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Abstract

Sediments recovered from seven Last Glacial Maximum grounding lines sites, around
the Antarctic Peninsula, were analyzed using micromorphology. This is the first
evidence that grounding line sediments from around the Antarctic Peninsula have
complex deformational histories and subglacial origins. It was determined that
grounding zone wedge contain multiple units, or diamicton layers, with homogenized
boundaries. The multiple diamicton units/layers are due to the accretionary formation
of a grounding line wedge. All the sediments were deposited via deformation, and
continual reincorporation, homogenization of lower diamicton layers by upper
diamicton layers produced what macroscopically appeared to be a single massive
diamicton unit. The morainal ridge that was sampled, alternatively, is composed of a
single unit, or diamicton layer, that was subglacial in origin and believed to have been

pushed out to form a ridge that was subsequently deformed via glacial push.
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Chapter 1 — Introduction

1.0 Introduction

The use of micromorphology as a means to interpret, more accurately, the subglacial
conditions and processes occurring in the glacial environment is becoming more
common (van der Meer, 1993, 1997; Carr, 1999, 2000, 2001; Hiemstra, 1999, 2001;
Khatwa & Tulazyk, 2001; 0 Cofaigh et al., 2005a; Menzies et al., 2006, 2010,
Larson et al., 2007). The ability to analyze the internal structures formed during the
sediment’s depositional history is the greatest strength of this method. As
micromorphology requires only a small amount of material for analysis its use in the

description of cores, where sediments recovery is limited, becomes invaluable (Carr,
1999).

During the Pleistocene the Antarctic Peninsula Ice Sheet, in most regions, advanced
to the outer continental shelf; a detailed history of advance and retreat is recorded in
the sedimentary deposits, glacial erosional surfaces, and geomorphic features. Since
sampling of these deposits on the continental shelf of the Antarctic Peninsula is only
possible through cores, the use of the micromorphology to study them is ideal. During
the Austral summer of 2002, geophysical and geological data were collected during
the NBP02-01 cruise. The majority of the data collected was used by Fretwell (2005)
and Heroy (2006) to determine the glacial history in the region. Their investigation
was focused on landform identification and retreat history, with analysis of
diamictons retrieved via coring as a means to determine whether or not they were
subglacial deposits. Seven cores from their study were selected and 18
micromorphological samples were collected from the diamictons they identified to
determine their depositional history. The grounding line zone was the area of interest
in this study as it is a dynamic environment with a complex depositional history,

making micromorphology a perfect tool to uncover it.



Chapter 2 - Background: Antarctic Peninsula glacial history, grounding lines,

and micromorphology

2.0 — Introduction

The sediments in the cores selected for this study were deposited near fluctuating
grounding lines of the Late Pleistocene West Antarctic Ice Sheet around the Antarctic
Peninsula and were subjected to variable ice flow and depositional conditions. By
analyzing the microscopic signatures, the sediments give clues as to the subglacial
temperature and rheology at the grounding line of the ice sheet. The grounding line
environment is the area of interest in this study, as oscillations in this environment
have a widespread effect on the stability of the ice sheet (Payne et al., 2004; Schoof,
2007; Goldberg et al., 2009; Gagliardini ef al., 2010). Changes in this environment
during the Late Pleistocene can be used as an analogy for what is currently happening

in the Antarctic Peninsula.

2.1  Glacial History

2.1.1 Eocene to Pleistocene Expansion: A brief history

The Antarctic Ice Sheet existence has been traced back to the Middle to Late Eocene,
impacting global climate since the Late Cenozoic through eustasy and driving ocean
circulation (Barrett, 1991; Denton et al., 1991; Flower & Kennett, 1994; Anderson,
1999; Barker et al., 2007). West Antarctic glaciation initially began with the growth
of the island arc ice caps, filling in the rift basins with glacial marine sediments,
which facilitated the expansion of the Antarctic ice sheet across the West Antarctic
continent and continental shelf (Anderson, 1999). There is debate as to when the ice
sheet initially grounded on the West Antarctic continental shelf. Bart and Anderson
(1995) state that it occurred during the Miocene, while others (Larter & Barker, 1989)
argue that grounding did not take place until the Plio-Pleistocene. Deep-sea
foraminiferal, oxygen isotope records, and seismic reflections indicate that fluctuation



in ice volume and position occurred during the Pliocene. Uplift of the Trans
Antarctic Mountains (TAM) segregated the ice sheet into East and West, providing a
physiographic barrier for glacial drainage. There is agreement that the configuration
of the Antarctic Ice Sheet (separation into West Antarctic Ice Sheet (WAIS), East
Antarctic Ice Sheet (EAIS), and ice expanded onto continental shelves) was
completed by 1.8 Ma, during a major cooling event (Anderson, 1999).

During the Pleistocene the WAIS had advanced and retreated from the continental
shelf in response to changes in global eustacy driven by Northern Hemisphere ice
sheets. Correlation between the Vostok and global isotope records indicate an in-
phase relationship between Southern and Northern Ice Sheets (Hollin, 1962; Thomas
& Bentley, 1978; Denton et al.,, 1991; Anderson, 1999; Ingélfsson, 2004). The
Pleistocene section of the Antarctic Peninsula continental shelf seismic facies shows
thin, discontinuous glacial marine deposits interbedded with multiple till sheets
(Shipp & Anderson,1994; Bart & Anderson, 1995). These deposits support ice sheet
reconstructions indicating ice extending onto the Antarctic Peninsula continental shelf
(Nakada et al., 2000; Anderson, 1999; Bentley & Anderson, 1998; Anderson ef al.,
2002).

