (1A, 1B, 1C) have been described as light olive brown (2.5 Y 5/3
Munsell color) to olive brown (2.5 Y 4/3-4). The sand and silt content vary, coarsening
down unit with an almost doubling of sand and with relatively constant clay throughout

the unit (~25-27%). Pebbles are primarily of mafic rock types with a low abundance, but
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increase in abundance near the base of the unit. Magnetic susceptibility matches the sand
and pebble concentrations, remaining low and uniform near the top with a more varied
response at the base (Figure 4-2). Unit 1 contains abundant and diverse foraminifera in
the upper portions of the unit, with decreasing abundance down section. It is generally

diatom barren.

4.1.1.4 Marine Record of Deglaciation

The ice sheet maximum and LGM glacial configuration within inner PIB is
reconstructed in relative detail on the inner shelf but more poorly constrained on the outer
continental shelf (Figure 4-1) (Lowe and Anderson, 2002; Evans et al., 2006; Graham et
al., 2010; Kirshner et al., 2012). During the LGM, the paleodrainage was characterized
by confluence of the Pine Island Ice Stream and Thwaites Ice Stream, as well as other
smaller systems, within the bay. This extended system is referred to as the Pine Island
Paleo-ice stream based on the geographic location within Pine Island Bay. Initial retreat
from the outer continental shelf began shortly after the LGM and before 16.4 ka, likely as
a response to rising sea level. Between ~16.4 ka and ~12.3 ka the ice retreated
episodically across the continental shelf, pausing for long enough to deposit at least three
grounding-zone wedges (Lowe and Anderson, 2002; 2003; Evans et al., 2006; Smith et
al., 2011; Jakobsson et al., 2012; Kirshner et al., 2012). Following the episodic retreat
into central Pine Island Bay, the grounding line stabilized from ~12.3 to ~10.6 ka,
allowing an ice shelf to form, which is hypothesized to have extended from eastern Pine
Island Bay to the Getz/Dotson Region (Kirshner et al., 2012). The ice shelf collapsed

sometime between ~10.6- 7.7 ka, following the period of stability in Pine Island Bay,
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likely from thermal erosion by impinging warm water masses (Jakobsson et al., 2011;
Kirshner et al., 2012). The facies of interest for this study, the interpreted subglacial
meltwater Unit 1, began to accumulate after ~7.7 ka, as ice retreated across the rugged
inner shelf (Lowe and Anderson, 2002; Kirshner et al., 2012). During this time period,
the Pine Island and Thwaites Ice Streams separated. This may have occurred as early as
~10.3 ka, suggesting that the grounding line position in inner PIB was mostly stable
throughout the Holocene, and that any episodes of fast retreat would have been short-

lived (Hillenbrand et al., 2013).

4.2 Materials and Methods

The facies of interest, Unit 1, was previously examined at roughly ten centimeter
resolution; the unit ranges from ~5-450 cm thick (e.g. Lowe and Anderson, 2002;
Kirshner et al., 2012). For this study we characterized this facies in more detail to test the
hypothesis that it was transported by subglacial meltwater. The sediment cores and
geophysical data used in this study were acquired during multiple cruises to Pine Island
Bay, primarily Deep Freeze 1985, Nathaniel B. Palmer 1999-02, Nathaniel B. Palmer
2000-01, and a cruise of the Icebreaker Oden in 2010 (OSO0910). Additional

information can be found in Appendix B.

4.2.1 Sediment Characterization

Sediment cores used for in-depth investigation in this study are from expedition
NBP99-02 (cores of focus include piston core PC52, both trigger and piston core

TC/PC46, and trigger core TC49) and expedition OSO0910 (cores of focus include
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kasten cores KC23, KC04, and KC10). Locations of these cores are shown in Figure (4-
1). Details of the onboard core processing for samples collected on expedition OSO0910,
including the acquisition of multi-sensor core log data, can be found in Anderson et al.
(2010), and the onboard core processing for NBP99-02 in Curren (1999). Multi-sensor
core log data for cores from NBP99-02 were acquired at the Antarctic Marine Research
Facility at Florida State University (ARF). The multi-sensor core loggers acquired
physical property data of bulk density, p-wave velocity and magnetic susceptibility. X-
radiographs of cores were acquired at the ARF. The x-radiographs were analyzed for
sedimentary structures and for pebble abundances. For all cores, sediment visual core
description includes: Munsell sediment color, texture, sorting and sedimentary structure.
From this data, Unit 1 was identified in all cores throughout PIB. Kirshner et al., (2012)
described all post-LGM facies in significant detail, including the facies of interest, Unit 1.
Hillenbrand et al., (2013) described Unit 1 in innermost PIB in three cores from R/V

Polarstern expedition ANT-XXVI/3 in 2010.

Matrix grain size was quantified at Rice University following the methods of
McCave et al., (1986) with a Malvern Mastersizer 2000 laser grain-size analyzer. Sample
spacing was at one centimeter increments throughout Unit 1. In core TC/PC46, clasts are
too coarse for laser grain size analysis. In this core, grain size was calculated by
measuring two grain lengths in perpendicular directions using calibrated pixels with the
Photoshop™ software. Bulk size was categorized following the naming scheme of Folk

and Ward (1957).



Quartz grains were isolated for grain surface texture and shape measurements.
Extreme care was taken throughout the sample preparation processes to avoid mechanical
abrasion and to preserve surface textures and grain shape integrity. Approximately 1
gram of sediment from each sample interval was collected for shape and
micromorphology analysis. For grain shape analysis, between 50-400 individual grains
per sample were examined to calculate Fourier coefficients. The grains were grouped as
very fine-to fine sand and fine-to medium sand (methods modified from Dowdeswell
(1985)). The largest sand grain analyzed for shape was 1 mm, the smallest silt grain was
7 um. The second harmonic is a proxy for vertical elongation of grains and is correlated
to Rittenhouse sphericity values (Mazzullo and Ritter, 1991). Higher harmonics are
correlated with the angularity of the grains and the roughness of the surface (Krumbein
and Pettijohn 1938, Lees 1964). The roughness coefficient is given by the following

equation:
Reca-b =0.5YCn2 (Eq. 4-1)

The roughness coefficient, Rcis.20, is indicative of roughness of grains. The
roughness coefficient for each grain is calculated from the sum of the harmonic

coefficients, Cn, from the 16th to the 20th harmonic (Dowdeswell, 1985).

A random subset of the grains that underwent Fourier grain shape analysis were
used for the study of microfeatures. Over 100 grains of either sand sized or silt sized
particles per sample were analyzed for surface micromorphology using a FEI Quanta 400
high-resolution field emission scanning electron microscope in high vacuum mode. The

composition of each grain was verified as pure SiO, with Energy Dispersive X-ray
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Spectroscopy. Morphologic textures were identified based on the criterion and examples
from Mahaney (2002). Fifteen microtextures were recorded as present or not-present in
groups based on the process of microtexture formation (Sweet and Soreghan, 2010;
Kirshner and Anderson, 2011). The groups include; polygenetic features comprised of
fracture faces, sub-parallel linear fractures, conchoidal fractures, arc-shaped steps, linear
steps, sharp angular features; sustained high stress features consisting of crescentic
gouges, straight grooves, curved grooves, deep troughs, and mechanically upturned
plates; percussion features of v-shaped percussion cracks and edge rounding; chemical
dissolution/diagenesis features such as dissolution etching; and diagenetic physical

weathering resulting in a weathered surface.

The clay size fractions (<4 pum) of nine samples in one down-core profile of
NBP99-02 TC46 were analyzed for X-ray diffraction analysis (XRD). Powdered samples
were analyzed at K/T GeoServices, Inc. using a Siemens D500 automated powder
diffractometer equipped with a CuKa radiation source (40 Kv, 35 mA) and a solid state
scintillation detector. This uses a semi-quantitative determination of the weight
percentage mineralogy, weight percentage <4 um material and the determination of the
mixed-layer clay types by weight percentage. Additional XRD data can be found in Lowe
and Anderson (2002) for ten total samples in four cores and Ehrmann et al. (2011) for 64
core surface samples and 6 down-core profiles throughout the Amundsen Sea

Embayment to provide geochemical context for the analysis.
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4.2.2 Multibeam Swath Bathymetry Mapping and Analysis

Our geomorphic investigation includes all of PIB and the outer shelf, but
concentrates on inner PIB to assess the storage potential and transport paths of the
proposed subglacial drainage networks. The complete bathymetric data-set used for this
study was acquired over multiple cruises to Pine Island Bay including NBP99-02,
NBP00-01, and OSO0910, with the regional bathymetry map based on Nitsche (2007;
2012) gridded to a spatial resolution of 200 meters. Seafloor morphology was interpreted

and analyzed with the ESRI ArcGIS™ software package.

