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Pleistocene. Glacial advances were identified from glacial surfaces of erosion (GSEs) and subglacial diamictites 
within three complete sequences were investigated using lithofacies associations, micromorphology, and quartz 
sand grain microtextures. Whereas conditions in the Late Pliocene resemble the modern Greenland Ice Sheet 
where fast flowing glaciers lubricated by surface meltwater terminate directly in the sea (interval 201–212 mbsl) 
conditions in the Late Pleistocene are similar to modern West Antarctic Ice Sheet (WAIS) ice streams (38–49 mbsl). 
We identify the latter from ductile deformation and high pore-water pressure, which resulted in pervasive 
rotation and formation of till pellets and low relief, rounded sand grains dominated by abrasion. In the 
transitional period during the Mid-Pleistocene (55–68 mbsf), a slow moving inland ice sheet deposited tills with 
brittle deformation, producing lineations and bi-masepic and unistrial plasma fabric, along with high relief, 
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glacial flow at the core site, which indirectly reflects changes in the size and thickness of the WAIS. Hence, we 
found that fast ice streaming motion is a consequence of a thicker WAIS pushing flow lines to the west and 
introducing clasts from the Byrd Glacier source area to the drill site. The detailed analysis of diamictites in 
AND-1B demonstrates that Pliocene glacial intervals were warmer than in the Pleistocene when polar ice sheets 
grew from local inland ice to regional ice streams.
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Geologic studies of sediment deposited by glaciers can provide crucial insights into the subglacial environment.
We studied muddy diamictites in the ANtarctic geological DRILLing (ANDRILL) AND-1B drill core, acquired from
beneath the Ross Ice Shelf in McMurdo Sound, with the aim of identifying paleo-ice stream activity in the Plio–
Pleistocene. Glacial advances were identified from glacial surfaces of erosion (GSEs) and subglacial diamictites
within three complete sequences were investigated using lithofacies associations, micromorphology, and quartz
sand grain microtextures. Whereas conditions in the Late Pliocene resemble the modern Greenland Ice Sheet
where fast flowing glaciers lubricated by surface meltwater terminate directly in the sea (interval 201–
212 mbsl) conditions in the Late Pleistocene are similar to modern West Antarctic Ice Sheet (WAIS) ice streams
(38–49 mbsl). We identify the latter from ductile deformation and high pore-water pressure, which resulted in
pervasive rotation and formation of till pellets and low relief, rounded sand grains dominated by abrasion. In the
transitional period during theMid-Pleistocene (55–68 mbsf), a slowmoving inland ice sheet deposited tills with
brittle deformation, producing lineations and bi-masepic and unistrial plasma fabric, along with high relief, con-
choidally fractured quartz grains. Changes in the provenance of gravel to cobble-size clasts support a distant
source area of Byrd Glacier for fast-flowing paleo-ice streams and a proximal area between Darwin and Skelton
Glaciers for the slow-moving inland ice sheet. This difference in till provenance documents a shift in direction of
glacial flow at the core site, which indirectly reflects changes in the size and thickness of the WAIS. Hence, we
found that fast ice streamingmotion is a consequence of a thickerWAIS pushing flow lines to thewest and intro-
ducing clasts from the Byrd Glacier source area to the drill site. The detailed analysis of diamictites in AND-1B
demonstrates that Pliocene glacial intervals were warmer than in the Pleistocene when polar ice sheets grew
from local inland ice to regional ice streams.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

In the stratigraphic record of polar regions, diamicts are commonly
interpreted to represent deposits from glacial advances although it is
recognized that theymay formby a variety of processes in a range of de-
positional environments. This is especially true in the case ofmarine ter-
minating glaciers because diamicts can formboth subglacially and in ice
proximal settings (Carr, 2001; Menzies and Zaniewski, 2003; Hiemstra
et al., 2005; Ó Cofaigh et al., 2005; Menzies et al., 2006; Kilfeather
et al., 2010; Hambrey and Glasser, 2012). Reconstructions of ice sheet
advance, retreat, and glacial thermal regime hinge on the ability to
infer depositional processes from a diamict. This is certainly the case
in sampling the deep time record with drill cores, where dimensions
), pc350@cam.ac.uk
o@unisi.it (F.M. Talarico).
often make it impossible to use clues from macrofabric and structural
field relationships. At best, drill cores may be supplemented by seismic
reflection profiles and downhole geophysical logs to yield more region-
ally complete interpretations. Recently, micromorphological analyses
from thin sections have becomewidely recognized as an important ad-
ditional tool for identifying subglacial deformation (van der Meer et al.,
2003; Menzies et al., 2006, 2010; van der Meer and Menzies, 2011).

The dynamic history of the West Antarctic Ice Sheet (WAIS) in the
Ross Embayment was recently described from a 1284.87-m-long drill
core recording deposition over 13 Ma (Naish et al., 2007, 2009; McKay
et al., 2009; Levy et al., 2012; McKay et al., 2012). The drill core, AND-
1B contains ~58 geologic sequences, in which advance and retreat of
grounded ice are recorded under different styles of glacial and thermal
regimes (McKay et al., 2009). The analysis by McKay et al. (2009,
2012) of key glacial and interglacial lithofacies was accompanied by
studies of clast provenance (Talarico and Sandroni, 2009; Talarico
et al., 2010) and the marine microfossil record (Scherer et al., 2007),
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showing collectively the variable nature of the Antarctic Ice Sheet over
time. The geologic record from the core has also provided important
constraints for ice sheet modeling (Pollard and DeConto, 2009).

Here our aim is to investigate subglacial conditions by assessing
deformation within subglacial tills at scales ranging from 1) macro-
scopic — based on core description and X-radiography, 2) micro-
scopic — using thin section analyses of skeleton grains and fine-grained
matrix (plasma) and 3) scanning electron microscopy (SEM)— to evalu-
ate comminution of quartz grains during glacial transport. Three intervals
within AND-1B drill core were selected for study that represent the Late
Pleistocene (38–49 m below sea floor (mbsf)), Mid-Pleistocene (55–
68 mbsf) and Late Pliocene (201–212 mbsf) (Table 1). Each interval has
its lower boundary at a glacial surface of erosion (GSE) and encompasses
a complete sequence of advance and retreat of the ice sheet over the drill
site. Both intervals in the Pleistocene are interpreted as having been de-
posited during cold periods, when the WAIS advanced and formed the
Ross Ice Shelf (McKay et al., 2009, 2012). The Late Pliocene interval was
warmer, with Transantarctic Mountain (TAM) glaciers advancing and
retreating in open marine environments in the Ross Sea (McKay et al.,
2009). However, these paleoenvironmental conditions were inferred
from interglacial sediments because the glacial advance deposits appear
macroscopically as massive muddy diamictites.

In this study, we analyze diamictites in the AND-1B core at increas-
ingly smaller scales in order to identify different styles of deformation,
evaluate water pressure, and infer thermal conditions at the base of
the Antarctic Ice Sheet during the last 2.8 Ma. Quartz sand grains were
imaged with the SEM from samples collected throughout the core.
Dominant sediment sources in the upper 250 m of the drill core were
inferred from the provenance of clasts (diameter N 2mm). Our analysis
focuses on diamictite facies located stratigraphically below the associat-
ed interglacial retreat facies. This sequence offers the best opportunity
for reconstructing paleoglacial conditions at the bed during glacial ad-
vances. To gain additional insight, our observations of diamictites in
the AND-1B drill core are compared to sedimentary successions of the
Table 1
Summary of glacial and interglacial characteristics of the intervals studied in this paper
(chronology according to Wilson et al., 2012).