2.1.2 Pleistocene Retreat: A detailed history of study area

There is extensive research on Last Glacial Maximum (LGM) reconstruction and
retreat history of the WAIS (c.f. Anderson et al., 1991; Shipp & Anderson, 1994;
Anderson, 1999; Conway et al., 1999; Anderson et al., 2002; Canals et al., 2002;
Denton & Hughes, 2002; Ingélfsson, 2004; Evans et al., 2005; Kilfeather et al,
2011). Only the retreat history of Vega Trough/James Ross, Bransfield Basin,
Anvers Trough/Biscoe Trough, and Marguerite Trough, the study area, (Fig. 1) will

be summarized.

The ideal sediments for ice sheet retreat dating are those that were deposited near the
grounding line, specifically from cores that sample the contact between glaciomarine
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Fig. 1. Study area and locations of the NBP02-01 PC cores selected for sampling (modified from
USAP, 2008).

sediments and underlying subglacial till. Whether radiocarbon dates are acquired
from the lowest glaciomarine unit or from the lowest diatomaceous unit, they are
minimum estimates of ice retreat. Retreat of grounding line, glaciomarine deposition,
and onset of hemipleagic sedimentation revealing onset of open marine conditions
must first occur, depending on which unit sample, prior to the radiocarbon date
obtained (Anderson, 1999; Domack et al., 1999; Anderson et al., 2002; Heroy &
Anderson, 2007). In addition to this time lag, there are uncertainties in radiocarbon
ages with regards to the carbon reservoir effect. Temporal and spatial variability in

the Antarctic carbon reservoir are caused by regional differences in *C depleted



deepwater upwelling, and input of *C-depleted CO? from melting ice. Corrections to
radiocarbon dates obtained to account for this effect vary depending on the author,
ranging from 750 to 2220 years (Domack et al., 2001a; Anderson, 1999; Ingélfsson,
2004). Since variations in corrections occur within the same region, and it is not
within the scope of this study to date grounding line retreat, all dates summarized are
as they originally appear by each author with their individual corrections pre-applied,
taken as a whole as minimum estimates of retreat. Dates presented by Heroy (2006)
and Heroy and Anderson (2005, 2007) were obtained during the same cruise, with the

cores used in this study.
2.1.2.1 Vega Trough/James Ross

Sediment cores and high-resolution seismic and multibeam records show an extensive
glacial unconformity in the Vega trough extending to shelf break, transition from
sediment-free zones in the Prince Gustav Channel, to flutes and lineations on the
inner shelf, and a prominent grounding-zone wedge on the mid-shelf (Anderson et al.,
1992, Sloan et al., 1995; Domack et al., 2001a; Pudsey & Evans, 2001; Anderson et
al., 2002; Evans et al., 2005; Heroy, 2006). Diamicton sampled in piston cores was
interpreted as deformation till (Anderson, 1999). Radiocarbon dates from piston
cores indicate that retreat of grounded ice from the outer shelf had occurred by 18,500
cal yr BP, with the inner shelf ice free by 12,000 cal yr BP (Heroy, 2006). Onshore
radiocarbon dates reveal that deglaciation occurred prior to 7400 ¢ yr BP (Hjort et
al., 1997; Fig. 2).

2.1.2.2 Bransfield Basin

High-resolution seismic reflection profiles collected by Banfield and Anderson
(1995) identify a glacial unconformity which extends to the continental shelf edge.
Overlying this unconformity is a series of morainal ridges identifying the LGM
within the troughs of the Bransfield Strait (Anderson et al., 2002; Ing6lfsson, 2004),
as well as megascale glacial lineations identified by Canals et al. (2000) during a



swath bathymetry survey. Piston cores sampled ice-proximal glacial-marine sediment
dating to 19,055 "C yr BP and 14,365 "C yr BP on the Trinity Peninsula shelf. This
indicates that the ice retreated prior to 14,365 ¢! yr BP (Banfield and Anderson,
1995; Anderson et al., 2002; Fig. 2).

2.1.2.3 Anvers Trough/ Biscoe Trough

Glacial landforms identified during surveys of Anvers Trough provide evidence of ice
sheet extension to the outer shelf;, flutes were identified on the inner shelf during a
side-scan sonar survey (Pudsey et al., 1994), as well as a grounding-zone wedge on
the outer shelf (Larter & Vanneste, 1995). Heroy (2006) obtained radiocarbon dates
of 15,090 cal yr BP and 16,230 cal yr BP from transitional glacial-marine sediments,
and 15,650 cal yr BP from an iceberg-turbate in Anvers Trough (Fig. 2). Domack et
al.’s (2001b) Palmer Deep radiocarbon stratigraphy of diatomaceous glacial-marine
sediments indicates that ice retreated from this area around 13,000 yr BP (Anderson
et al., 2002).

The Heroy (2006) survey of Biscoe Trough obtained dates of 18,760 cal yr BP and
16,970 cal yr BP in the north, and 13,230 cal yr BP in the south, identifying a
possible trend of glacial retreat initiating in the north and progressing southward (Fig.
2).

2.1.2.4 Marguerite Trough

Seismic studies, swath bathymetry, and sedimentological and petrographic analyses
of piston cores identify a prominent glacial erosional surface with overlying till
deposits that extend to the mid shelf. Glacial landforms transition from striations,
flutes, and drumlins on the inner shelf to mega-scale glacial lineations extending
seaward into a prominent grounding-zone wedge on the mid-shelf (Kennedy &
Anderson, 1989; Pope & Anderson, 1992; Bart & Anderson, 1995; Anderson et al.,
2001; Heimstra, 2001; Anderson et al., 2002; Ingdlfsson, 2004). Pope and Anderson



g o =
Antarctic Peninsula 2 w0 '®
2 &Y £i8
4% o
o
S
‘ 1413 ka
- SrIELD 5TA
ouUTHE AILNIESeY : sl B A\ Ye
] 15 kn . . 185 ka
0 C EA N ANVERS 4 ’ O il {
; 13 ladls”
18-16 ka L=
we & i X L
o¥ . "
Sl LY Y
(%)
11-T4 ka N Ay WHATE Gy
9.3 ku . or =
ICE SHELF =
MARGUERITE 2 w
BAY Z >
A Q =
v | b d Q
7
] '0‘9 w
e ¥ Ny 70
"“"c‘,b » cA = s
i N Zy .
< ™
53 »
Q
= -
= »
;’l =z
o o /
X a ‘.;
MYCDF:JMI G *
< ol Wy BN
(&S SR
.».won""LANo 4 el 0 K 100 200 300

£

Fig. 2. Minimum dates of retreat from the various troughs on the Antarctic Peninsula, dates (in red)
presented in ka BP (modified from USAP, 2008).