Using an interpreted ice sheet history based on Kirshner et al., (2012), subglacial
basins were delineated following the contour depth at which ice is hypothesized as being
grounded. The depth of grounded ice is related to ice sheet thickness based on the
required buoyancy of a grounded ice shelf from the density differences of liquid water to

ice (Eq. 4-2).

h=( pi/ pw ) [d+ AdLgm] Eq (4-2)

Here h is calculated ice thickness, p; is the approximate density of ice, py is the
approximate density of sea water, d is water depth from bathymetric data, and Adigwm is
the sea level difference at the LGM, which is approximated as 120 m. The grounding
positions considered are the sedimentary-crystalline boundary and a topographic high on
the inner shelf (dashed line in Figure 4-1). Since the grounding zone marks the transition
from grounded ice to floating ice, the depth of the modern seafloor at these two

grounding positions dictates ice sheet thicknesses of 1500 m and 1300 m, respectively.
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Based on these two grounding zone locations and associated ice thicknesses, two sets of
subglacial basins were mapped. The length of each of these basin was measured down
the longest axis of the basin that is in the interpreted direction of flow. The width of
each basin was measured at the widest portion of the basin that is perpendicular to the
axis along which the length was determined. Distance from the modern grounding-line
was measured for each basin in a straight line from the center of the mapped basin to the
grounding line in the direction of flow. The volume of each of the basins is a first order
approximation using a flat surface at the elevation enclosing the site-specific perimeter.
The primary paths of water flow feeding and draining the basins of inner PIB were also
mapped. Longitudinal profile plots the modern seafloor depth along the axis of these

mapped channels.
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Figure 4-3 Ice stream profiles from Kamb Ice Stream (formerly Ice Stream C)
(black line) and Thwaites Glacier (dashed line)
(see Figure 4-10 for location).
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4.2.3 Hydraulic Analysis

An analysis of potential for meltwater storage was conducted based on several ice
sheet grounding scenarios determined from Kirshner et al. (2012). Two end member ice
sheet profiles were considered, using the shallowly sloped Kamb Ice Stream (formerly
Ice Stream C) and the steeply sloped Thwaites Ice Stream (Figure 4-3). Slopes were
acquired from BEDMAP elevation (Lythe et al., 2000), and then smoothed over a 15 km
window using a normally weighted average of adjacent pixels to ensure that the effects of
surface roughness associated with these locales on our hydraulic interpretation were
minimized. Ice sheet thicknesses were computed with neutral buoyancy at the grounding
line and assumed initially to fill all the cavities in the bathymetry. The hydraulic head
(ice overburden pressure) was then computed, where local head minima are the points
about which subglacial water may have accumulated. This subglacial lake identification
algorithm was modeled after Carter et al., (2007). Lakes are traced around hydraulically
flat regions larger than 1 km equivalent diameter, where flatness is defined as a change in
hydraulic head of less than 0.1% over the lake area. Lake volumes fill the bathymetry to a
flat ice base at the maximum elevation of the lake shoreline. Lakes found on relative
bedrock highs are excluded. This numerical simulation considers plausible
configurations, but does not determine the extent to which subglacial basins were filled

with meltwater.

4.2.4 Dating Methods

Samples from Unit 1 were examined in intervals denoted in each cruise report as

containing foraminifera or other forms of carbonate material. No new radiocarbon dates
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were collected for this study, but the previously collected data provide a valuable
chronologic framework. Sediment accumulation rates for the last century were assessed
through *'’Pb and "*’Cs analysis. Gamma spectroscopy using a Canberra GX2520 high-
purity coaxial germanium detector determined the activities of both isotopes. *'°Pb
profiles were generated for five cores (core locations denoted in Fig 4-1). The cores of
interest are located along a transect from inner PIB to the outer shelf region to evaluate
sedimentation rate with increased distance from the modern glacial front. Sediment

29ph activities with

accumulation rates were calculated from the decrease of excess
sediment depth following Harden et al. (1992). Excess *'’Pb activities were determined
by subtracting the average supported activity taken from the sample below the region of

radioactive decay from the total activity. The activity of '>’Cs was measured as below

detection levels in all cores and was not used for further analysis.
4.2.5 Sediment Flux Calculation

Following the establishment of sediment accumulation rates throughout PIB, we
calculate a first order sediment flux for Subunit 1A and entire Unit 1. These two intervals
were selected due to robustness of age and sedimentation rate. Based on seismic data,
which is discussed below, it is assumed that Unit 1 and Subunit 1A blanket Pine Island
Bay between the bathymetric high of 300- 500 m water depth at 113°W to 103°W and
extend to the shelf edge, an accumulation area of approximately 120,000 km®. There
were 59 cores for which we determined the thickness of Unit 1 and 36 cores for which we
have determined the thickness of subunit 1A. Unit thicknesses were interpolated using an

inverse distance weighted method across this region. The volume of sediment contained



within these units was calculated on a cell-by-cell basis. Age constraints and sediment
accumulation rates were used to calculate an average sediment flux for subunit 1A and

Unit 1.

4.3 Results

4.3.1 Sedimentology of Unit 1

Unit 1 is identified based on physical property measurements and visual core
descriptions (Lowe and Anderson, 2002; Kirshner et al., 2012; Hillenbrand et al., 2013),
and can be divided into three subunits (Kirshner et al., 2012). In all locations, subunit 1A
is separated from subunit 1B by a clear but transitional contact with subunit 1B,
exhibiting slightly increased sand content and stiffness. Subunit 1B overlies subunit 1C
with a clear but transitional contact, and subunit 1C exhibits increased sand abundances

and stiffness.

The contact between Unit 1 and underlying Unit 2 is marked by an increase in
stiffness, decrease in sorting and greater ice-rafted component. In no instance is this
depositional sequence found out of order in Pine Island Bay, nor does Unit 1 inter-finger

with any other facies.
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Figure 4-4 Stratigraphy of Unit 1 in focus cores

(for location see Figure 4-1). Data includes (from left to right); depth in core in cm,
graphic lithology, grain size, 210Pb activity and 14C data, magnetic susceptibility,
grain roughness and grain elongation. Cores are shown from proximal to the
modern Pine Island Glacier front (right) basinward (left).

4.3.1.1 Core Lithology and Physical Characteristics

Core NBP99-02 PC52 was taken in 866 meters water depth in inner Pine Island
Bay. It was collected within a basin where a thin sediment layer overlies crystalline
bedrock, directly north of the modern Pine Island Glacier front (Figure 4-1). Sediments
recovered in Core PC52 are massive and generally structureless with thin, convolute
layering near the base of the core. Unit 1 is overall dark gray (Munsell color 2.5 Y 4/1)
clay with some intervals of higher silt content (Figure 4-4). Magnetic susceptibility (MS)
is low and uniform throughout. This core recovered only Unit 1, showing no contact with
underlying units. The contacts between subunits is based on color change and slight
increase in stiffness. Subunit 1A is grayish brown (2.5 Y 5/2), silt-rich mud with no
pebbles. Subunit 1B is slightly darker, dark gray (2.5 Y 4/1) silt-rich mud with more
pebbles relative to Subunit 1A. Subunit 1C is also dark gray (2.5 Y 4/1) but is more firm

than above subunits.

Core NBP99-02 TC49 was acquired in 852 m water depth where a thin sediment
layer covers crystalline bedrock (Figure 4-1). This core was collected in front of the
Thwaites Glacier and proximal to a bedrock carved channel. Sediments within Core
TC49 are massive and structureless based on both visual inspection and in X-radiographs

(Figure 4-4). Unit 1 is grayish brown (Munsell color 2.5 YR 5/2), silt-rich mud with rare
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subangular to subrounded, very fine to fine sand. Magnetic susceptibility is uniform,
which mirrors the massive, homogenous nature of the unit. This core recovered only Unit

1, showing no contact with underlying units.

Core OS0O090 KC23 was collected on top of a prominent grounding zone wedge
at 660 m water depth in outer PIB (Figure 4-1 ). Core KC23 sampled sediments that are
generally massive and structureless, with a few intervals exhibiting minor bioturbation.
Unit 1 is light olive brown (Munsell color 2.5 Y 5/3) (Figure 4-4). MS data are low and
uniform down-core through subunits 1A and 1B. Subunit 1C MS data are slightly more
elevated and variable. The contacts between subunits 1A and 1B are gradational but
evident, with sand being more concentrated in subunit 1B. The contact between subunit
1B to subunit 1C is marked by change in color and an increase in stiffness. The contact
from Unit 1 to underlying Unit 2 is also distinct, defined by an increase in sand and

increase in the bulk density.