38–49 mbsf (Late Pleistocene, ~0.36–0.43 Ma)

Subglacial thickness 4.6 m
Subglacial lithofacies Sandy-muddy conglomerate, massive clast-rich

diamictite, stratified clast-rich diamictite
Macroscopic deformation Sharp angled glacier erosion surface
Interglacial thickness 1.2 m
Interglacial lithofacies Laminated mudstone, massive silty claystone

55–68 mbsf (Mid-Pleistocene, ~0.53–0.57 Ma)
Subglacial thickness 7.6 m
Fluctuating grounding-line 2.9 m
Subglacial lithofacies Massive clast-rich diamictite, stratified

clast-rich diamictite
Macroscopic deformation Clasts aligned in shear zone; subtle mixing of

mudstone into overlying diamictite
Interglacial thickness 0.8 m
Interglacial lithofacies Graded fine to v. fine sandstone,

massive silty claystone

201–212 mbsf (Late Pliocene, ~2.8 Ma)
Subglacial thickness 6.3 m
Subglacial lithofacies Massive clast-rich diamictite, stratified

clast-rich diamictite
Macroscopic deformation 0.88 m thick interval of mixed diamictite and

diatomite, irregular brecciated texture with
discrete lenses and blocks of diatomite
mixed into diamictite

Interglacial thickness 12.5 m: 8.9 m (open marine),
3.6 m (ice-proximal glacimarine)

Interglacial lithofacies Open marine: massive and laminated diatomite,
diatomite with dispersed clasts, glacimarine:
stratified diamictite
LGM in the Ross Sea (Domack et al., 1999; Licht et al., 1999; Shipp
et al., 1999; Mosola and Anderson, 2006; Salvi et al., 2006) and
diamictons sampled from under modern Antarctic ice streams (Alley
et al., 1986, 1989; Tulaczyk et al., 1998; Christoffersen et al., 2010).
Our over-arching goal is to describe the paleoglaciological evolution of
ice sheets in the Ross Sea during the relatively warm Late Pliocene peri-
od and the colder Pleistocene epoch.

2. Setting

A 1284.87-m-long sedimentary rock core (AND-1B) was drilled
from beneath the northwestern corner of the Ross Ice Shelf ~5 km
from the calving line (Fig. 1). The drill hole is located in the Terror Rift,
which lies near the western margin of the larger Victoria Land Basin,
one of the three major north–south trending sedimentary basins that
form the West Antarctic Rift System of the Ross Embayment (Henrys
et al., 2007). The Victoria Land Basin forms one of several north–south
trending troughs on the Ross Sea continental shelf, and these troughs
are thought to be sites of former ice streams that drained the WAIS
and outlet glaciers of the East Antarctic Ice Sheet (EAIS) during the
Last Glacial Maximum (Hughes, 1977; Denton and Hughes, 2002;
Mosola and Anderson, 2006). The Terror Rift contains ~3.5 km of sedi-
ments, accumulated along its central axis since its inception during
theMiddle Miocene (Henrys et al., 2007). The sedimentary cycles with-
in AND-1B store information about glacial advances and retreats of a
marine-based ice sheet within the Ross Embayment since Miocene
(McKay et al., 2009; Naish et al., 2009; McKay et al., 2012). During the
Last Glacial Maximum an ice sheet extended across the continental
shelf of the Ross Embayment and was supplied by ice from both East
and West Antarctica (Denton and Hughes, 2002; Licht et al., 2005).
Provenance studies of granule-to cobble-sized clasts incorporated into
AND-1B diamictites indicate that subglacial ice was sourced from EAIS
outlet glaciers of South Victoria Land, to the south of the drill site
(Talarico and Sandroni, 2009; Talarico et al., 2010). Today the Ross Ice
Shelf ends near Ross Island and two-thirds of its ice is supplied from
the WAIS with the remaining ice coming from EAIS outlet glaciers
(Fig. 1; Fahnestock et al., 2000). The core chronology used in this
paper is based on the AND-1B age model developed from 40Ar/39Ar
dates, microfossil biostratigraphy, and magnetostratigraphy (Wilson
et al., 2012). In addition, the two glacial advance and retreat sequences
in the Pleistocene have been correlated to marine isotope stages (MIS)
9–10 and 13–14 byMcKay et al. (2012) and the age of the Late Pliocene
sequence has been dated to ~2.8 Ma by Levy et al. (2012).

3. Methods

3.1. Lithofacies descriptions

This study focuses on three strategic time intervals each containing a
complete glacial–interglacial sequence between two GSEs. All undis-
turbed cores within each interval were X-rayed at the Antarctic Marine
Geology Research Facility in Tallahassee, Florida. The radiographs were
then printed to scale and used alongwith the initial sedimentologic de-
scription to draft a lithofacies log at a cm-scale (Fig. 2). The X-rays were
especially useful in identifying contacts between facies, sedimentary
structures and the presence and orientation of clasts not observed on
the split core surface.

3.2. Micromorphology

Rock slabs were cut for 18 large thin sections (45 × 60 mm) from
diamictite beds within the study intervals. Thin sections were oriented
with respect to vertical but their orientation relative to the ice flow
direction is unknown. Friable samples were impregnated with epoxy
(Petropoxy 154) before being sectioned. Thin sections were scanned on
a high-resolution flatbed scanner to produce a digital low-magnification



A

B

C

Fig. 1. A) The Antarctic continent with present-day glacial flow lines (after Drewry, 1983), and location of McMurdo Sound, B) map of the Ross Sea and the location of AND-1B near Hut
Point (HP). Abbreviations: BI Black Island;MEMount Erebus;MBMount Bird;MDMountDiscovery;MMMountMorning;MTMount Terror; andWIWhite Island, C) geologicalmap (after
Craddock, 1970; Borg et al., 1989; Carosi et al., 2007). Also shown are present-day glacial flow lines of major outlet glaciers into the Ross Ice Shelf (after Drewry, 1983; Fahnestock et al.,
2000). Provenance areas A and B, identified in this paper are shown with dashed circles.
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image of the entire slide. Thin sections were also examined using a low
magnification petrographic microscope under plane and cross-polarized
light with an attached camera system. Terminology used in thin section
description follows standard description of microstructures in the glacial
literature (i.e., van der Meer, 1993; Carr et al., 2000; van der Meer et al.,
2003).

3.3. SEM imaging

Bulk samples (15–20 cc) within diamictite units were cut from the
core. In the laboratory, these samples were disaggregated as gently as
possible by covering with distilled water in a plastic beaker, applying a
vacuum to draw water into the pore spaces, and freezing. Upon
thawing, the sample fell apart into its constituent grains or the process
was repeated until it did. Samples were then sieved and quartz grains
picked for imaging using a binocularmicroscope. Samples of sand grains
from 20 depths within AND 1-B were imaged on a Quanta FEI 200 SEM
in high vacuum mode at 20 kV. Grains were mounted on aluminum
stubs and coated with gold. Each grain was identified as quartz using
energy dispersive X-ray (EDX) before a photomicrograph was taken.
At least 25 grains (cf. Mahaney, 1995; Vos et al., 2014) were examined
from the 250-μm to 2 mm sand fraction of each sample. The photomi-
crograph of each grain was evaluated for the presence of microtextures
that commonly occur on glacially transported grains using the tech-
nique adapted from Mahaney (2002) and used in Cowan et al. (2008).
The microtextures were then categorized into grain ‘styles’ that can be
used to indicate modes of subglacial transport (Hart, 2006).