(1992) interpret glacial-marine sediment radiocarbon dates (of 12,190 — 11,125 “Cyr
cal BP) to indicate ice retreated from the prior to 12,000 yr BP, with the onset of
open-marine conditions around 6000 "¢ yr BP (Harden et al., 1992). Recent work by
Kilfeather et al. (2011) indicates that ice-sheet retreat occurred earlier, by 14 ka BP,
and rapid retreat from the outer- and mid-shelf of Marguerite Trough coincided with
the sea-level rise of meltwater pulse 1a, grounding the ice-sheet on the inner shelf.
Inner-shelf and grounding-line retreat occurred around 9.3 ka BP caused by the
encroachment of Circumpolar Warm Deep Water onto the continental shelf

(Kilfeather et al., 2011).



2.1.3 Summary

The ice flow patterns, drainage, and retreat history varies from trough to trough
indicating that the Antarctic Peninsula Ice Sheet (APIS) was comprised of the
confluence of localized ice domes and ice stream systems responding to local
conditions, rather than a dynamically coherent, concentric ice sheet (Ingdlfsson,
2004). Retreat of ice, as suggested by radiocarbon date trends, occurred in a north to
south progression along the Peninsula and a continuation of this trend is still
occurring (Heroy & Anderson, 2005; Heroy, 2006). Retreat of ice from the outer-
shelf has been dated as having occurred significantly earlier than current numerical,
glaciological, and glacio-eustatic models predict, coinciding with meltwater pulse 1a
and approximately in-phase with deglaciation in the Northern Hemisphere (Bard et
al., 1990; Kanfoush et al., 2000; Nakada et al., 2000; Huybrechts, 2002; Heroy &
Anderson, 2005; Heroy, 2006; Heroy & Anderson, 2007; Kilfeather, et al, 2011).
Alley et al. (2007) note that sedimentation stabilizes grounding line positions, and the
variability of regional retreat could be linked to differing sedimentation rates, as well
as physiographic variations from trough to trough.

2.2  Grounding Lines

Studies of modern marine-ending glacier grounding lines indicate that sedimentary
deposits with different geometries are deposited in different glacial conditions
(Cowan et al., 1999; O’Brien et al., 1999; Powell & Alley, 1997; Dahlgren, et al.,
2002; Taylor et al., 2002; Schoof, 2007; Trusel et al., 2010). Understanding what
glaciological and climatological conditions produce these successions allow the
interpretation of the marine sedimentological and stratigraphic record on continental
shelves, such as those on the Antarctic Peninsula. Climate, glacial regime, and
stability are the drivers of change in the glacial sedimentary record, regardless of
glacier type. Climatic regime is linked to glacial regime and changes in one produces
changes in the other, which are echoed in the sedimentary record. However, the

sedimentary record, and the processes that produce it, plays an additional role in the



stability of marine-ending glaciers since it can change the local water depth at the
grounding line, which in turn is a factor controlling grounding line movement and
glacial stability. Therefore, interpretation of the sedimentary record can provide
insight into both past glacial regimes as well as glacial stability (Powell & Alley,
1997).

2.2.1 Grounding Line Systems and Positions

2.2.1.1 Grounding Line Systems

Grounding line systems, as defined by Powell (1988), are the sedimentary
depositional systems produced at grounding lines. Each system is distinguished by
geometry, internal architecture, facies association, and process of formation. Since
sediment accumulates in different geometries, or systems, depending on whether the
grounding line is advancing, stable, or retreating, glacial behavior can be inferred
based on the system produced. Maximum advance positions and standstill during
retreat locations are the most commonly preserved grounding line system and
analysis of these deposits can provide insight to the broader climatic conditions that
triggered those paleoglaciological events (Powell & Alley, 1997; Powell & Domack,
2002).

Grounding line systems can be divided into those produced during stable conditions
or advance and those produced during grounding line retreat. As the system produced
during grounding line retreat is a sheet (of subglacial sediments interfingering with
any type of pro-grounding-line deposit), only advance and standstill systems will be
described in detail. Advance and standstill systems are subdivided by geometry — fan,
morainal bank, and wedge. These geometries are produced through the interaction of
different types of sediment transport to and release at the grounding line, shelf relief,
and glacial termini type (Powell & Alley, 1997, Dahlgren, et al., 2002). The two
termini types of marine-ending glaciers are floating termini and grounded tidewater

cliffs, the difference being the relationship of the calving line to the grounding line.
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Where the two coincide, a tidewater cliff is formed. However if, the ice extends
beyond the grounding line in a floating ice shelf then the calving line extends beyond
the grounding line and the termini is termed as floating (Powell & Alley, 1997;
Powell & Domack, 2002).

One of the major controls on sediment transport/release is the abundance of
meltwater. When meltwater is abundant and transports fluvial sediment in large
conduits to the grounding line fans are formed. Fans are geometries produced from
point source deposition of subglacial olr englacial meltwater channel sediments. They
comprise subaquatic outwash, suspension settling deposits, and sediment gravity
flow. Fans can be formed most commonly by a tidewater cliff and are produced
during the initial stages of stability. Fans can grow into deltas during standstill, or
overlapping of individual fans can produce a bank. They are a pro-grounding line
landform with depositional structures similar to those found in fan deltas.
Deformation structures are present if glacial pushing or ice rafting occurs, or during
sediment gravity flow events (Powell & Alley, 1997; Lajeunesse & Allard, 2002;
Powell & Domack, 2002).