Core OSO0910 KC04 was taken directly in front of a prominent grounding zone
wedge at 729 m water depth (Figure 4-1). The sediments within this core are generally
massive in X-ray with very slight bioturbation. They are light olive brown (Munsell color
2.5Y 5/3) (Figure 4-4). Pebbles are rare but increase in number slightly with depth in the
unit. MS is low but increases slightly down unit. Clear but transitional contacts separate
the three subunits and are characterized by increasing pebble and sand abundance and in
stiffness down core. The contact between Unit 1 and underlying Unit 2 is distinct and

characterized by greater stiffness, darkening of color and increase in pebble count within
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Unit 2 relative to Unit 1. There is also an increased and more varied MS response, as well

as increase bulk density and p-wave velocity in Unit 2.

Core OSO0910 KC10 was collected in 687 m water depth, on the flank of Pine
Island Trough in Outer PIB (Figure 4-1). Sediments sampled by this core are generally
massive and structureless, with a few intervals exhibiting minor bioturbation. There is a
very low amount of sand, which increases slightly down section, and the sediment is light
olive brown (Munsell color 2.5 Y 5/3). The MS profile is very uniform, increasing
slightly down section. The contact between subunit 1A and subunit 1B is distinct,
exhibiting an increase in coarse sand and more abundant pebbles downward in the
section. The contact between subunit 1B to subunit 1C is gradational, based on slight
color change, increase in MS, pebbles, sand, and density. The contact from Unit 1 to Unit
2 is clearly marked by an increase in sand, a change in the character of all MSCL data,

and increase in stiffness.

The additional core of focus for this study, NBP99-02 TC/PC 46, was collected at
855 m water depth within a channel in Inner PIB (Figure 4-1 ) (Lowe and Anderson,
2002; 2003). Sediments within this core consist of disorganized gravel at the base that
grades upwards into graded gravel, sand, silt and clay at the top of the core. Clay rip-up
clasts are present throughout the graded sequence. The trigger core (TC46) in this
location sampled Unit 1 resting sharply above the graded sequence in the piston core.
Unit 1 in this core is dark grayish brown (Munsell color 10 YR 4/2), with heavy mineral-

rich mud and minor sand.
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4.3.1.2 Detailed Quantitative Grain Size Distributions

Unit 1 mean grain size ranges from fine to medium silt. Interior cores have a
mean grain size of 7.7 um in core PC52 and 5.9 pum in core TC49 (Figure 4-4). More
basinward cores have mean grain sizes of 14.3 pm in KC23, 6.6 um in KC04 and 10.3
um in KC10. Thus, there is offshore coarsening with the exception of core KC04. There
is a slight increase in mean grain size down-core and between subunits. Cores collected at
shallower water depths have a higher average sand content (KC23 24% sand and KC10
13% sand) relative to cores collected at deeper water depths (PC52 10% sand, TC49 4%

sand, and KC04 4% sand) regardless of location in the basin.
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Figure 4-5 Grain size frequency curves for samples of Unit 1.
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Samples were analysed at a 1 cm interval as follows; Core KC04 from 0-14 ¢cm core
depth, core KC10 from 0-4 cm core depth, core KC23 from 0-7 cm. An average till
grain size curve from four different till samples within core KC04 is also shown.
Black vertical line at 125 pm indicates an approximate boundary of marine
influences <125 pm and material derived from ice rafting >125 pm.

The grain size frequency data for Unit 1 in Pine Island Bay is generally a normal,
symmetric distribution reflecting variable degrees of sorting (Figure 4-5). Included in the
sediment is a sorted very fine sand fraction and an unsorted sand fraction. The latter is
derived from ice rafting. Relative to till, the very fine sand is more concentrated and is
assumed to include material that was transported in suspension by marine currents. The
change in the ratio of very fine sand/total sand is a measure of the relative influence of
marine currents versus ice rafting (Anderson, 1999). Grain size data for all cores in PIB
have <3% very fine sand and coarser material (material >125 pm), so this particular
proxy is based on a small component of each sample. The assumption here is that there is
minimal input of very fine sand via eolian transport because there are no known sources

for this material.

Core PC52 is almost 2.5 m long, consisting completely of Unit 1. PC52 is
generally constant throughout, and has an average of 34% clay, 56% silt, and 10% sand
(Figure 4-4). This varies slightly between subunits. The silt/sand ratio in core PC52 is
generally low and constant, with a few outlier values of increase silt/sand. The very fine
sand/total sand ratio is the highest in Subunits 1A and 1B, with an average of 0.79,
demonstrating no systematic removal of the very fine sand component in this interval.

Subunit 1C shows a marked decrease in very fine sand/ total sand, which remains
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relatively constant throughout the rest of the core at 0.33 on average, a decrease in the

abundance of very fine sand compared with total sand.

Core NBP99-02 TC49 has an average of 36% clay, 61% silt and 4% sand,
remaining constant throughout the core (Figure 4-4). There is generally low sand
abundances with a small increase near the base of the core. The grain size data for this
sample show a very well-sorted medium silt that is finely skewed. The silt/sand ratio
generally increases up section. The very fine sand abundance mirrors the total sand
abundance throughout the core, with the highest abundances occurring near the base of
the core. The ratio of very fine sand/total sand generally increases towards the top of the

core, with an average of 0.63 for the entire core.

Core KC04 contains an average of 33% clay, 62% silt, and 4% sand (Figure 4-4).
The unit is generally symmetrical in skewness, with two finely skewed intervals. KC-04
slightly coarsens up section, decreasing the abundance of clay-sized material up unit,
with the sand content remaining relatively constant throughout. The very fine sand/total

sand ratio in core KC04 varies widely.

Core KC10 has an average of 27% clay, 58% silt, and 13% sand, and shows a
slight fining up-core (Figure 4-4). The clay and sand abundance remain relatively
constant, and the sand content decreases up-core. The very fine sand/ total sand ratio

increases up core, but within each subunit the ratio remains constant.
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Core KC23 has an average of 28% clay, 48% silt, and 24% sand, with the sand
content increasing down-core (Figure 4-4). KC23 coarsens down-core. The ratio of very

fine sand/total sand remains relatively constant, with an average of 0.24.

Laser grain size data was not collected for core TC/PC 46, as the gravel is too
large for this analytical technique. Grain size results are reported in Figure (4-6).
Generally, the sediments in this core fine upwards from coarse pebbles at the base of the

core up through clay in the trigger core. The sorting also increases up-core.

4.3.1.3 Grain Attributes

4.3.1.3.1 Grain Shape

Grain shape can be a useful criterion for distinguishing modes of transport and
was applied in this study in an attempt to measure the relative influence of glacial
transport versus other modes of transport This was done by comparing grain shapes of
samples to those of till, which is used to characterize the glacial source material for the

region.

Core KC04 from Outer PIB was used to characterize the till. The till has
roughness values of 0.226 for fine-to-medium sand and 0.137 for very fine sand (Figure
4-4). These roughness values in both size fractions fall within the range of values typical
of subunits 1A and subunit 1B in this core. The till sample has the highest elongation
value among the very-fine sand fraction of any sample analyzed in PIB and is generally

characterized as increasing in grain elongation down-core. The sand fraction shows
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several spikes in elongation, however this is not mirrored in the very-fine sand-sized

particles.

Core KC 10 shows a slight decrease in roughness values down-core and a
decrease in elongation at the subunit boundary between subunitl B and subunitl A, seen
more prominently in the medium sand. The increase in roughness values, particularly of

the sand, coincides with an increase in the proportion of sand in the core.

Roughness values for interior PIB core PC52 are lowest in subunit 1A, as
compared to lower subunits within this core (Figure 4-4). A trend of increased roughness
and decreased elongation down-core in PC52 is seen in both size fractions. Subunit 1A in
PC52 has both the lowest roughness and highest elongation in this core. There is a
decrease in elongation in the sand-sized fraction coincident with a slight increase in
elongation in the silt-sized fraction within subunit 1C. An increase in roughness is noted

within Subunit 1C.

The median roughness values measured at every interval in each of our cores
correspond to the highest values reported in the literature, which are all from glacial
environments (Table 4-1). This suggests that the sediment deposited in PIB cores was
influenced by glacial processes and not altered significantly by any subsequent transport.
This is compared to wind-transported quartz silts, with a harmonic 19 range of 0.0042-
0.0026 (Mazzullo et al.,1992); coarse silts on south Texas shelf 0.0035 (Mazzullo and

Withers, 1984); grus 0.008-0.0093, and glacial flour 0.0068-0.0072 (Dowdeswell, 1982).

The trends in roughness and elongation tend to mirror one another. Grain shape

roughness coefficients and elongation values do not display any visible trends associated
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with their location or subunits of Unit 1. From this we can infer either that the transport

mechanisms operating in all locations were the same throughout the deposition of Unit 1,

or that these transport mechanisms do not cause there to be a measurable difference in

these parameters. The material in all cores appears to be derived glacially with no

measurable change in grain shape due to fluvial or eolian transport.