3.4. Petrographic study of the gravel fraction

The composition, dimension and shape of clasts with an average di-
ameter exceeding 2 mm (i.e., granule to cobble) were determined on



Fig. 2.Detailed stratigraphic log, lithofacies description, and paleoenvironmental interpretation of the three intervals studied inAND-1B; from 38 to 49 mbsf, from 55 to 68 mbsf, and from
201 to 212 mbsf. A glacial sequence is shown bounded by a glacial surface of erosion (GSE) caused by glacial advance.
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theworking half of the split core surface. Identification of six major lith-
ological groups (volcanic rocks, intrusive rocks, metamorphic rocks,
sedimentary rocks, dolerites, and quartz) was based on distinctive mac-
roscopic features, and confirmed by microscopic analysis on selected
clasts (e.g., Pompilio et al., 2007). Data processing involved summation
of all clasts from the different compositional groups per 10 cm and per 1
moving meter of core length. The term “basement clast” is used here to
refer to extrabasinal clasts sourced from the pre-Devonian crystalline
basement presently exposed in the TAM west and south of the AND-
1B drill site. The Ferrar and Beacon Supergroups are excluded from
this class. Identification of source rock units for basement pebbles was
based on (1) detailed petrographic investigations on all cobbles or
pebbles large enough to allow a complete mineralogical and textural
analysis using a standard thin section; and (2) a sample-to-sample com-
parison of all investigated clasts with approximately 1500 samples col-
lected from ~70 outcrops in Southern Victoria Land and central TAM
(stored at the Core Repository of the Museo Nazionale dell'Antartide,
Siena, Italy).
4. Results

We have integrated our data at various scales and present it
stratigraphically within the three study intervals to facilitate compari-
son of the subglacial deposits (Table 1). In addition, we present clast li-
thologies and SEM microtextures on grains sampled from throughout
the core.

4.1. Late Pleistocene (MIS 9–10, ~0.36–0.43 Ma)

4.1.1. Description
Cowan et al. (2012) previously described this interval of drill core

and it is included here for comparison with the other sections. The
GSEs that occur at 47.7 and 41.9 mbsf are sharp and irregular and sepa-
rate silty claystone or mudstone from sandy muddy conglomerate
above (Table 1; Fig. 2). Beginning at 47.7 mbsf a 4.6 m-thick subglacial
deposit grades upward from sandy muddy conglomerate to massive
clast-rich muddy diamictite, and into weakly stratified clast-rich
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muddy diamictite (Fig. 2) These diamictites have homogenous particle
size distribution, an absence of diatoms (completely lacking biosiliceous
fragments), and have uniform density and magnetic susceptibility
(Niessen et al., 2007; Scherer et al., 2007; McKay et al., 2009). The clay
fraction finer than 10 phi averages 26% of the samples within the
muddy diamictite (McKay et al., 2009). Clast content is variable with a
higher concentration and more uniform distribution toward the base
of the massive diamictite unit. Toward its top, the diamictite becomes
weakly stratified with clast-rich facies interbedded with clast-free
muddy facies. Clasts are alignedwith their long axes parallel to the bed-
ding plane.

All thin sections from these diamictites show evidence of rotational
deformation in the form of skelsepic plasma fabric, and circular align-
ment of skeleton grains (cf. van der Meer, 1993) (Table 2, Fig. 3A, B).
In addition, bulk samples and thin sections collected from all subglacial
facieswithin this interval are dominated by competent sand-size aggre-
gate grains described by Cowan et al. (2012) as till pellets. Till pellets are
rounded, spherical to prolate in form and are associated with turbate
structures (orienting of small grains around larger grains) and linea-
tions in thin sections (Table 2). The core of a pelletmay be either a lithic
grain or stiff till and additional clay plastered parallel to the pellet edge
forms skelsepic plasma fabric (Fig. 3A, B). Till pellets are also associated
with well-sorted fine-grained zones within the diamictite (Fig. 3B).
4.1.2. Interpretation
Rounded till pellets and turbate structures showpervasive rotational

deformation and a lack of grain fractures within the till indicating duc-
tile deformation (cf. Menzies, 2000). This is similar to observations
from basal till under the modern Whillans Ice Stream (Tulaczyk et al.,
1998; Khatwa and Tulaczyk, 2001). Rotational structures have been re-
ported as a characteristic of deforming beds (van der Meer, 1997; van
derMeer et al., 2003; Evans et al., 2006), with increasing strain reflected
by an increasing number of turbate forms (Hiemstra and Rijsdijk, 2003).

Previously, we presented two models by which till pellets could
form in situ within a highly porous deformable bed near the grounding
line of an ice stream (Cowan et al., 2012). In a mechanical shearing
model, fractures form in the till as an ice stream advances. Subsequent
basal melting and high pore water pressure develop as the ice stream
thickens, decreasing the intergranular effective stress inducing rotation
of the angular till aggregates as the ice moves over the till. A thermal
model, relies on basal freezing with preferential ice growth in larger
Table 2
Summary of micromorphological characteristics in thin sections analyzed in this study.

Skeleton grains Deformation struc

Depth (mbsf) Litho facies
code

Dominant
grain
size μm

N500 μm b500 μm Till
pellets

Rotation Lineatio

38.78–38.82 Dms b500 SA A X X X
41.63–41.67 Csm N500 R SA X X X
43.94–43.98 Dms b500 SA A X X X
46.25–46.32 Dmm N500 SA A X X X
47.66–47.70 Dmm N500 SR A X X X
48.83–48.90 Dms N500 SR A X X X
55.97–56.04 Dmm N500 SR A X X X
56.40–56.47 Dmm N500 SR SR X X
57.01–57.08 Dmm N500 SR SA X X X
58.21–58.28 Dms N500 SR SR X
59.90–59.95 Dmm N500 SR SA X
63.44–63.51 Dmm N500 SR SR X
67.12–67.20 Dms N500 SA SA X
203.18–203.26 Dmm N500 SR SA
206.83–206.90 Dmm N500 SR SR X
207.37–207.44 Dms N500 SA SA X
210.45–210.52 Dms N500 SR SA X X
210.67–210.75 Dmm b500 SA SR X X

Dms = weakly stratified muddy diamictite, Dmm = massive muddy diamictite, Csm = sand
pore spaces causing rotation of till aggregates due to concentration of
shear stresses in a thin zone beneath the glacier sole.

In bothmodels, till pellets are preserved in the subglacial till because
deformation of the till is limited to a thin zone spanning only a few cen-
timeters beneath the ice base, as observed beneath the modern WAIS
(Engelhardt and Kamb, 1998) and because this deformation zone
moves upward as the till layer forms. Active sedimentation should
thus help preserve till pellets. However, based on ourmodel, significant
transport distance may be limited by the thermal regime in which till
pellets form where fast ice streaming motion advects cold ice from the
ice sheet interior, resulting in cold basal conditions and formation of a
basal ice layer (Christoffersen et al., 2010). Thus till pellets can be
transported englacially before melting out when the ice stream eventu-
ally thickens or if frictional heating at the bed increases in response to
strengthening of the till. This process is likely connected to the observa-
tion of a 6 cm-thick granular bedwithin this interval enriched in till pel-
lets that melted out in the grounding zone marking the transition from
subglacial till to sub-ice shelf deposits (Fig. 2), a facies also observed in
the Ross Sea (cf. Domack et al., 1999). Till pellets formed mechanically
are less likely to be associated with significant transport distances due
to the limited vertical extent of till deformation. The provenance of till
pellets should therefore help distinguish whether till pellets were
formed thermally or mechanically.