Morainal banks also form when meltwater is abundant, but there are several
differences between the two systems. Morainal banks can be formed by a variety of
processes (instead of a single process such as the formation of fans) each forming a
pro-grounding line landform similar to the end moraines formed by terrestrial
glaciers. Morainal banks are produced most commonly at tidewater cliffs during
advance or a standstill position. Morainal banks can aggrade to sea level as a
tidewater cliff does not restrict the height of the bank. As previously stated,
overlapping fans can produce a morainal bank. In this case of morainal bank
formation, meltwater is transported in numerous small fluvial conduits which cause
lateral dispersion of sediments (Powell & Alley, 1997; Powell & Domack, 2002).
Sedimentary structures are similar to those found in fans, but sediment dispersal is
from a multi-point source, or subglacial meltwater discharge could also occur as sheet

flows. Some morainal banks can be formed by pushing pro-grounding line sediments
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during advance. Those formed by push comprise pro-grounding line lithofacies that
were subsequently deformed. Other banks are formed by the squeezing of subglacial
sediments out beyond the grounding line. These comprise subglacial sediments
possibly containing multi-event deformation structures. Sediments undergo
deformation during the squeezing process and if glacial advance occurs then
deformation is by glacial push. Morainal banks can also form by frontal-dumping
and/or rock and grain fall of supraglacial debris during the calving process (Powell &
Alley, 1997; Seramur et al., 1997; Anderson, 1999; Powell & Domack, 2002). These
are how morainal banks form by a single process, but an end-member bank could be
formed by any combination of these processes, resulting in a bank composed of
chaotic mixtures of gravel, diamicton, and mud facies (Powell & Alley, 1997). By
looking at the internal architecture of morainal banks, and not just the geometry of the

landform, the process of formation can be determined.

Wedges have been suggested to be more of a subglacial process than a definitive
terminus type by Powell & Alley (1997). They state that subglacial diamicton is
transported to the grounding line in a laterally continuous sheet which, once released
at the grounding line, is redistributed via gravity flows forming a wedge shaped
deposit. As sediment is continually being transported to and released at the grounding
line the sediment wedge aggrades. This continual process produces a deforming
sediment layer that thickens down-glacier, producing a wedge shaped landform; the
smaller volumes of confined meltwater facilitate the subglacial deformation process.
Subglacial sediment deformation occurs when basal water cannot be effectively
drained, causing an increase in basal water pressure and reduction in sediment
strength, allowing the sediment to be more easily deformed (Boulton & Hindmarsh,
1987). The end member landform produced during advance or stable conditions is
determined by termini type. In the presence of a tidewater cliff or a basal crevasse,
the aggradation is pushed into bank form, producing a push/squeeze morainal bank. If
the terminus is floating, then the sediment wedge aggrades until contact with the base
of the floating terminus is achieved. The grounding line then advances to where
terminus grounded to the aggraded sediment and starts deforming the sediment as
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advance continues (Anderson ef al., 1992; Bart & Anderson 1995; Vanneste & Larter,
1995; Powell & Alley, 1997; Anderson, 1999; Powell & Domack, 2002). Since this
grounding line system encompasses subglacial processes, such as deformation, and
the geomorphic feature extends upglacier and is not strictly a pro-grounding line
landform, it will be referred to henceforth as a grounding zone wedge, aptly named by
other authors (Anderson, 1999). The formation and growth of grounding zone wedges
and their re-erosion during advance, removes the obstacle that deep water and pre-
existing bed topography might pose during glacial advance. This process effectively
decreases grounding line water depth and facilitates glacial advance onto the
continental shelf (Dahlgren et al., 2002; Alley et al., 2007; Anandakrishnan et al.,
2007).

A simple geographical division based on meltwater abundance can be applied to
where grounding line systems can be found; grounding zone wedges are formed with
limited confined volumes of meltwater in deforming beds and morainal banks are
formed with abundant channelized meltwater that can reach the grounding line by
multiple means. The abundance of free flowing meltwater is usually found in
temperate to subpolar glaciers where supraglacier water contributes to subglacial
meltwater, with only subglacial inputs of meltwater to the deforming bed found in
subpolar to polar glaciers. If morainal banks are only produced by subglacial
deformational processes then they will also be found in subpolar or polar regions
(Powell & Alley, 1997; Anderson, 1999; Powell & Domack, 2002).

2.2.1.2 Grounding line positions in the Antarctic Peninsula region from the LGM

Detailed studies have been conducted on the continental shelf of the Antarctic
Peninsula which have yielded irrefutable evidence of grounded ice in the region
(Pope & Anderson, 1992; Pudsey et al., 1994; Larter & Vanneste 1995; Shipp &
Anderson, 1997; Bentley & Anderson, 1998; Canals et al., 1998; Canals et al., 2000;
Domack et al., 2001a; Anderson et al, 2002; Heroy & Anderson, 2005; Heroy, 2006).
The geophysical and geological data collected during these studies can be divided
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into three categories (as follows with examples of encompassing data). Seismic data
identify glacial unconformities, chaotic diamicton facies, bedrock erosional surfaces,
morainal banks, and grounding zone wedges. Geomorphic data identify streamline
features such as grooves, flutes, drumlins, megascale glacial lineations, and moraines
with multibeam swath bathymetry and side-scan sonar. Finally, sedimentary data
provide evidence of grounded ice by sampling stratigraphy containing subglacial
diamicton with piston and kasten cores. To provide context for the subsequent
micromorphological data (sedimentary data), a summary of the aforementioned data
collected by previous authors in the study area is presented (Powell & Alley, 1997;
Anderson, 1999; Heroy, 2006; Mosola & Anderson, 2006).