Unit Reference Average Roughness Average Elongation
[harmonic 19] [harmonic 2]

PIB Subunit 1A This Study 0.0073 7.32

PIB Subunit 1B This Study 0.0084 8.75

PIB Subunit 1C This Study 0.0080 12.60

PIB Unit 1 This Study 0.0079 9.06

PIB Till This Study 0.0077 10.97
Wind-Transported Silts Mazzullo et al.,1992 0.0042-0.0026 nm

South Texas Shelf Silts Mazzullo and Withers, 1984  0.0035 nm

Grus Dowdeswell, 1982 0.008-0.0093 nm

Glacial Flour Dowdeswell, 1982 0.0068-0.0072 nm

Table 4-1 Average roughness and elongation values yielded by Fourier analysis of
grain shapes for Pine Island Bay sediments.
Roughness values of sediments transported by various mechanisms are provided for
comparision. nm- not measured

4.3.1.3.2 Micromorphology

Four cores were examined for micromorphology to measure glacial influence

versus other modes of sediment transport. Sample intervals were spaced to analyze

different subfacies within a single core. Seven intervals were analyzed in Unit 1

throughout PIB in cores PC52, KC23, KC04, and KC10. A till was examined in one core

(KCO04). Features were counted on over 100 individual quartz grains (Figure 4-7).
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Figure 4-7 Relative frequency of microtextures observed on over 100 quartz grains.
Features were counted as either high, medium, low or zero abundances.

Sustained high stress microtextures of crescentic gouges, straight and curved
grooves and deep troughs are a relict of glacial transport (Sweet and Soreghan, 2010;
Kirshner and Anderson, 2011). The till sample in core KC04 has a medium-high
abundance of crescentic gouges and a medium abundance of both straight and curved
grooves and deep troughs (Figure 4-7). Subunit 1A has a medium abundance of
crescentic gouges, low-medium abundance of straight grooves and a low abundance of
both curved grooves and deep troughs. Subunit 1B has a low abundance of all sustained
high stress microtextures. Subunit 1C has a medium abundance of all sustained high
stress microtextures. All of Unit 1 has a medium abundance of crescentic gouges and a
low-medium abundance of straight grooves, curved grooves and deep troughs. The till
sample has a medium abundance of averaged all sustained high stress microtextures. Unit

1 has a low-medium abundance of all sustained high stress microtextures.

Textures with origins in percussion during fluvial transport include V-shaped
percussion cracks and edge rounding. Subunit 1A and subunit 1B have a zero abundance
of v-shaped percussion cracks (Figure 4-7). V-shaped percussion cracks are most
prevelant in samples from subunit 1C, occurring in low abundance. On average, Unit 1
has a zero-low abundance of v-cracks. The till sample from KCO04 has a low abundance
of v-shaped percussion cracks. The frequency of edge rounding within Unit 1 decreases
from subunit 1A to subunit 1B to subunit 1C. The average of all of Unit 1 is a low

abundance. Edge rounding is higher in the till sample than an average of Unit 1. The till
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sample has a low abundance of edge rounding. All percussion features (v-pits and edge
rounding), remain constant throughout Unit 1, with all samples having a low abundance.
The till sample has a slightly higher, but similar abundance of percussion textures, at low

abundance.

4.3.1.4 Bulk Composition

X-ray diffraction (XRD) data was collected in a down core profile for core
NBP99-02 TC/PC46 to characterize the provenance, and to determine whether the source
had changed through its depositional history based on a change in color (Figure 4-6,
Table 4-2). Nine samples were analyzed in Unit 1 and one sample from a rip-up clast
lower in the section. All samples in Unit 1 have an average weight percentage
abundances of ~16 wt% smectite, ~46 wt% illite and mica, ~25 wt% kaolinite, and ~14
wt% chlorite. There is a lithologic color boundary from brown to gray at 12 cm core
depth. The kaolinite content is the highest in the top, brown section of the core (26-30
wt%), decreasing slightly but remaining high in the lower, gray section (20-23 wt%). The
weight percentage abundance of the rip-up clast is very similar to those in the uppermost
Unit 1. The compositional similarities verify that this sample is indeed a rip up clast of
the same Unit 1 material, and that there is a consistent source of material for the entire

deposition of Unit 1 in this core.
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Table 4-2 X-ray diffraction data for select cores within Pine Island Bay.
1Samples from Ehrmann et al., (2011) are not included in this table, as the weight
percentages and mineral compositions were measured differently in terms of mixed
layer clays. All data for that study can be found in Ehrmann et al., (2011). 2R0 M-L
I/S 90S - Randomly oriented Mixed-Layer Illite/Smectite with 90% Smectite layers
for This Study. 3 RO M-L I/S (80-90S) from (Lowe and Anderson, 2002).

The entire Amundsen Sea Embayment has been identified as an area of elevated
kaolinite abundances (Lowe and Anderson, 2002; Ehrmann et al., 2011). The region in
front of the Pine Island and Thwaites Glacier has kaolinite abundances of 16-22 wt%.
The occurrence of kaolinite is particularly diagnostic as it is unable to form under glacial
conditions, requiring the presence of pre-glacial sediments beneath the ice. The source for
these sediments have yet to be identified, with both the Byrd and Bentley subglacial
basins as potential sources. Geophysical evidence in both regions have imaged ~500 m of
unconsolidated sediments of an unknown age and composition (Winberry &
Anandakrishnan 2004, LeMasurier 2008). The presence of kaolinite and the geophysical
evidence implies the presence of subglacial sedimentary strata, which has profound

implications for glacial sliding and stability (e.g. Alley et al.,1986).
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Figure 4-8 A. Thickness of Unit 1 in centimeters versus core latitude.

The dashed line indicates the latitude of the transition between crystalline basement
(right of dashed line) to sedimentary substrate (left of line) at ~73.5 °S. B. Thickness
of Unit 1 in centimeters versus core water depth. The dashed line is at 615 m water
depth, an average shelf depth.

4.3.2 Thickness of Unit 1

Unit 1 is imaged as a thin drape throughout PIB based on geophysical seismic and
chirp sub-bottom data (Anderson et al., 2010, Nitsche et al., 2012). This includes
PARASOUND data indicating thicknesses up to 20-40 m within minibasins in interior
PIB (Nitsche et al., 2012). It is characterized by parallel layering within bathymetric

lows.

Unit 1 is present in all cores collected in PIB except for two piston cores, with its
absence likely due to loss of surface sediments in these cores. Sediment cores contained
102 cm average thickness of Unit 1 (Figure 4-8). The thickness increases towards the
modern Pine Island Glacier front to over 5 m thick (Lowe and Anderson., 2002). In
general, thickness decreases seaward from the modern grounding line (Figure 4-8). Cores
from the crystalline bedrock region of inner PIB (south of -73.5°S) sampled an average of
133 cm thick Unit 1, over two times the average thickness of outer PIB (north of -
73.5°S). Cores taken at all water depths sampled Unit 1. Cores collected at water depths
deeper than 615 m recovered on average 116 cm of Unit 1, 4.5 times thicker than cores

collected at shallower water depths (Figure 4-8). Unit 1 is the thickest in cores collected



proximal to the modern Pine Island Glacier front (south) and at deeper water depths. In
summary, Unit 1 thickness increases toward the glacier front and with increasing water

depth.

4.3.3 Bathymetric Data Analysis

Pine Island Bay is characterized as having an intricate drainage network carved
into bedrock within the inner portion of the bay (south of ~73.5°S latitude) (Lowe and
Anderson, 2002; 2003; Nitsche et al., 2012). Our analysis focuses on evaluating the
potential for water storage, pathways for transport, and connectivity of cavities where

water could be stored.
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Figure 4-9 Meltwater depressions and channels in inner PIB.

Channels on which geomorphic analyses were conducted are marked by a solid
white line; others for which there is a geomorphic signature are dashed.
Hypothesized subglacial water flow is from southeast to northwest.

4.3.3.1 Subglacial Water Storage and Capacity

The dominant features within inner PIB are steep-sided basins up to 1650 m deep.
The basins shown in Figure (4-9) largely coincide with those interpreted by Nitsche et al.,
(2012). Drumlins and streamlined features at the floor of these depressions are evidence
for grounded ice and flowing water in the subglacial environment of inner PIB (Lowe and

Anderson 2002; 2003; Nitsche et al. 2012). These basins could potentially have stored



great volumes of meltwater during times when the ice sheet was grounded on the
shallower portions of the sea floor. If filled to the level of interconnecting channels
between these basins, we calculate that the combined basins could potentially store

between 800 and 1200 km?® of water.
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Grounding Position ' Meltwater Volume [km’]
Kamb Ice Stream * Thwaites Glacier *
1 25.42 70.91
2 1.47 36.73
3 3.59 40.94
4 0.47 4.04

Table 4-3 Total volume of water stored in cavities on the inner shelf

as delineated in Figure 4-10 for each of 4 grounding line positions and two end
member ice sheet profiles. ' Grounding positions correspond to locations in Figure
4-10. * Volumes calculated using hypothetical ice profiles for two end member
modern ice streams. See text for more information.