4.2. Mid-Pleistocene (MIS 13–14, ~0.53–0.57 Ma)

4.2.1. Description
This interval includes a thick massive diamictite (7.6 m), succeeded

by stratified diamictite (2.9 m) and then a b 1 m-thick interval com-
posed of laminated mudstone and massive claystone (Table 1, Fig. 2).
The GSE occurs over a ~40 cm interval at 67.1 mbsf and is indicated
by clasts inclined at a 20° angle. At 56.47mbsf the upper GSE shows sub-
tle mixing of irregular patches of mudstone into the overlying
diamictite. Between these are both stratified and massive clast-rich
muddy diamictite with a clay fraction finer than 10 phi averaging 28%
of the samples (McKay et al., 2009). Stratification in the diamictite is
produced by alternating clast-rich beds and clast-free mudstone beds
from 1.5 to 3 cm-thick. Long axes of clasts are random or oriented
with their axes parallel to stratification. Massive diamictites are of sim-
ilar composition but clasts are dispersed throughout the core. Above
60 mbsf there are three clasts that exceed the diameter of the core
(Fig. 2). Above the diamictites are graded sandstone beds and massive
tures Plasma fabric

ns Fluidization Pressure
shadow

Skelsepic Lattisepic Omnisepic Bi-masepic Unistrial

X
X

X X
X X

X
X X

X
X

X X X
X
X

X
X X

X
X
X

X X
X

y muddy conglomerate, R = rounded, SR = subrounded, A = angular, X = present.



Fig. 3. Photomicrographs in cross-polarized light from massive clast-rich diamictites at A) 46.25 mbsf, and B) 48.83 mbsf. In the annotated sections, till pellets (solid red outline) are
present at each depth as well as a fine-grained fluidized zone outlined in B. Scale bar = 1 mm.
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silty claystone. The transition is marked by clayey siltstone draping
clastswithin the underlying diamictite. Sandstonebeds contain volcanic
glass and sparse diatom and sponge spicule fragments are present in the
silty claystone.

Seven thin sections (TS) are used to assess the micromorphology of
the lower diamictites (Table 2). Two TS, bracketing the GSE at top of the
section contain till pellets and skelsepic plasma fabric. The lower ones
were dominated by lineations and bi-masepic (plasma fabric oriented
in bands in two directions) or unistrial (bands oriented in onedirection)
plasma fabric. TS 58.21–58.28 is stratified muddy diamictite (Fig. 4A)
and shows strong alignment of clasts that coincide with the directions
of the bi-masepic plasma fabric. TS 59.90–59.95 is in the massive
muddy diamictite and shows similar high-angle clast alignment and
Fig. 4. Photomicrographs in cross-polarized light from diamictites at A) 58.21 mbsf, B) 59.90 m
or plasma, indicating planar shearing. Scale bar = 1 mm.
bi-masepic plasma fabric (Fig. 4B). TS 63.44–63.51, also from massive
diamictite has unistrial plasmic with weaker clast alignment than the
thin section from ~3.5 m higher in the core (Fig. 4C). TS 67.12–
67.20mbsf was collected from the zone of deformation visibly associat-
edwith the GSE (Fig. 2). This thin section has unistrial plasmic fabric ac-
companied by separation of coarse and fine grains into distinct bands
(Fig. 4D). These bands are strongly developed and persist for ~5 mm
across the field of view.

4.2.2. Interpretation
This interval occurs within a section of core that is interpreted as ice

sheet advance at the lower GSE and deposition of subglacial till and re-
treat to an ice shelf with preservation of distal ice shelf deposits
bsf, C) 63.44 mbsf, and D) 67.12 mbsf. White arrows show the parallel alignment of grains
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followed by a readvance of the ice sheet (McKay et al., 2009, 2012).
Macroscopically, it is unclear where the boundary occurs between sub-
glacial and the ice shelf deposits. A bed containing granular facies is not
present tomark the subglacial/ice sheet transition as in the Late Pleisto-
cene interval or as identified from the LGM cores in the Ross Sea
(Domack et al., 1999; Howat and Domack, 2003). However, TS 57.01–
57.08 and those below all show evidence of deformation common to
subglacial sediments that have been overrun by ice (Fig. 2, Table 2).
The stratified clast-rich diamictite from 57 to 59.5 mbsf is interpreted
to represent a fluctuating submarine grounding line with massive sub-
glacial till beneath (Fig. 2). Stratification is produced as mud beds alter-
natewith clast-rich diamictite and TS 58.21–58.28 has lineations and bi-
masepic plasma fabric, both providing strong evidence of shear. In-
crease in pore water pressure or fluctuations in thermal conditions
within the till higher in the section are suggested by the presence of
till pellets and fluidization in TS 57.01–57.08. The latter implies fast ice
flow (Tulaczyk et al., 2001) and possibly alternation between periods
when the bed experienced basal freezing and thawing near a grounding
Fig. 5. Photographs of split core and corresponding X-radiographs of 20 cm sections showing sedim
211.40 mbsf recording ice sheet advance. Boudin structures parallel to the erosional contact show
burrow fills and includes granule-size dropstones, B) 210.45–210.65 mbsf includes part of a 0.85 m
intermixed with clast-rich muddy diamictite, C) 206.93–207.13 mbsf stratified muddy diamictite
diamictite capped by a gravelly sand bed signaling a hiatus in glacimarine sedimentation with dia
line due to an oscillating ice stream (Bougamont et al., 2011). Dynamic
thinning of the ice sheet eventually caused grounding line retreat and
the formation of an ice shelf at the AND-1B drill site. Clasts larger than
the drill core deposited within this interval and diatom fragments sup-
port the interpretation of a grounding line nearby (Scherer et al., 2007).

4.3. Late Pliocene (~2.8 Ma)

4.3.1. Description
The contrast in both color and density between the glacial terrige-

nous sediment and biogenous diatomite within the Late Pliocene inter-
val highlights both structures and deformation on core surfaces and in
X-radiographs (Fig. 5A–D). The clearest evidence formacroscopic defor-
mation occurs within a 0.88 m interval above the GSE at 211.40 mbsf
(Fig. 2). The sharpGSE occurs between theoverlyingmixed zone anddi-
atomite at the base of this section (Fig. 5A). Boudins of diatomite are
sheared parallel to the GSE and blocks of diamictite above are edge
rounded having been modified by fluid flow. Below the GSE, diatomite
entation andmacroscopic subglacial deformation. A) 211.30–211.50mbsf with sharp GSE at
diatomite sheared upward into diamictite. Diatomite below is mottled by bioturbation with
thick interval of lenses and blocks of diatomite (low density on radiograph and light color)

with clast-rich beds aligned from upper right to lower left, D) 201.53–201.73 mbsf stratified
tomite above.

image of Fig.�5


Fig. 6. Scanned thin section in plane light showing the arrangement of skeleton grains and
plasma in stratified diamictite at 207.37 mbsf, 45 mm× 64mm. Laminae with grains and
intraclasts are elongated parallel to bedding and alternate with diatomite-rich laminae.