High resolution seismic data of the Pleistocene section on the Antarctic Peninsula
continental shelf have identified subglacial and ice-proximal seismic facies (Banfield
& Anderson, 1995; Anderson, 1999; Fretwell, 2005; Heroy, 2006). Two grounding-
zone seismic facies, which overlie a glacial erosional surface, that have been
identified are grounding line ridges and grounding zone wedges (Anderson, 1999).
The thicknesses of the Pleistocene subglacial deposits on the continental shelf
reinforce the idea that the dominant process in this region is deformation of subglacial
sediment. This is supported by the lack of a source of supraglacial debris for the
continental ice sheet and since any englacial debris is predominantly transported
away from the grounding line via melt out from ice shelf or carried away by icebergs,
which diminishes the fraction of supraglacial and englacial debris deposited in
grounding line systems in the Antarctic (Powell & Alley, 1997).

Studies of the Vega Trough and off the coast of James Ross Island in the
northwestern Weddell Sea have identified a prominent geomorphic landform on the
middle continental shelf that overlies a glacial unconformity that extends to the shelf
edge. This ~75m thick landform has been extensively mapped and interpreted as a
grounding zone wedge formed during a prolonged stand-still using seismic and
geomorphic data (Anderson ef al., 1992; Bentley & Anderson, 1998; Anderson, 1999;
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Fig.3. Grounding line positions around the Antarctic Peninsula. A compilation of grounding line
features identified by Pope and Anderson (1992), Pudsey et al. (1994), Larter and Vanneste (1995),
Bart and Anderson (1996), Shipp and Anderson (1997), Bentley and Anderson (1998), Canals ef al.
(1998), Canals ef al. (2000), Domack et al. (2001a), Anderson et al. (2002), O Cofaigh et al. (2002),
Dowdeswell et al. (2004), Ing6lfsson O. (2004), Fretwell (2005), (o} Cofaigh et al. (2005), Heroy
(2006), and Heroy and Anderson (2007) (modified from USAP, 2008).

Pudsey & Evans, 2001; Heroy, 2006). Heroy (2006) obtained four cores in a transect
across the grounding zone wedge, as well as additional seismic and geomorphic data,
which sampled subglacial diamicton and was able to date the stratigraphic sequence
to the LGM. With seismic, geomorphic, and sedimentary data this feature has been
confidently identified as a LGM grounding zone wedge (Anderson et al., 1992;
Bentley & Anderson, 1998; Anderson, 1999; Heroy, 2006; Fig. 3).



15

Seismic, geomorphic, and sedimentary data have been collected in Bransfield Basin
identifying ridges on the middle continental shelf overlying an unconformity that
extends to the shelf break. These ridges have been interpreted as grounding line
morainal banks formed during the LGM (Branfield & Anderson, 1995; Bentley &
Anderson, 1998; Canals e al., 2000; Heroy, 2006; Anderson et al., 2002; Fig. 3). One
of these ridges was sampled by Heroy (2006), who interpreted their diamicton
composition as subglacial till. It was not in their scope of study to determine how the

ridge was formed, only that its composition was subglacial till.

Similarly in Anvers Trough/Biscoe Trough, seismic, geomorphic, and sedimentary
data have been collected, identifying glacial flutes on the inner shelf with a
prograded, acoustically unstratified feature on the outer shelf off Anvers Island. In
combination with LGM dates obtained from material stratigraphically overlying
diamicton, the feature was interpreted as a grounding zone wedge formed by ice
streams flowing over deforming subglacial diamicton (Pudsey et al., 1994; Larter &
Vanneste, 1995; Canals et al., 1998; Domack et al., 2001a; Anderson et al., 2002;
Heroy, 2006; Fig 1).

Numerous studies have been conducted in Marguerite Trough including seismic
studies by Bart and Anderson (1996), swath bathymetry by Anderson et al. (2002),
chirp subbottom profiler by Heroy (2006), and a micromorphological study of
glacigenic cores by Hiemstra (2001). A glacial erosional surface was identified that
underlies flutes, drumlins, and megascale glacial lineations that extend into a
midshelf grounding zone wedge (O Cofaigh et al, 2002; Dowdeswell et al., 2004;
Fretwell, 2005; O Cofaigh et al., 2005b; Fig. 3). The sediment facies identified in the
chirp subbottom profiler have been sampled and identified as ‘soft’
diamicton/deformation till that correlates with other “soft” diamicton facies sampled

around the West Antarctic.
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23 Stiff versus Soft Diamicton

The only access to the sediments from paleo-ice streams on the continental margin of
the Antarctic is through coring. With the intention of reconstructing glacial history,
macroscopic descriptions of diamictons sampled in cores, commonly massive and
structureless, provided no means to determine the process of deposition. Often the
only variability in the diamicton sampled in the core was shear strength, so this was
used as a means to determine the process of deposition. Anderson (1999) identified
two types of tills; stiff (tills with high shear strength) and soft (tills with low shear
strength). The stiff tills were assumed to be deposited through lodgement which
caused “overcompaction”, thus increasing their shear strength, and soft tills were
assumed to be deposited through deformation. Though Anderson (1999) stated that
more detailed work to find other criteria to distinguish these till types was needed, the
propagation of this division of depositional processes around the Antarctic based on
“stiff” or “soft” has continued until very recently (Domack et al., 1999; Shipp et al.,
1999; Anderson et al., 2002; Heroy, 2006). With the application of
micromorphological analysis to the cores sampled in the Antarctic the determination
of emplacement by lodgement has been revised and the cause of the variation in shear
strength been determined (Evans et al., 2005; 0 Cofaigh et al., 2005a, 2007; Reinardy
et al., 2011). It has been suggested that soft till represents a reworked homogenized
version of underlying stiff till that has been dewatered, attributed to deformational
processes and representing a transition from normal to streaming ice (Reinardy et al.,
2011). This interpretation is based on the identification of microstructures, and their

associations, not purely on the variability of shear strength.
24  Micromorphology
2.4.0 Introduction

Glacial sediments go through a variety of processes and environments as they are

mobilized, transported, and deposited (cf. Evans et al., 2006). A sedimentary
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signature of those conditions, stress histories, and processes are recorded within the
structure of the sediment. Since the recognition of the deforming subglacial bed and
its role in glacier movement (Boulton, 1986), there has been considerable debate on
the identification and classification of the various sediment end members, and
ultimately the sedimentary signatures that represent them (Boulton, 1979; Dreimanis,
1989; van der Meer et al., 2003; Evans et al., 2006; Menzies et al., 2006, 2010).
Identifying sometimes subtle differences in the characteristics of sediments can
determine the depositional environment and can impact, for example, the recognition
of a grounding line by properly identifying subglacial or proximal grounding-line
sediments (Licht e al., 1999).