To assess how much water may have actually occupied the basins, a hydraulic
analysis was conducted. Where there is a gradient in hydraulic head, it is expected that
water flows with the gradient. When spatial variability in the hydraulic gradient is very
low, we assume that the subglacial water is not moving. The perimeters of subglacial
lakes generated by Carter’s lake identification algorithm are shown for different ice sheet
scenarios (Figure 4-10). These regions of no-flow substantially correlate with the
geomorphically identified basins. The hydraulic gradients generated from the two end-
member profiles indicate that these depressions were not filled completely. The quantity

of stored water within these basins under the two end-member ice profiles is
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approximately 70 km® (Table 4-3). This calculation represents a minimum quantity of
water available for sediment transport or temporarily stored subglacially in PIB, as we

did not compute distributed meltwater outside of these large basins.
4.3.3.2 Organization of Channel Systems

Here we hypothesize that flow between the basins occurred through channels
connecting them. Seventy channels running to and between basins were identified. These
channels range in length from 1 to 37 km, with a mean length of 8.9 km and highly
variable gradients, including uphill gradients (Figure 4-9). Uphill flow is common in
subglacial water systems, which are driven by the pressure distribution beneath the ice
sheet. Which of these channels was occupied by water at any given time is a function of
how much resistance to flow is offered by the channel and the pressure distribution
beneath the ice. A more detailed exploration of flow paths can be made through the

analysis of specific channels (Figure 4-9).

By examining end-member ice profiles for different grounding line positions of
Pine Island Glacier, we observe how changes in hydraulic potential reorganize the
subglacial water system. Since water is stored in regions of sufficiently low hydraulic
potential gradient, the basins of water storage may be altered by changes in hydraulic
potential. Under the scenarios we investigate, water storage occurs within the basins
identified independently based on bathymetric data, and the volume of water stored in
these basins changes (Figure 4-10). This necessitates water flow between basins, and the
observed channels provide the connectivity to enable this flow. Fig (4-9) displays the

expected direction of flow based on the topography. Based on the observed
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geomorphology, it appears that subglacial water has the potential to remain channelized

to the sedimentary-crystalline boundary.

Grounding Line
1 W3
N2 4

I [ N
110°0'0"W 105°0'0"W 100°0'0"W

Figure 4-10 Hydraulic analysis of Pine Island Glacier.

A) Grey lines are 200 m bathymetric contours. Black lines denote four
hypothesized grounding line positions. B,C) Lake perimeters generated by the lake
identification algorithm are shown in shades of grey corresponding to grounding
line positions in A. Bathymetric contours (black) are 30m from -800 to -2000m. (B)
depicts lakes under a steep ice sheet profile, Thwaites Glacier. (C) depicts lakes
under a shallow ice sheet profile, Kamb Ice Stream.



Hydraulic potential changes occur naturally as the ice sheet profile changes and as
water is supplied to the bed. Given these hydraulic potential changes during ice stream
retreat and the observed connectivity of basins, it can be inferred that water did indeed

flow subglacially.
4.3.4 Age Constraints and Rate of deposition of Unit 1

Here we combine traditional radiocarbon data from previous work (Kirshner et
al., 2012 and Lowe and Anderson, 2002) with short-lived radioisotopes (*'°Pb)
measurements from this study to measure Unit 1 accumulation rates. These data are used
to evaluate timing as well as calculate sediment flux for Unit 1. We do not calculate rate
data from Hillenbrand et al. (2013) as the radiocarbon ages from that study were taken
from cores noted as being disturbed by icebergs and mass flow processes. However,
Hillenbrand et al., (2013) do provide an upper limit on the age for a similar silt facies as
~8.6 k cal yr BP in core PS75/214, and an upper age limit of glacial retreat as ~11.6 k cal
yr BP for a unit that is noted as a gravity flow or turbidite deposit from the same core in

inner PIB.

Core PC52, which was collected directly seaward of the modern Pine Island
Glacier floating terminus, sampled 120 cm of soft (water-saturated) sediment with no
210

excess © Pb (Table 4-4). This implies high accumulation rates and dilution of excess

210Pb.

Core TC49 was collected seaward of Core PC52 in 852 m water depth (Figure 4-

1). This core yielded a well-defined *'°Pb decay profile (Figure 4-4; Table4-4). The *'Cs
y

110
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activities were also measured in all cores, but are below detection limit. The
sediment/water interface is preserved in this core, containing a mixed layer from 3-4 cm
thick. The apparent sediment accumulation rate is ~0.086 cm/yr for the top 7 cm of the
core (Figure 4-4). Radiocarbon age constraints from a foraminifera date at 25 cm is 1,292
+ 1,291 cal yr BP in Core TC49; this date has an exceptionally large error due to small
sample sizes and analytical imprecision (Lowe and Anderson, 2002). Thus, the rate of
deposition based on radiocarbon data is an average of 0.02 cm/yr, with a minimum rate of
0.001 cm/yr and a maximum rate that could be extremely rapid (up to 25 cm/yr). This

210

radiocarbon-derived sedimentation rate is likely slower than the “ "Pb rate, but due to the

large error it is difficult to verify. At core depths of 8 to 12 cm the profile exhibits

210
lowered

Pb activities that corresponds to a decrease in the amount of very fine sand in
the core. This decrease occurred ~70 years ago. A first order assumption based on

extrapolating measured rates over the entire thickness of subunit 1A yields an onset age

for subunit 1A of ~560 cal yrs BP.

The *'°Pb profile of Core TC49 is similar to that of a typical core collected in
shallow water. This may suggest relatively fast scavenging of the isotope in the water
column and sedimentation. If we can exclude erosion events at the core locations, then
the uppermost sediments may be recording an order of magnitude increase in sediment

accumulation rate similar to that observed in Svalbard fjords (Szczucinski).

Core KC23 was collected seaward of Core TC49, in Outer PIB in 660 m water

210

depth (Figure 4-1) and records excess ~ Pb only in the uppermost 2 cm of the core,

although the data exhibit a classic decay profile (Table 4-4). This indicates an apparent
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accumulation rate of 0.02 cm/yr for uppermost Subunit 1A. There are no radiocarbon
constraints for Unit 1 in this core. By extrapolating accumulation rates for the thickness

of subunit 1A, deposition began ~250 years ago.

Core KC04 was collected seaward of Core KC23, in a deep basin at 729 m water
depth, in front of a prominent grounding zone wedge in Outer PIB (Figure 4-1). It has
excess ~''Pb in the upper 7 cm of the core (Table 4-4). The apparent sediment
accumulation rate is between 0.04 and 0.11 cm/yr, depending on the accepted slope of
regression. A single radiocarbon date from planktonic foraminifera in subunit 1B at 14-
16 cm core depth yielded an age of ~6165 + 246 cal yr BP. This yields a long-term
accumulation rate of ~0.0025 cm/yr for Unit 1. An alternative interpretation for the drop
of 2!Pb activities below 1 cm may suggest that the activities measured below may be due
to bioturbation (there are hints of bioturbation in X-ray data). However, if the upper cm
was deposited within the last 100 years, the accumulation is on the order of 0.01 cm/yr,
still an order of magnitude higher than long-term accumulation rates for Unit 1 based on

radiocarbon data. By extrapolating the accumulation rates, depostion of subunit 1A began

~40-112 years ago.

The most basinward Core KC10 was collected in 687 m water depth (Figure 4-1).

It has an apparent sediment accumulation rate of ~0.03 cm/yr based on *'°

Pb analysis
(Table 4-4). The excess *'’Pb activity is constrained to the upper 3 cm of the core with a
classic decay curve. This corresponds to a lithologic boundary of the base of subunit 1A

at 3 cm. There are two radiocarbon dates from planktonic foraminifera in subunit 1B, one

from 4-6 cm of 4,701 + 322 cal yr BP and the other from 14-16 cm that is 6,094 + 180 cal



yr BP. Based on these dates, the sediment accumulation rate for subunit 1B is 0.007 +
0.001 cm/yr, over an order of magnitude slower than observed for subunit 1A. Based on
accumulation rate data, it is likely that subunit 1A began deposition less than 100 years

ago.