63E.A. Cowan et al. / Global and Planetary Change 119 (2014) 56–70
is bioturbated and contains granule-size clasts. Shearing has intermixed
diatomite and diamictite producing segregation between coarse-
grained diamictite and diatomite (Fig. 5B). Within the diamictite inter-
val, stratified muddy diamictite is clast-rich with fewer diatoms and
preferred clast orientation below 205.4 mbsf (Fig. 2, Fig. 5C). The inter-
val between 206.9 and 207.5 mbsf is interbedded diatomite-bearing
muddy diamictite and sandy mudstone beds. The transition from strat-
ified diamictite to diatomite at 201.58mbsf is marked with angular vol-
canic pebbles within a sandstone bed (Fig. 5D).

Thin sections clearly show stratified diamictite formed by alternat-
ing bands of clast-rich and clast-poor diamictite (Fig. 6). The clasts and
intraclasts are elongate parallel to the horizontal bedding. Intraclasts
of mud appear angular at the base of the thin section and become
more rounded toward the top. Within the interval interpreted as sub-
glacial (from 206 mbsf to the lower GSE), thin sections show evidence
A

C

Fig. 7. Photomicrographs in cross-polarized light from A) subglacial massive diamictite at 206.8
glacial stratified diamictite at 210.45 mbsf, D) subglacial massive diamictite at 210.67 mbsf. All
(white lines) and grain rotation (white circles). Proximity to the grounding line is inferred from
of circular arrangement of skeletal grains and short lineations produced
by alignment of grains (Fig. 7A–D). Clasts of brecciated diamictite with
edge rounding are surrounded by a matrix of diatomite (Fig. 7B).

4.3.2. Interpretation
The Pliocene is regarded as dynamic glacial period with advance and

collapse of the ice sheet recording ~40 kyr periodicity (Naish et al., 2009).
Glacial advance is recorded by a sharp contact between the diamictite
and underlying diatomite. Thin lenses of diatomite are incorporated
into the diamictite over a 1-meter thick intermixed zone above the GSE.
Lower in the section, wispy laminae appear disrupted by fluid as they
are smeared parallel to the erosion surface (Fig. 5A). At the top of the
intermixed zone, the diatomite and clast-rich diamictite appear inter-
stratified by shearing at a high angle across the core section. Within the
clast-rich diamictite above the mixed zone, grain lineaments and turbate
structures occur, indicating planar shear (Fig. 7C) andproducing themac-
roscopic appearance of a banded till (Fig. 5B). A fluctuating grounding
line is recorded in a thin stratified diamictite/diatomite interval at
207.37 mbsf (Fig. 6). Brecciation and shearing have broken up the stiff
till producing intraclasts, which are then rotated producing rounding
(Fig. 7B). This process is facilitated by high pore water pressure as fine-
grained marine sediments are incorporated into the till. Grounding line
retreat occurs within the interval between TS 206.83 (Fig. 7A) and a
winnowed coarse-grained lag deposit records the top of the glacial unit
at 201 mbsf (Figs. 2, 5D). TS 203.18–203.26 lacks plasma orientation
and contains grains with random long axis orientation. This observation
along with increasing biosiliceous content suggests that this stratified
diamictite was deposited in a proximal glacimarine setting where high
sedimentation rates, ice conditions, or temperatures prohibited diatom
blooms extensive enough to form ooze. The transition from glacial to
biogenic-dominated sediment is marked by a winnowed lag deposit of
sand and gravel on the sea floor (cf. Hambrey and Glasser, 2012; Figs. 2,
5D).

4.4. Quartz sand microtextures

All 20 samples imaged from AND-1B include grains with micro-
textures consistent with glacial transport. Since all quartz grains in our
B

D

3 mbsf, B) stratified diamictite deposited near the grounding line at 207.37 mbsf, C) sub-
diamictite facies are subglacial showing planar shear as linear alignment of skeletal grains
diatomite intermixed with brecciated diamictite in B. Scale bar = 1 mm.
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study originated from subglacial diamictites we used themodel of grain
‘styles’ defined by Hart (2006) in a field study of subglacial tills in
Norway to indicate the glacial regime, which is linked to the processes
of ice movement (Table 3). For example, once debris is entrained at
the bed it is modified by basal processes including abrasion and quarry-
ing during intraclast collision and subglacial deformation as well as by
subglacial water (Hambrey and Glasser, 2012). Hart's (2006) model
proposes that grains eroded frombedrockwill undergo subglacial trans-
port that modifies them by rotation and shearing leading to micro-
textures dominated by abrasion (few impacts) or percussion (many
impacts) or a mixture of both. In AND-1B, microtextures attributed to
glacial crushing dominate in six samples (Fig. 8, Table 3). These
microtextures include conchoidal fracture, arcuate and straight steps,
sharp jagged features and medium to high relief grains (Mahaney,
1995, 2002; Vos et al., 2014). Microtextures attributed to abrasion or
passive glacial transport such as edge rounding, low relief, smoothing
or chemical etching (Van Hoesen and Orndorff, 2004) dominate in 14
of the samples (Fig. 9, Table 3). Hart (2006) postulates that grains that
are rotated or sheared against smaller grainswill be affected by abrasion
and develop a smooth, rounded form,whereas grains that impact others
will be affected by fracture and develop a conchoidal form, including a
handaxe shape. The surfaces of grains from AND-1B are completely
modified during transport unlike grains from the outlet glacier in
Norway that retained from 7 to 31% of the preweathered surface
(Hart, 2006). This may be attributed to the distance of glacial transport
or remobilization and reworking of Antarctic tills over long time scales.
Some grains show a history of transport that includes conchoidal frac-
ture and later smoothing (Fig. 9A, C). There is an inverse relation be-
tween the abundance of a smooth and rounded form vs. conchoidal
fracture form, which holds throughout the drill core (Table 3). In addi-
tion, smooth, rounded low-relief grains appear more abundant within
samples that have a high percentage of till pellets (Table 3). This could
result from pervasive rotation associated with the deformable bed
that develops till pellets or by the shielding of sand grains from impact
with others by encapsulation by skelsepic plasma.

4.5. Clast compositions and provenance

Clasts within the upper 250 m of AND-1B were counted and orga-
nized according to six major lithological groups for the core intervals
with and without till pellets as previously described (Table 4). The
main features of the lithological groups (intrusive and metamorphic li-
thologies excluded, since they will be described in more detail later in
the section) are:

• Volcanic clasts include a variety of aphyric to porphyritic varieties,
some vesicular and/or amygdale-bearing, ranging in composition
from mafic to intermediate and felsic.

• Sedimentary clasts include at least two major lithological types:
(a) quartz arenites, likely sourced from the Beacon Supergroup,
and (b) intraformational clasts consisting of poorly-to moderately-
sorted sandstone with granule-grade clasts (reworked diamictites in-
cluding the till pellets) and gray to black mudstone and minor sand-
stones.

• Dolerite clasts are generally fine-or medium-grained with textural and
mineralogical similarities to the FerrarDolerite. They display variable al-
teration and occur as granule to sub-rounded pebbles and cobbles.

• Quartz occurs as granules or small pebbles, some of them carrying
minor micas, and are most likely fragments of coarse-grained
granitoids.