While standard techniques of analyzing glacial sediments (grain size/petrographic
analysis, gamma density, macroscopic observations, magnetic susceptibility, shear
strength, x-radiographs radiographs) provide valuable information, they often destroy
the sedimentary signatures in the process or focus on one component and not the
relationships between the constituent elements and patterns of deformation. The
ability to examine in detail the in situ structural components, arrangements, and
composition of sediments, lithified and unlithified, is why a micromorphological
analysis is becoming the technique of choice when seeking to understand the
rheological conditions and stress applications occurring during deformation,
deposition, and post-depositional processes. The micromorphology technique enables
this detailed observation by impregnating and hardening the loose sediment,
preserving the internal structures, and processing the sample into a thin section (van
der Meer, 1996; Menzies, 2000; van der Meer et al., 2003; Menzies et al., 2010; Fig.
4).

Since this technique originated in pedology and was later adapted for the study of
glacial sediments, the terminology used in micromorphology is rooted in that
discipline (Kubiéna, 1938; Brewer, 1976). The nomenclature now draws from glacial
and structural geology, as well as pedology, modifying and adapting terms to
specifically describe the structures observed (Larsen et al., 2007; Menzies et al.,
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Fig. 4.Flow chart depicting steps involved in thin section processing. Illustrating impregnation, curing,
two stage cutting and grinding, and image capture (modified from Menzies, 2000).

2010). Recognizing an array of microstructures in a macroscopically described
massive/structure-less sediment, the strength of this analysis, is the major reason for
the divergence in the terms used between the two scales. As the terminology is

unique, a brief review and description of microstructures is given.

24.1 Terminology

Texture: Glacial geologists describe the texture of sediment in terms of the matrix and
clast composition, where matrix is < 2 mm fraction and clasts the > 2 mm fraction.
Since the average micromorphological sample is mounted on a 6 cm x 10 cm glass
slide, the texture is described in terms of plasma and skeleton grains. Plasma is an all

encompassing term referring to all the particles finer than 30 pm, the thickness of a
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thin section, because in thin section it is not possible to discern these particles
individually. Plasma is used as a synonym for matrix, as at the macroscopic scale, a
matrix’s particles are not individually discernable. Skeleton grains, like clasts, are the
grain fraction that can be observed individually. All the grains that are larger than 30
um are referred to as skeleton grains (van der Meer, 1993; Hiemstra and Rijsdijk,
2003; van der Meer et al., 2003; Carr, 2004; Menzies, 2004; O Cofaigh et al., 2005a).
They are both described according to composition, distribution, size, shape and

variability throughout the thin section.

Structure: The structures or microstructures observed are the various arrangements
that skeleton grains and plasma form individually, or in combination, or
discontinuities among these components, and are grouped into plasmic fabric,

skelsepic plasmic fabric, and S-matrix (Menzies et al., 2006; Fig. 5).

Plasmic fabric: Plasmic fabric is a category of structures formed by orientated clay
particles that exhibit birefringence when viewed though crossed polarized light. The
various types of plasmic fabrics (Fig. 5) develop as the sediment is deformed and the
clay particles reorient to the stress field, and can vary from random orientations -
omnisepic fabric - to a single preferential orientation - unistrial fabric (Fig. 6) (van
der Meer, 1993; Carr, 2000; Menzies, 2000, 2004; Hiemstra & Rijsdijk, 2003; van der
Meer et al., 2003; O Cofaigh et al., 2005b; Menzies et al., 2006; Larsen et al., 2007).

Skelsepic plasmic fabric: Skelsepic plasmic fabric (Fig. 5) is formed by the
interaction between plasma and skeleton grains, when clay particles reorient parallel
to skeleton grain edges (van der Meer, 1993; Menzies et al., 2006; Fig. 6). Skelsepic
plasmic fabric is originally a pedological term used to describe the structure caused
by clay permeating through the soil profile. As the structure is observed in sediments
that have been deformed the term remained, but it was suggested that this fabric could
form as a result of deformation where the plasma particles were mechanically
reoriented around skeleton grains as a result of shearing. Since either causation is

correct, the interpretation of this structure, as with all structures, should be a result of
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Fig. 5. Types of microstructure found in glacial sediments, grouped into plasmic fabric, skelsepic
plasmic fabric, and S-matrix based on the various arrangements that skeleton grains and plasma form

individually, or in combination, or discontinuities among these components (Menzies, 2000).

the combination of all the observed structure’s characteristics (van der Meer, 1993,

1996; Menzies et al., 2006; Larsen et al., 2007).
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S- matrix: S-matrix is a group of microstructures (Fig. 5) formed by both the plasma
(<30 pm) and skeleton grains (>30 pm) when they are spatially associated and are
indicative of deformational (ductile, brittle, and polyphase (brittle/ductile)) or
porewater-induced formation (van der Meer, 1993; Menzies, 2000). Microstructures
indicative of deformational formation (Fig. 6) have been artificially induced in
experimental studies, illustrating their development and evolution as a result of

increasing strain (Hiemstra & Rijsdijk, 2003; Thomason & Iverson, 2006).