The *'°Pb analyses indicate that subunit 1A was rapidly deposited and at a rate that
is about an order of magnitude faster than subunit 1B. The highest rate, ~0.086 cm/yr in
Core TC49, occurs close to the modern glacier terminus. This excludes the most proximal

*1%p, perhaps due to rapid accumulation, which

Core PC52, which did not record excess
is consistent with thickness increase observed in sub-bottom profiler data. The estimated
*1%pp sediment accumulation rate for the three cores collected in more distal locations
within PIB are ~0.02 cm/yr (KC23), ~0.04 - 0.11 cm/yr (KC04), and ~0.03 cm/yr
(KC10). All cores yielded a similar order of magnitude sediment accumulation rate. The
long-term rates for all of Unit 1 derived from radiocarbon ages are ~0.0025 cm/yr
(KC04), ~0.001 cm/yr and ~0.0025 cm/yr (KC10), which is an order of magnitude slower
than the short-term (*'°Pb) rates. Of additional note is the ~6.1 ka dates from similar

depths in cores KC10 and KC04 that indicate accumulation rates over this time interval

of ~0.0025 cm/yr.
4.3.5 Sediment Flux in Pine Island Bay

Unit 1 is observed as blanketing all of PIB. Based on this style of sedimentation,
the interpolated volume of Unit 1 is approximately 120 km’. The flux rate for Unit 1 is
0.018 km’/yr based on a 7,000 year onset age (Kirshner et al., 2012) to 0.014 km’/yr

based on a 8,660 year onset age for a similar silt facies (Hillenbrand et al., 2013). We
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calculate the volume of sediments that comprise subunit 1A as 23.8 km’. Flux rates for
subunit 1A may have been as high as 0.60 km’/yr to as low as 0.04 km’/yr, based on end
member onsets of subunit 1A deposition (40 years before present from Core KC04 to 560
years before present from Core TC49). A more likely flux for subunit 1A is 0.11 km’/yr,
based on an average onset of subunit 1A from all dated cores as 213 years before present.
These flux rates indicate that sediment delivery was approximately an order of magnitude
greater for the deposition of subunit 1A than for Unit 1, regardless of whether the earlier

or later onset age of Unit 1 is used for flux calculations.
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Reference  Cruise Core  Depth Lab Number Duration 0pp error ex 2''Pb YK error
[em] [s] (live) [Bq/g] error

This Study OSO0910 KC10 0.5 1G0385 167438.8 2.06E-01 3.60E-02
This Study 0S00910 KC10 1.5 1G0386 167922 1.39E-01 2.95E-02
This Study OSO0910 KC10 2.5 1G0387 181721.7 1.04E-01 2.74E-02
This Study OS0O0910 KC10 3.5 1G0388 189778.4 1.08E-01 2.58E-02
This Study 0OS00910 KC04 0.5 1G0375 176761.7 1.78E-01 3.76E-02 9.65E-02
This Study OSO0910 KC04 1.5 1G0382 174572.7 1.11E-01 3.34E-02 2.97E-02
This Study OSO0910 KC04 2.5 1G0381 150496.8 1.04E-01 3.32E-02 2.20E-02
This Study 0S00910 KC04 3.5 1G0384 157395.5 1.32E-01 3.52E-02 5.04E-02
This Study OSO0910 KC04 4.5 1G0383 191628.5 1.14E-01 4.07E-02 3.24E-02
This Study OS0O0910 KC04 5.5 1G0376 251395.8 9.16E-02 2.81E-02 1.00E-02
This Study 0OS00910 KC04 7.5 1G0377 166049.5 8.78E-02 2.99E-02 6.22E-03
This Study OSO0910 KC04 9.5 1G0378 164635.3 6.89E-02 2.36E-02  0.00E+00
This Study OS00910 KC04 11.5 1G0379 182815.1 8.24E-02 2.69E-02 8.24E-04
This Study OSO0910 KC04 13.5 1G0380 162985 8.71E-02 3.18E-02 5.53E-03
This Study OSO0910 KC23 0.5 0.1331495 0.02852862
This Study 0OS00910 KC23 1.5 0.0915402 0.02323287
This Study OSO0910 KC23 2.5 0.07561594 0.02231069
This Study OSO0910 KC23 3.5 0.07357612 0.0225418
This Study 0OS00910 KC23 4.5 0.07677083 0.0224847
This Study OSO0910 KC23 5.5 0.06351364 0.02346141
This Study OSO0910 KC23 6.5 0.07379304 0.02633263
This Study 0OS00910 KC23 7.5 0.07476353 0.02047875
This Study OSO0910 KC23 8.5 0.07441116 0.02441914
This Study OS0O0910 KC23 10.5 0.03808999 0.01758158
This Study 0OS00910 KC23 15.5 0.05305072 0.01534752
This Study NBP99-02 PC52 2.5
This Study NBP99-02 PC52 6
This Study NBP99-02 PCS52 11
This Study NBP99-02 PC52 27
This Study NBP99-02 TC49 0.5 1G0227 337348.5 0.2437585 5.46E-02
This Study NBP99-02 TC49 1.5 1G0236 245145 0.221539 5.34E-02 1.163543 0.09059513
This Study NBP99-02 TC49 2.5 1G0230 256575.9 0.2690158 0.059394 1.547791 0.1004566
This Study NBP99-02 TC49 3.5 1G0233 276981.3 0.243267 0.05389313 1.628476 0.1044465
This Study NBP99-02 TC49 4.5 1G0228 271574.9 0.1834295 0.04892747 1.607827 0.1086347
This Study NBP99-02 TC49 5.5 1G0237 243259.7 0.1646699 0.04198833 1.577454 0.1073864
This Study NBP99-02 TC49 6.5 1G0238 243709.8 0.1409157 0.04260092 1.454752 0.09886462
This Study NBP99-02 TC49 7.5 1G0239 273182.8 0.1301807 0.03901505 1.565215 0.1060174
This Study NBP99-02 TC49 8.5 1G0234 240474.3 0.08808277 0.04400753 1.491754 0.09995761
This Study NBP99-02 TC49 9.5 1G0229 536653.4 0.1114526 0.03123446 1.714554 0.1090726
This Study NBP99-02 TC49 10.5 1G0235 262802.3 0.08093463 0.03505891 1.063002 0.07485552
This Study NBP99-02 TC49 11.5 1G0240 254024.8 0.1053054 0.04013306 1.560017 0.103779
This Study NBP99-02 TC49 12.5 1G0232 257189.8 0.1292365 0.04009473 1.649919 0.1106702
This Study NBP99-02 TC49 13.5 1G0241 251396.5 0.1229667 0.04203076 1.046297 0.0825951
This Study NBP99-02 TC49 14.5 1G0242 260448.6 0.1398726 0.04152059 1.633172 0.1104909
This Study NBP99-02 TC49 15.5 1G0231 342280.4 0.07576802 0.02732075 1.695328 0.1130085
This Study NBP99-02 TC49 16.5 1G0243 254620.9 0.1197585 0.03998361 0.9867376 0.07750764

Table 4-4 Table of excess 2'°Pb measured on sediment cores from within Pine Island

Bay.

All samples were analyzed at the Institute of Geology, Adam Mickiewicz University
in Poznan, Poland.
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4.4 Discussion

4.4.1 Sediment and Facies Analysis

4.4.1.1 Sedimentology, Deposition, and Transport

Grain size distributions between individual units in Pine Island Bay are markedly
different, with an increased degree of sorting up-section (Kirshner et al., 2012). Relative
to other terrigenous sediment facies that occur on the Antarctic continental shelf, Unit 1
represents an extreme end member in terms of sorting (Anderson, 1999), (Figure 4-5).
The degree of sorting is in fact quite impressive when one considers that the ultimate
source material for terrigenous sediments on the continental shelf is of glacial origin. The
virtually unsorted till that was sampled in cores from PIB is representative of that glacial
source that has not experienced any sorting by marine processes and provides a basis for
estimating the magnitude of marine influence. Considerable sorting is required to produce

Unit 1 silts from the unsorted source material.

Winnowing of poorly sorted glacimarine sediments by marine currents results in
gravelly sands and sandy gravels (residual glacimarine sediments of Anderson et al.,
1984). Associated with these deposits are well-sorted sands that indicate bedload
transport of the sand. This process occurs on more shallow parts of the continental shelf
where wind-driven currents influence the seafloor and on the continental shelf margin
and upper slope where strong boundary currents exist (Anderson, 1999; Rodriguez and
Anderson, 2004). Sediment cores from the PIB study area have not sampled residual

glacimarine sediments or current transported sand. Thus, there is no evidence in the PIB



study area of strong winnowing by marine currents, certainly not to the degree necessary

to produce such a widespread deposit as Unit 1.