The total number of clasts in each of the 46 investigated core inter-
vals was found to range from 0 to 29 with an average value of 10 clasts;
most intervals show a total clast content higher than 6 (Table 4).We cu-
mulated the data to enable us to compare all intervals with till pellets to
all of those without (Table 5). Relative proportions of clasts of intrusive
rocks, quartz and volcanic rocks are nearly similar but the ratio between



Fig. 8. Example of quartz grains from diamictites within intervalswhere glacial crushing dominates and till pellets are absent (A, 60.33 mbsf; B, 79.42 mbsf; C, 163.47 mbsf; D, 380.82 mbsf).
The characteristics of glacial percussion and impact on these high relief grains include: fracture faces (1), conchoidal fracture (2), parallel steps (3), arcuate steps (4) and jagged
edges (5).
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metamorphic and sedimentary clasts is significantly different, being
high in those core sectionswithout pellets and low in those hosting pel-
lets. Moreover pellet-bearing intervals also include the rare occurrence
of dolerite. Clasts from pellet-bearing intervals are mainly granules and
small sub-angular pebbles (diameter N 2.5 cm) with subordinate sub-
angular or less commonly sub-rounded larger (3.5–4 cmdiameter) peb-
bles. In contrast, intervals without till pellets are characterized by abun-
dant sub-rounded clasts (estimated to equal the number of sub-angular
ones) and the gravel fraction includes a slightly higher content in peb-
bles with diameters around 4 cm.

In these clast assemblages, the petrographic analysis of 73 pebbles of
intrusive and metamorphic rocks provides further evidence for addi-
tional lithological differences. As shown in Table 5, foliated biotite
monzogranite, biotite schist and biotite paragneiss are common litholo-
gies in core intervals with till pellets, whereas core sections without till
pellets contain abundant biotite-hornblende granodiorite, biotite-calcite
metasandstones, and subordinate tonalite and isotropic monzogranite.

5. Discussion

5.1. Till lithofacies with and without pellets

The upper 80mof AND-1B drill core contains repeated advances of a
marine ice sheet alternating with sub-ice shelf deposition in a polar cli-
mate (McKay et al., 2012). Although muddy diamictites within the two
Pleistocene intervals appear macroscopically similar, there are signifi-
cant differences in micromorphology, the surface textures of quartz
sand grains and clast composition between them. Subglacial tills in the
Late Pleistocene study interval (38–49 mbsf) are dominated by turbate
structures, skelsepic plasmic fabric, till pellets and occasional fluidized
zones, which is similar to micromorphology of the clay-rich and physi-
cally weak till sampled from beneath Whillans Ice Stream, WAIS
(Khatwa and Tulaczyk, 2001). Quartz sand grains show edge abrasion,
and are chemically etched forming smooth, rounded low-relief grains
similar to those identified beneath the Whillans Ice Streamwhere little
evidence of grain crushing was observed (Tulaczyk et al., 1998). During
transport, grains were less likely to be impacted by percussion because
they were protected from contact with other grains by the surrounding
clays during rotation or enclosedwithin a till pellet. Subglacial sediment
deformation was likely to be concentrated in a zone measuring just a
few cm from the ice base, as observed beneath Whillans Ice Stream
(Engelhardt and Kamb, 1998). Whereas material encapsulated in this
narrow shear zone would be exposed to high gradients of shear and
thus grain rotation, sediment deposition should counteract this effect
by protecting the deeper sedimentary units from grain crushing and
shear deformation in general. The lithofacies association andmicromor-
phology of till in the Late Pleistocene interval is consistent with that de-
scribed from the LGM ice streams in the Ross Sea including the presence
of a pellet-rich granulated bed marking the transition from subglacial
till to ice shelf deposits (cf. Domack et al., 1999). Ice streams are
interpreted to override and recycle preexisting poorly indurated sedi-
mentsmoving as a deformable bed. The presence of ductile deformation
indicates high pore water pressure (Piotrowski et al., 2006). The fre-
quency of till pellets (also termed polymicts) in LGM sediment cores



Fig. 9. Examples of quartz grains from diamictites within intervalswhere abrasion or passive transport dominates and till pellets are present (A, 38.62 mbsf; B, 103.10 mbsf; C, 126.32 mbsf;
D, 763.22 mbsf). These grains are edge rounded by abrasion or modified by chemical etching so although fracture faces (1) and conchoidal fracture (2) are visible they do not appear fresh.
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has been used to infer ice stream behavior and the presence of water at
the bed across the Ross Sea (Weiler and Licht, 2011). Licht and Palmer
(2013) identified abundant (up to 90%) polymict grains similar to till
pellets in LGM cores from the western Ross Sea. They also found large
quantities (45–58%) in three modern moraines at Byrd Glacier, a large
and fast flowing outlet of the East Antarctic Ice Sheet, which drains
1.1 million km2 (Licht and Palmer, 2013) and has a polythermal bed
(Sterns, 2011) similar to those of the Ross ice streams (Joughin et al.,
2004). Although bedrock of the Byrd Glacier region contributes to Prov-
enance area A of this study, we do not consider that till pellets from that
area contributed to AND-1B. As we have no samples from the Byrd area
we cannot be certain, however our observations suggest that AND-1B
till pellets are a signature of a particular deforming bed regime formed
closer to their depositional location. Of the seven moraines sampled at
Byrd Glacier, only three with 20% or more clay contained polymict
grains (Licht and Palmer, 2013). This reinforces the observation that a
high clay content of the bed is a prerequisite for grain rotation and de-
velopment of skelsepic plasmic fabric (van der Meer et al., 2003) neces-
sary for till pellet formation.

In contrast to the Late Pleistocene, Mid-Pleistocene diamictites (be-
tween 58 and 68 mbsf) are dominated by pervasive linear shear zones
with no evidence of rotation or till pellets, even though the clay content
is as high as in the Late Pleistocene diamictites. At the SEM scale, the
quartz grains are dominated by evidence for percussion and glacial com-
minution, producing conchoidal fracture, fracture facies and jagged
edges on high relief grains (Table 3; Hart, 2006). The high frequency of
these glacial microtextures is suggested to result from grain breakage
during transport in a high-traction subglacial environmentwhere the ef-
fective stress associated with pressure between individual grains was
high, and ice flow therefore likely to be slow. Kjær (1999) found that a
transport distance of only 250 mwas enough for subglacial till to devel-
op a mature state with respect to comminution processes. Therefore,
brittle deformation structures and quartz grain microtextures are likely
both related to conditions at the ice sheet bed (Menzies et al., 2010)
rather than distance from bedrock source or the number of times the
subglacial sediment has been recycled. More frequent grain collisions,
brittle deformation and an increase in intergranular friction have been
associated with low pore water pressure in many tills (van der Meer,
1997; Larsen et al., 2006; Piotrowski et al., 2006). An increase in pore
water pressure is however, postulated near the GSE at the top of the sec-
tion where till pellets and turbate structures occur (Table 2). These de-
posits are associated with advance of the ice sheet into the Ross Sea
(Fig. 2)with thicker ice introducingwarmer andwetter basal conditions
at the AND-1B site. In this interval the transition from subglacial sedi-
ment to interglacial ice shelf is not marked by a definitive transition
and appears gradational.