Processing artifacts: During sample processing (Fig. 4) artifacts can be introduced
into the sample. When samples are processed into thin sections they undergo a series
of steps: sediments are dried, impregnated and cured, then go through a two-stage
cutting, grinding process that results in a 30 pm thin section of sediment mounted on
a glass slide to which a cover slip is then applied. The sample is then ready for
analysis. At several stages, artifacts can be introduced affecting the final sample. If
sediment drying is not done as slowly as possible, cracking and sample collapse can
occur. If the resin has not completely cured, then partial removal of the sample can
occur during grinding. Partial removal of the sample can also occur if the final
grinding is uneven or results in a sample that is <30 pm thick. Bubbles can be
introduced when the cover slip is added, resulting in circular structures. It is
important to identify these possible artifacts and recognize that they are a result of
poor sample preparation and are not microstructures. Artifacts can be greatly
minimized or completely removed when sample preparation is done by an

experienced technician.

242 Summary

By interpreting these microstructures together, as a set, one can begin to piece
together the deformational events that occurred and the rheological conditions present
during those events. As the conditions in the subglacial environment fluctuate,

microstructures re-deform, overprint or completely destroy previous microstructures
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Fig. 6. Schematic illustrating microstructure development, dashes representing plasma particles
around white skeleton grains (modified from Hiemstra and Rijsdijk, 2003 and Larsen et al., 2007): (1)
skelsepic plasmic fabrics development during deformation when a) a skeleton grain is immobile and
clay particles reorient on the up-stress side of the skeleton grain but remain randomly oriented on the
lee side. b) a skeleton grain rotates and the clay particles in the zone affected reorient. c¢) a central
skeleton grain rotates, clay and skeleton grains in the zone affected reorient. (2) development of grain
lineations. (3) development of unistrial plasmic fabric. (4) types of edge to edge grain crushing,
intergranular fractures, flakes and microcracking.

allowing, when previous microstructures are not completely destroyed, the cycle of

deformation to be determined (Menzies ef al., 2010).

Large outcrops of glacial sediments are rare given the extent of Late Pleistocene
deposits, which mean that access is often limited to cores. With the recovery of a
small amount of material in a core, limits are placed on the information that a

macroscopic description can provide, as structures could be absent in the stratigraphic
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sequence or just not sampled. Micromorphology, however, only requires a small
amount of material for a complete analysis. It is in this situation, when the means of
gathering information becomes limited, that the description a micromorphological

analysis provides becomes invaluable (Carr, 1999).
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Chapter 3 — Methodology

3.0 Introduction

During the 2002 Austral summer, Earth Science personnel from Rice University
collected data aboard the Nathaniel B. Palmer (cruise NBP02-01) on the Antarctic
Peninsula Shelf. This area contains stratigraphic records that are key to determining
past ice sheet behavior and history of deglaciation (Heroy, 2006). Both geological and
geophysical data were collected, including sediment cores, seismic records, and swath
bathymetry data (Fretwell, 2005; Heroy, 2006). Geological samples were obtained
using a piston core with a maximum penetration of 12 m (3 to 4 m was common). Of
the cores collected during the NBP02-01 cruise, seven were selected (Fig. 1) on the

basis of their proximity to the LGM grounding line environments of the WAIS.

3.1 Previous Analysis

The cores were analyzed by Fretwell (2005) and Heroy (2006) on a multi-sensor core
scanner, photographed, and X-radiographed at the Antarctic Research Facility at
Florida State University. Cores were measured for magnetic susceptibility, attenuated
gamma counts and shear strengths. The grain size, texture, color, sorting, and
mineralogy were also described. The cores were then sampled for radiocarbon

dating, grain size, and foraminifera (Fretwell, 2005; Heroy, 2006).

This standard technique employed by Fretwell (2005) and Heroy (2006) to analyze
the diamicton units in the cores resulted in the interpretation of the units as
deformation or lodgment till. As there was insufficient information from the
descriptions to determine the subglacial and rheological conditions in the grounding

line environment, the cores were sub-sampled for micromorphological analysis.
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3.2 Micromorphology sampling

As micromorphological analysis examines the internal architecture of sediment,
samples cannot be taken from disturbed material as the structures are then no longer
in situ. Given that some intervals of the cores had been disturbed, samples were
limited to the sections that weren’t, resulting in 2 or 3 samples per core (totaling 18)
(Table 1).

Samples were collected in Kubiéna boxes, which have two removable lids and a
hinged side, and were cut into the core using a trowel or knife as to leave the sample
undisturbed and intact. The boxes were labeled with identification numbers and
direction of core top. In other micromorphological sampling all orientations are
measured in relation to the sample outcrop. However, this type of coring process did
not record the orientation of the cores, thus removing any directional information
other than to top or bottom of the core. The samples were then transported to the
micromorphology laboratory (Brock University) to be processed for thin sectioning

(Fig. 4).

Samples went through a slow air-drying period to avoid sample cracking and
disintegration. Once dry, the samples were placed in an epoxy resin immersion bath,
allowing the resin to permeate the sediments either under gravity or by low level
pressure applied in a vacuum chamber (<15 mm Hg). Due to the varying size,
porosity, and permeability, sample impregnation took at least 2 weeks. Subsequent to
impregnation was a period of curing, which is essential for the resin to harden,
allowing the sample to be cut without damaging the internal sedimentary structures.
To expedite the curing process, samples were placed in a 40-50 °C oven for a further
2-3 weeks. Once cured, the samples went through a two-stage cutting and grinding
process to produce a mounted 30um thin section (Kemp, 1985; Menzies, 2000, 2001,
2004; Taylor, 2005).



Table 1

Sample location, core ID, and sample interval.