Given the above arguments and its widespread distribution, Unit 1 is interpreted
to have been derived through suspension transport from a subglacial source. Modern
oceanographic measurements from Pine Island Bay, in particular from the AutoSub
mission beneath the modern Pine Island ice shelf, support the presence of suspended
sediments as well as marine currents capable of fine-grained sediment suspension and
transport (Jenkins et al., 2010). Autosub observations revealed two plumes in the inner
part of PIB. One is a cyclonic gyre of a buoyant plume of melt-laden, deep-water that
outflows in front of the modern Pine Island Glacier (Mankoff et al., 2012). The other is a
less buoyant plume that occurs well below the sea surface (Hellmer et al., 1998; Jenkins
et al., 2010; Mankoff et al., 2012). Tidal forces have been noted as contributing to
mixing and circulation within the sub ice-shelf cavity (Robertson, 2010). Plume
dynamics in PIB have been modeled as influenced by both the Coriolis effect and sub-

shelf topography (Payne et al., 2007).

4.4.1.2 Grain Characteristics as an Indication of Transport

Our hypothesis was that significant fluvial transport of sediments within the
observed subglacial drainage network would result in an increase in percussion features
from hydraulic transport on quartz grains within Unit 1, and that these features would
overprint high stress microtextures resulting from glacial transport. This, however, was

not observed. Percussion microtextures from fluvial transport are rare. Indeed, Unit 1
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samples are very similar to the till samples in terms of grain microtexture, indicating that

it is a glacially produced deposit.

The trends in grain roughness and elongation tend to mirror one another. This
correspondence is expected given that with increased weathering quartz grains will both
become more rounded and smoother (Kuhn 1993). Values for roughness are in the range
of glacial flour as reported by Dowdeswell (1982) and indicate formation by glacial
abrasion and little or no modification by fluvial or marine processes. Grain-grain and
grain-bed contact were not sufficient to reduce the surface roughness, decrease angularity
and impart non-glacial microtextures. This suggests either low flow energy, low
suspended load concentrations, short transport distances, brief transport times, or all of

the above.

Finally, the similarities in both the grain shapes and textures of Unit 1 to the till
sample indicates that the sorting for Unit 1 is not inherited from some pre-existing
sedimentary deposit, although its clay mineralogy does indicate contribution of clay

minerals from a non-glacial source.

4.4.1.3 Sediment Composition and Source Region

The Amundsen Sea Embayment is characterized as a region of elevated kaolinite
(Lowe and Anderson, 2002; Ehrmann et al., 2011), which has been further supported by
this study. Kaolinite is a clay that cannot form under polar conditions, and is
characteristic of moist, temperate to tropical environments. However, it is resistant to

physical weathering and is recyclable. The high abundance of kaolinite in Unit 1 implies



a pre-glacial kaolinite-bearing sedimentary source for this material (Anderson et al.,
2010; Ehrmann et al., 2011). A rip-up clast within the graded deposits in core NBP99-02
TC/PC46 has the same composition as Unit 1, which indicates that deposition occurred
during or after deposition of Unit 1. Potential source areas for Unit 1 are the Byrd

Subglacial Basin and Bentley Subglacial Troughs.
4.4.2 Bathymetry

The Pine Island Bay system contains an intricate drainage network with many
bedrock carved glacial morphological features (Lowe and Anderson, 2002; 2003; Nitsche
et al.,, 2012). This study demonstrates that there is potential for storage of significant
volumes of water within basins in inner PIB, on the order of 800-1200 km®, with up to 70
km’ of stagnant, non-flowing water. There is adequate channel connectivity between
these depressions for the water to be released in response to a changing ice profile or a

shallowing of the grounding line, reaching a critical level in the hydraulic potential.
4.4.3 Style of Deposition

Unit 1 was deposited in one of three fashions; 1. steady-state, constant deposition
over the past 7-8 ka; 2. stepwise deposition in which there were times of higher and lower

fluxes; or 3. punctuated deposition in discrete, perhaps catastrophic, events.

Sedimentation rates from both 2!°

Pb and radiocarbon dating reveal that Unit 1 was
deposited at varying rates during the past ~7-8 ka and that modern accumulation rates far

exceed long-term rates. Thus, Unit 1 was not deposited in a steady state for this entire

length of deposition.
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An alternate mode of sedimentation is suggestive of a “leaky faucet”, with times
of higher outflow alternating with periods of lower flow. Unit 1 contains three different
subunits, suggestive of three episodes of increased flow and sedimentation. The rates of
deposition vary between subunit 1A and subunit 1B by an order of magnitude. Although
not measured, it is likely that subunit 1C may differ as well. There is also variation in ice-
rafted sand abundances between the three subunits, another line of evidence for a change
in the rate of deposition. It is unlikely that there were times of non-deposition, as this
typically results in a layer of concentrated ice-rafted sand and gravel, which is not
observed. Unit 1 lacks bedforms and sedimentary structures that may be associated with

turbidite deposition.

It has been suggested that graded sands and gravels are deposited in hyper-
concentrated flows associated with catastrophic discharges of water from meltwater
plumes (Domack and Williams, 1990; Powell; 1990; O Cofaigh, 1996; Cutler et al.,
2002; Fisher and Taylor, 2002). Evidence for high energy deposition comes from the
isolated occurrence of graded gravels and sands in core NBP99-02 TC/PC 46. Poor
recovery and scratched core barrels that recovered only loose gravels were noted at a
number of locals in inner PIB and may record similar gravelly deposits (Lowe and
Anderson, 2002; 2003). Alternatively, the graded sequence in core TC/PC 46 could be a
turbidite deposit, although the relatively short run out distance (down slope distance) is
considered unfavorable for converting unsorted glacial sediments into such well sorted,

graded deposits by this process.
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4.4.4 Transport Mechanism

Unit 1 is present in all cores in Pine Island Bay, at a wide range of water depths,
with similar thicknesses at water depths ranging from ~300 m to 1200 m. To blanket such
a rugged topography, suspended sediment must have traveled at a relatively high level in
the water column. This suggests transport within the ISW water mass, which occurs from
~100-450 m in the water column and is known to contain sub-glacially derived-ice shelf
meltwater mixed with CDW (Jacobs et al., 2011; Mankoff et al., 2012). The density
differences between ISW and underlying CDW is a very sensitive and dynamic balance, a
function of temperature, salinity and the amount of sediment in the subglacially derived-
meltwater. Suspension within the ISW mass provides a first order approximation of

sediment concentration, requiring it initially to be less dense than the CDW layer.

Interflow and overflow deposits often form delta-like deposits, losing traction
when entering the marine realm. This is observed in the distribution pattern of Unit 1, as
the thickest deposits occur near the modern grounding line where there is a seismically
imaged wedge of sediment that thickens towards the modern Pine Island Glacier front.
This is also the area of highest measured accumulation rates in sediment core PC52,
which recovered 120 cm of soft (water-saturated) sediment that exhibits no *'°Pb decay
and is assumed to be a modern deposit. Seaward of this, the sediment dispersal occurred
at a relatively high level in the water column. Thus, we interpret Unit 1 as a plumite

deposit.

Observed circulation in the sub-ice shelf cavity in PIB (Mankoff et al., 2012)

likely contributes to sediment sorting. In addition, Unit 1 may have been sorted during
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subglacial transport. Subglacial sorting requires large amounts of water, which we
propose does indeed exist. We are unable to differentiate between the two mechanisms as
there are no cores from beneath the modern ice shelf and the sorting is quite homogenous
throughout the bay. However, it is likely that both processes were influential in sorting

Unit 1.

4.4.5 Sediment Delivery

Sediment flux from the grounding line is an order of magnitude greater for
subunit 1A than Unit 1. This could be due to either a change in sediment source, sediment
production, or in the mode of delivery. We discount the possibility that this could simply
be a change in source, as sediment characteristics indicate that there is a constant,
glacially derived source with elevated kaolinite for all of Unit 1. It is unlikely that
sediment production rates varied by an order of magnitude as necessitated in the changes
in flux, as this would correspond to a large increase in denudation rates, virtually
impossible in a polar setting and unobserved. Increased flux of sediment can be explained
by hydraulic potential changes in the subglacial environment, resulting in differences in
meltwater expulsion and thus sediment delivery. We propose that the glacially sculpted
basins within PIB serve as reservoirs for storage of sediment-laden meltwater. Hydraulic
potential changes reorganize meltwater storage and mobilize sediment reserves within
these basins. Channels within PIB serve as conduits for subglacial, sediment-laden water
to the grounding line and beyond. Thus, stored subglacial sediments can be rapidly
discharged into PIB. Changes of the ice sheet profile can cause changes in storage

potential at a range of magnitudes, as revealed by our hydraulic analysis. A low flux of
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background sediments may constantly reach the basins, which would be overprinted with

intervals of higher flux during reorganization events.