In the Late Pliocene, glaciers advanced as tidewater cliffs into a
warmer Ross Sea than during Pleistocene (McKay et al., 2009; Naish
et al., 2009). The sharp planar contact of the GSE andminor deformation
associated with it suggests that the ice sheet advanced on a water-
lubricated surface of saturated diatomite, withwater pressure effective-
ly decoupling the glacier from its bed as it advanced across the sea floor
(i.e. Phillips et al., 2007). Diamictites in the interval from 201 to 212
mbsf record ductile deformation in the form of a few turbate structures
but contain no evidence of till pellets, possibly because the ice sheet
consisted of polythermal rather than cold polar ice. The proximity to
the fluctuating grounding line and hydrofracturing by high pore water
pressure is indicated by the brecciation and rounding of diamictite
clasts (Fig. 7B). Although thinner than Pleistocene, the Late Pliocene
ice sheet could have been wet at its bed because of warmer tempera-
tures globally. The Late Pliocene setting may resemble that of present-
day Greenland, where fast-flowing outlet glaciers terminate in fjords
containing relatively warm water (Holland et al., 2008) and where
large volumes of surface meltwater enter the subglacial environment
via moulins and crevasses, causing large seasonal variation in ice flow
(Bartholomew et al., 2010). The transition from ice proximal to open
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Table 4
Clast compositions in investigated core intervals 10 cm thick centered on specific depths
with and without till pellets as described in Cowan et al. (2012) in the uppermost 250 m
of AND-1B core. Shading emphasizes intervals that contain till pellets. Volc = volcanic
clasts; Intrus = intrusive rocks; Sed = sedimentary clasts; Metam = metamorphic
clasts; Qtz = quartz; Doler = dolerite; Sa = sub-angular; Sr = sub-rounded.

Depth (mbsf) Clast compositions (10 cm interval) 

Volc Intrus Sed Metam Qtz Doler Tot
0.21 0 3 3 <1.2 cm, sr > sa
1.49 50 1 1 2 <2 cm, sr

20.58 20 0
26.68 P 2 7 9 <1 cm, sr > sa
26.90 80 1 3 4 <2 cm, sr > sa
28.89 P 7 3 1 11 <1 cm, sa > sr
28.91 40 7 3 1 11 <1 cm, sa > sr
31.16 P 13 1 1 2 17 <2.5 cm, sa > sr
35.76 80 6 1 1 8 <3.5 cm, sa > sr
35.82 P 12 1 1 14 <3.5 cm, sa > sr
38.72 20 4 1 5 <3.5 cm, sa > sr
38.78 P 3 1 4 <3.5 cm, sa > sr
41.63 P 5 3 1 9 <4 cm, sr > sa
43.94 P 2 1 6 1 10 <1 cm, sa > sr
46.25 P 3 8 1 12 <0.5 cm
47.66 P 2 2 2 2 8 <1.5 cm, sa > sr
48.03 P 3 3 3 9 <10 cm, sr > sa
48.83 P 6 2 2 10 <0.5 cm
55.97 P 2 1 4 3 10 <1.5 cm, sa > sr
56.40 P 5 4 9 <0.4 cm
57.01 A 8 2 6 1 17 <2 cm, sr > sa
58.21 A 3 1 2 1 7 <2 cm, sr > sa
59.90 A 3 2 1 2 8 <4 cm, sr > sa
60.33 1 5 1 1 1 2 10 <2.5 cm, sa > sr
63.44 A 3 1 1 5 <4 cm, sa > sr
66.59 A 5 3 1 9 <1 cm, sr > sa
67.12 A 1 4 1 1 2 9 <0.5 cm
70.75 A 3 3 6 <2.5 cm, sa > sr
74.71 A 2 2 2 6 <4 cm, sa > sr
74.74 0 3 1 2 6 <4 cm, sa > sr
79.42 0 1 1 2 <1 cm, sr > sa

101.68 95 6 2 8 <2.5 cm, sa > sr
126.32 20 4 2 3 4 13 <2.5 cm, sa > sr
148.30 A 18 3 5 26 <1 cm, sa > sr
150.42 A 2 1 1 13 1 18 <2.5 cm, sa > sr
181.94 A 2 25 2 29 <4 cm, sr > sa
191.24 A 10 2 12 <0.5 cm
203.18 A 9 9 <0.5 cm
206.83 A 19 1 20 <2.5 cm, sr > sa
207.37 A 19 19 <0.4 cm
208.69 0 6 1 11 18 <2.5 cm, sr > sa
210.45 A 5 5 10 <1 cm, sa > sr
210.67 A 6 1 1 8 <1 cm, sa > sr
225.38 P 6 1 7 <0.4 cm
228.30 90 4 4 <0.5 cm, sa
245.08 70 8 1 9 <0.4 cm

Relative proportions of lithologies (%)
Volc Intrus Sed Metam Qtz Doler Metam/Sed+Metam ratio

Intervals with till pellets 55 6 22 7 8 2 0.24
Intervals without till pellets 51 8 8 27 5 0 0.77

Till pellet
occurrence

Clast 
dimension
and shape
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marine conditions is recorded by a winnowed lag deposit on the sea
floor prior to the start of diatomite deposition.

5.2. Provenance of tills

Core intervals with till pellets show basement clast assemblages
which are significantly less varied in terms of the lithological types
with respect to core intervals that lack till pellets (Table 5). Although
some lithologies occur in both pellet-free and pellet-bearing intervals,
these are generally represented by only a few clasts, whereas some of
the rock types forming the most common occurrences are only in
pellet-bearing intervals (i.e., foliated monzogranite, biotite paragneiss,
schists) and yet some others are ubiquitous only in core intervals with-
out till pellets (i.e., granodiorite, isotropic monzogranite, tonalite,
metasandstone, phyllite, granofels). As shown in Table 5, all main lithol-
ogies and the rock types occurring as a few clasts can be attributed to
distinctive rock units/source areas, which are located in the region be-
tween the Byrd and Skelton Glaciers in South Victoria Land (Fig. 1).
These provenance inferences are based on the petrographic comparison
of investigated clasts with bedrock samples and the literature for all the
main basement rockunits of theRoss Orogen in SouthVictoria Land. The
results agree with provenance models previously proposed by Talarico
et al. (2010) and Talarico and Sandroni (2009). Variability in clast com-
position between intervals with till pellets and those without indicates
that ice flowed to the core site from two very distinct regions in the
TAM and that the associated subglacial conditions and processes were
very different. We specifically find that transport and depositional pro-
cesses operated in distinct glacial regimes, which can be summarized as
follows:

• Diamictite with till pellets: Provenance area A is sourced from the Bri-
tannia Range, between Byrd and Darwin Glaciers (Fig. 1). In that area,
there are similar proportions of medium-grade metamorphic and in-
trusive basement rocks. Beacon Supergroup and Ferrar Dolerite are
both extensively exposed in both Byrd and Darwin Glacier drainage
basins. In the core intervals studied, minor rounded basement clasts
may have originated by reworked glacimarine sediments originally
deposited by ice-proximal rainout during a previous interglacial, as
interpreted by Cowan et al. (2012) for the Late Pleistocene at
47.7 mbsf. The large number of sub-angular clasts suggests that sub-
glacial processes did not completely modify the shape during sub-
glacial transport.

• Diamictite without till pellets: Provenance area B is sourced from the
region that encompasses the area between the Darwin and Skelton
Glaciers (Fig. 1). Lithologies within this area support the observed
dominance of low-grade metamorphic clasts in the assemblages, be-
cause extensive outcrops of phyllites and metasandstones volumetri-
cally prevail over intrusive rocks between Teall Island and Skelton
Glacier. Flow lines must have originated in drainage systems of
Carlyon, Mulock and Skelton Glaciers. The large number of sub-
rounded clasts and larger pebbles suggests more extensive reworking
of ice-rafted debris available from previous interglacial periods.