The similarities in sediment characteristics of subunits 1A, 1B and 1C imply
similar modes of transport and flux. Total volumes of Unit 1 eliminate the possibility that
subunits 1B and 1C accumulated at the same rate as subunit 1A continuously for the past
~7-8 ka. Rather, the three units represent successive depositional events over the last 7-8
ka. This "leaky capacitor" model for Unit 1 calls for slow, steady release of sediments,

punctuated by large fluxes of sediment-laden meltwater outflow.

4.4.6 Pine Island Bay compared to other glacial systems

Anderson and Fretwell (2008) recognized a drainage network including bedrock
carved channels and basins within the inner part of Marguerite Bay. Prior to this
discovery, Kennedy and Anderson (1989) introduced the possibility of a sub-ice shelf,
meltwater origin for a sorted silt unit that occurs stratigrapically above till and below
diatomaceous glacimarine sediments in the inner part of the bay. Their interpretation was
based on a lack of ice-rafted sand or pebbles and a lack of biogenic material.
Diatomaceous sediments reflect the onset of open marine conditions and termination of

terrigenous silt deposition since ~9.3 k cal yr BP (Kilfeather et al., 2011).

In the Amundsen Sea, seaward of the Getz A, Getz B and Dotson Ice Streams, are
meltwater channels cut into crystalline basement (Figure 4-1) (Smith et al., 2009). There
are no meltwater deposits in cores collected in this region (Smith et al., 2009).

Additionally, deformation till has been sampled within one of the channels, indicating
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that it has been overridden by an ice sheet (Smith et al., 2009). Thus, these relict channels
survived an advance of the ice sheet, retaining similar dimensions as recently active

channels (Smith et al., 2009).

Thwaites Glacier was confluent with the Pine Island Glacier during the last glacial
maximum, and as recently as ~10.6 ka, based on ice sheet reconstructions in the region
(Figure 4-1) (Kirshner et al., 2012). It is one of the most rapidly changing and largest
glaciers on Earth (Chen et al., 2009; Rignot et al., 2011). It has a similar configuration to
the Pine Island Glacier, a landward sloping bed extending to the interior of the WAIS
(Holt et al., 2006). Recent advances in airborne ice-penetrating radar data collection and
processing on a catchment-wide scale has revealed tributaries underlain by ice-flow-
aligned sedimentary bedforms beneath Thwaites Glacier. These features transition
seaward into exposed crystalline bedrock ~50 km upstream of the modern grounding line.
This configuration, as well as the scale of the bedforms, are similar to the Holocene
configuration in front of the Pine Island Glacier (Schroeder et al., in review). Thwaites
Glacier has steep surface slopes over this region, allowing for high hydrologic gradients.
This suggests that the modern configuration of Thwaites Glacier may be short-lived and

poised for a similar meltwater-intensive retreat as the Holocene Pine Island Glacier.

4.5 Conclusions

The inner part of Pine Island Bay contains several basins that are linked by
channels. These basins have a combined storage capacity on the order of 1000 km® of

water and sediment. The distribution of subglacial water is dynamically driven by
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changes in grounding line position and hydraulic gradient. An extensive plumite deposit
(Unit 1) records an episode of meltwater discharge, which occurred during the late stages
of ice sheet retreat ~7-8.6 k cal yr BP. This is a draping deposit that overlies proximal
glacimarine sediments and thickens towards the modern grounding line. Similarities in
both the grain shape and microtextures of Unit 1 relative to till indicates a glacial origin
for Unit 1 with no measureable fluvial alteration of grains. High kaolinite content

indicates a sedimentary source for clays.

Unit 1 was deposited from sediment-laden plumes emanating from beneath the
Pine Island ice shelf. It was subsequently transported as either an interflow or overflow
within the ISW layer. Age constraints indicate that subunit 1A, the youngest subunit, is a
modern deposit that coincides with recent rapid retreat of the grounding line. This
modern subunit has an order of magnitude greater flux relative to the entire Unit 1
deposit. This is attributed to episodic sedimentation of Unit 1. Thus, Unit 1 is interpreted
as a product of non-steady-state processes where low background sedimentation
alternates with sediment sequestration and purging caused by changes in hydraulic

potential and glacial reorganization.

This study demonstrates that meltwater-intensive glacial retreat occurred on at
least three occasions throughout the Holocene, including the current event. These events
record episodes of glacial reorganization and associated meltwater release. Similar
meltwater-intensive retreat occurred in Marguerite Bay during the early Holocene
(Kennedy and Anderson, 1989; Kilfeather et al., 2011) and culminated in virtual loss of

the ice shelf (Bentley et al., 2011). The Thwaites Glacier area currently displays a
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configuration similar to that of Pine Island Glacier in the Holocene, suggesting that it

may be poised for a meltwater-intensive retreat.



Conclusions

The main conclusions of my thesis corroborate other findings that the cryosphere

is a dynamic portion of the earth system.

I added new radiocarbon and *'°Pb dates, sedimentary facies analysis, and
bathymetric data. I reconstructed the post-Last Glacial Maximum deglacial history in
Pine Island Bay for a better understanding of the causes of ice sheet retreat. I constructed
the first detailed facies model in the region, adding robustness to the analysis. My results
record a clear retreat stratigraphy in PIB of terrigenous sandy silt (plumite), pebbly sandy
mud (ice-proximal glacimarine), and till. My reconstructed glacial history includes, initial
retreat from the outer continental shelf shortly after the LGM and before 16.4 k cal yr BP,
in response to rising sea level. I observed a sub-ice shelf facies in central PIB that spans

~12.3-10.6 k cal yr BP. Widespread impingement of warm water onto the continental

shelf caused an abrupt change from sub-ice shelf sedimentation to distal glacimarine
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sedimentation dominated by dispersal of terrigenous silt between 7.8 and 7.0 k cal yr BP.
The uppermost sediments in PIB were hydrodynamically sorted by meltwater plumes.
The most recent release of sediment coincides with rapid retreat of the grounding line,
and has an order of magnitude greater flux relative to the entire unit, indicating episodic
sedimentation. This is the first identification of a meltwater-derived deposit in Antarctica
and demonstrates that punctuated meltwater-intensive glacial retreat occurred at least

three times throughout the Holocene in this region.

Additionally, I examined quartz sand grains to conduct an analysis of mode of
transport for sediments in the Antarctic Peninsula region from the Eocene to present to
record the onset of glaciation. The sand grain analysis was consistent with other proxies
on the same samples, which demonstrated progressive cooling since the Eocene. The

northern Antarctic Peninsula Ice Sheet was present from the Pliocene onwards.

These results have contributed to the field of paleo-ice sheet reconstructions by
adding data for the long time-scale as well as post-LGM retreat history. I have
contributed to the field of sedimentology by providing a detailed facies model within
Pine Island Bay. Lastly, I have contributed broadly to glaciology by providing

sedimentary evidence for a meltwater-intensive retreat.
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Appendix B

Grains were deflocculated using sodium metaphosphate in deionized water for 24
hours. The sediment was then gently stirred into suspension and filtered through a coarse-
weave paper filter by vacuum. The quartz grains were isolated using a Frantz magnetic

separator.

Individual grains were digitally imaged using a Zeiss SteREO Microscope
at a resolution of 3.6 microns per pixel, spanning the full range of silt particles. The two-
dimensional boundaries of the grains were traced using Matlab’s Image Processing
toolbox™. Composite grains were excluded from the count. Each sample interval yielded
between 50 grains and 400 grains for analysis. The digitally calibrated diameters of these
grains were used to group them into very fine-to fine-sand and fine-to medium-sand
classes for analysis. Dowdeswell (1985) cautions against comparing grains of different
sizes after an analysis of medium sand and very fine sand produced statistically different
roughness values. The division between size classes was adjusted downward from this
study because there is very little medium sand in these samples. A minimum of 50 points
along the grain boundary were used to calculate the first 24 harmonic coefficients for
each grain. The calculation was done by the Fourier plugin for ImageJ™ developed by

Boudier and Tupper (2011; see also Rasband, W.S., 1989; Abramoft et al., 2004).

Fourier shape analysis is a valuable tool in the interpretation of
glacimarine sediments, particularly in distal sedimentary environments as transport

mechanism is often convoluted. In combination with grain size data, it can be used to
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differentiate grains likely transported by meltwater streams from grains melted out from
basal debris-rich ice or grains of eolian origin (Dowdeswell, 1986). Introduced by Ehrlich
and Weinburg (1970), the Fourier technique uses harmonics to characterize grain shape
by calculating their fit to the grain perimeter. The harmonic amplitudes (Cn) increase

with the positive degree of fit.

Second harmonic is used as a proxy for the vertical elongation of the
grains. Haines and Mazzullo (1988) identified a very good inverse correlation between
the second harmonic amplitude and Rittenhouse sphericity values (1943). High

harmonics contain more lobes equally distributed radially.
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