5.3. Sedimentological response to growth of WAIS

Although the AND-1B core contains diamictites with two different
provenance areas in the TAM, previous studies have shown that TAM
outlet glaciers do not contribute enough ice to support the marine-
based ice sheet and ice shelves in the Ross Sea that existed during glacial
periods in the Plio–Pleistocene (Pollard and DeConto, 2009). Additional
ice must also be supplied from ice streams originating from West
Antarctica (Fig. 1). With a larger contribution from WAIS, glacial flow
lines are shifted to the west introducing Provenance area A (Byrd Gla-
cier) to the drill site. Therefore, provenance changes recorded in the
subglacial load of the ice sheet overriding the AND-1B drill site directly
reflect source area changes from southern-TAMoutlet glaciers and indi-
rectly reflects the size of the WAIS. Furthermore, the transition in flow
from local TAM outlet glaciers to the further traveled Provenance area
A was accompanied by a distinct change in subglacial conditions. In
the Late Pliocene, the ice sheet transporting clasts from Provenance
area B was associated with a water-lubricated subglacial environment
similar to that found in Greenland today, with fast flowing glaciers ad-
vancing over high-traction beds. The glaciers were likely slower during
the Mid-Pleistocene when a cold climate caused a cold ice sheet to ad-
vance relatively slowly over the drill site. The Late Pleistocenewas asso-
ciated with high water pressure in tills located beneath the relatively
thick ice of an ice sheet extending farther into the Ross Sea compared
to the Mid-Pleistocene, a lower-traction bed and conditions similar to
those observed beneath modern ice streams in WAIS today.

Late Pleistocene diamictites in AND-1B are characteristic of a deform-
able bed with high pore-water pressure and a lack of comminution that
is typical of modern ice streams (Tulaczyk et al., 1998). Mid-Pleistocene
diamictites have experienced brittle deformation, indicating low subgla-
cial water pressure in a high-traction glacier bed over which ice would
move slowly by internal deformation and without basal sliding. The
onset of fast ice streaming motion reflected in deposits above 56 mbsf
in the core is not related to bathymetric changes or changes in the phys-
ical nature of the bed because the drill site sits in a basin with a water
depth of ~935 m and had soft sediment substrate since the Miocene
(Naish et al., 2009; McKay et al., 2012). Rather, the sedimentary signa-
ture of ice streaming suggests a paleoclimatic shift that resulted in a
thicker, faster and more extended WAIS causing a westward shift in
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glacial flow lines of the TAMoutlet glaciers and thereby introducing Byrd
Glacier provenance (area A) to the drill site (Fig. 1). Ice thickness is sug-
gested to govern pore water pressure at the bed because other intrinsic
variables, including till grain size remains unchanged.

We have previously concluded that till-pellet facies is characteristic
of the deformable bed of paleo-ice streams in the Ross Sea (Cowan et al.,
2012). Here we link till pellets to other characteristics of the deforming
bed and to a change in the provenance signature of till deposited by gla-
ciers in the TAM over the last 2.8 million years. The absence of till pel-
lets in the Late Pliocene sequence of the AND-1B core may be related
to relatively warm environmental conditions resembling that of the
modern Greenland Ice Sheet, where fast flow is induced when glaciers
terminate in open water and by drainage of surface meltwater to the
bed (Das et al., 2008; Hoffman et al, 2011). This indicates that a bed
overlain by relatively cold ice may be needed to form till pellets which
suggests that the thermal model of formation may be more likely than
the mechanical alternative (Cowan et al., 2012).

Although till pellets do not occur within the Late Pliocene interval
evaluated in this paper, we note that they are abundant in diamictites
within selected intervals of the AND-1B drill core within the lower Plio-
cene andMiocene (Cowan et al., 2012) suggesting that paleo-ice streams
formed during some periods in the earlier history of Antarctic glaciation.
The reason for this may lie in the ability of fast flowing ice steams to ad-
vect cold ice from interior to coast, resulting in polythermal conditions
similar to Jakobshavn Isbræ presently the largest and fastest-flowing gla-
cier in Greenland and which contains cold ice (−22 °C) despite much
warmer conditions on the surface and at the bed (Iken et al., 1993). The
notion of ice streams being present earlier in the Antarctic Ice Sheet histo-
ry supports observations by Smellie et al. (2013) that ice flowwith evolv-
ing basal regimes and variable deformation of the substrate was present
throughout the region since 12Ma rather than evidence of a unidirection-
al step-change to frozen bed conditions at the Middle Miocene Climatic
Transition (Lewis et al., 2007). In prior studies of AND-1B drill core, Plio-
cene age interglacial facies were interpreted as temperate water diato-
mites (McKay et al., 2009, 2012). Here we show how analysis of
subglacial diamictites can be used to constrain glacial dynamics, thus
demonstrating that not only were the Pliocene interglacials warmer
than the Pleistocene and at present, but that the glacials were alsowarm-
er. Therefore, we consider that the extreme cold glacial conditions in the
Ross Sea commenced in the Pleistocene, likely after the Mid-Pleistocene
Transition, 0.8 Ma ago, as has been suggested by Naish et al. (2009).

6. Conclusions

• Investigations of lithofacies associations, micromorphology, and
quartz sand grainmicrotextures ofmuddy diamictites within selected
intervals of the AND-1B core allow differentiation of fast-flowing
paleo-ice streams from local slower moving inland ice.

• Ice streams are characterized by ductile deformation with high pore-
water pressure resulting in pervasive rotation and formation of till
pellets and low-relief and rounded sand grains dominated by abra-
sion, whereas inland ice records brittle deformation producing linea-
tions and bi-masepic and unistrial plasma fabric, along with high-
relief, conchoidally fractured quartz grains.

• The absence of till pellets in the Late Pliocene till may result from rel-
atively warm environmental conditions at this point in time relative
to present, suggesting that their formation may require polythermal
conditions at the bed stemming from a cold polar environment.

• Changes in the provenance of gravel to cobble-size clasts support a
provenance source area of Byrd Glacier (Provenance area A) for fast
flowing paleo-ice streams and an area between Darwin and Skelton
Glaciers (Provenance area B) for slow inland ice flow.

• The provenance change in tills stems from shift in glacial flow lines at
the core site, which indirectly reflects changes in the size and thick-
ness ofWAIS andmay therefore be a proxy for the state and variability
of Antarctic glaciation.
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• The various regimes of ice flow recorded in the upper 212 m of the
AND-1B core span from one that resembles the modern Greenland
Ice Sheet, where fast flow is induced by drainage of surfacemeltwater
to the bed and where glaciers terminate directly in the sea (201–
212 mbsf) to polar conditions which are similar to modern ice
streams in WAIS (38–49 mbsf). The presence of till pellets only in
thedeposits from the latter type of fastflowdemonstrates howmicro-
morphology can provide important data on paleoglacial processes and
conditions.

• Studies of till pellets so far indicate that their formation requires a
fine-grained bed (clay content N 20%) with high pore-water pressure
and low traction, resulting in fast ice streaming motion and ice tem-
perature distributions similar to those observed in WAIS and Green-
land today.
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