Sample Id Ship Cruise Core ID Type® Water Depth Core Location Latitude (S) Longitude (W) Core Length Lab No.” Sample Depth
(m) (decimal degrees) (cm) Interval (cm)

1 Palmer NBP02-01 4 PC 385 Vega Trough 63.9802 54.9861 240 BU 09 110-120
2 Palmer NBP02-01 4 PC 385 Vega Trough 63.9802 54.9861 240 BU 10 160-170
3 Palmer NBP02-01 61 PC 591 Bransfield West 63.8893 60.3188 766 BU 18 710-720
4 Palmer NBP02-01 61 PC 591 Bransfield West 63.8893 60.3188 768 BU 19 758-768
5 Palmer NBP02-01 24 PC 557 Anvers Trough 64.0877 65.4860 312 BU 06 200-210
6 Paimer NBP02-01 24 PC 557 Anvers Trough 64.0877 65.4860 312 BU 07 250-260
7 Palmer NBP02-01 24 PC 557 Anvers Trough 64.0877 65.4860 312 BU 08 290-300
8 Palmer NBP02-01 57 PC 732 Bisco Trough 65.1112 66.8987 326 BU 15 100-110
9 Palmer NBP02-01 57 PC 732 Bisco Trough 65.1112 66.8987 326 BU 16 150-160
10 Palmer NBP02-01 57 PC 732 Bisco Trough 65.1112 66.8987 326 BU 17 250-260
11 Palmer NBP02-01 55 PC 587 Bisco Trough 65.1257 67.7489 393 BU 11 170-180
12 Palmer NBP02-01 55 PC 587 Bisco Trough 65.1257 67.7489 393 BU 12 246-256
13 Palmer NBP02-01 55 PC 587 Bisco Trough 65.1257 67.7489 393 BU 13 310-320
14 Palmer NBP02-01 32 PC 547 Marguerite Trough 66.3610 70.6324 362 BU 01 50-60

15 Palmer NBP02-01 32 PC 547 Marguerite Trough 66.3610 70.6324 362 BU 02 250-260
16 Palmer NBP02-01 32 PC 547 Marguerite Trough 66.3610 70.6324 362 BU O3 307-317
17 Palmer NBP02-01 33 PC 590 Marguerite Trough 66.6497 70.5311 80.5 BU 04 45-55

18 Palmer NBP02-01 33 PC 590 Marguerite Trough 66.6497 70.5311 80.5 BU 05 65-78

® PC = Piston Core
B BU = Brock University

26
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Once the thin sections were produced, they were analyzed under a Leitz M420
petrological microscope, using plane and cross-polarized light to identify textural and
structural characteristics of the sample. A microscope-mounted Nikon Digital Sight
DS-Fil camera was used to capture images, at magnifications of x6 and x10, of each
sample using Nikon imaging software, NIS Elements BR 3.0, for use in producing
detailed descriptions of each thin section. The Nikon imaging software was used to
obtain measurements of area, length, width, circularity, and roughness of individual
skeleton grain, as well as unbiased differentiation of texturally distinct zones of
plasma for each thin section. This research software provided a highly accurate and

efficient alternative to acquiring these measurements manually.

Micromorphological descriptions of the thin sections were conducted in a series of
steps. The site location and sample lithofacies are described. For this study these
descriptions are those made by Fretwell (2005) and Heroy (2006). As the samples for
thin sectioning were collected by Earth Science personnel from Rice University, no
personal descriptions of the lithofacies could be made. The thin sections are then
described as a whole microscopically, and undergo a textural and structural analysis.
The textural analysis consists of a description of the skeletal and plasma fractions.
Skeletal grain composition, size ranges, distribution, and particle shape and form are
noted. The plasma is described in terms of its texture, density, and distribution, as
well as plasmic fabric type, distribution, and strength. The structural analysis consists
of descriptions of voids (ratio, type, and distribution), microfabric (horizontal or
vertical), and structures (sedimentary, deformational, any diagnostic features for
specific environments, diagenesis, and post-depositional alteration) (Menzies, 2000,
2001).
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Chapter 4 — Descriptions

4.0 Introduction

The original purpose of the core collection by Fretwell (2005) and Heroy (2006)
during the NBP02-01 cruise was to determine ice sheet retreat and onset of open
marine conditions. As such, the identification of the diamicton/subglacial units
enabled the authors to date the lower most glacial marine sediments that directly
overlaid these units. The determination of the origin of the diamicton/subglacial units
in the cores collected was not within their scope of research and therefore those units
were only briefly described. The units identified as diamicton/subglacial will focused
upon in this study building upon the research of the overlying sediments in order to

determine the depositional processes occurring at the grounding line.

Samples for micromorphological analysis were collected from units identified as
diamictons in Fretwell (2005) and Heroy (2006) from the cores selected for this
study. Sampling was restricted to 2 or 3 samples per identified diamicton unit in each
core; recovered unit thickness and disturbances limited the number of samples. Core

locations and sample depth intervals are summarized in Table 1.

Since access to the core archive was unavailable, Fretwell’s (2005) and Heroy’s
(2006) unit descriptions will serve as a macroscopic unit description for this study.
Heroy (2006) provided two unit descriptions, one a sediment description and the
other a description of the X-radiograph of the unit; Fretwell (2005) did not include a
X-radiograph description. These two descriptions do not always correlate but both are
included in the macroscopic unit description. Correlations between the macroscopic
sediment description, X-radiograph description and micromorphological description

will be discussed in a later chapter.
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4.1 Core 4

Core 4 sampled a ‘wedge’ feature identified in the Vega Trough in the Northwestern
Weddell Sea by Heroy (2006). The piston core recovered a core length of 240 cm in
a water depth of 385 m. A diamicton unit was sampled from 60 cm to the end of the
core (EOC) at 240 cm; no lower boundary to this unit was retrieved. Descriptions of
the diamicton unit were divided into a sediment description and an x-radiograph

description by Heroy (2006).

The sediment description given for 60-240 cm identified a dark grey pebble rich
diamicton (Munsell color 5Y 4/1), with increasing sand/pebble content and ‘stiffness’
down core. The x-radiographs description for the 60-240 cm unit was broken into
subsections: (a) 60-70 cm contained 25% pebble content, that had random fabric and
orientation, (b) 70-105 cm also contained 25% pebble content and random fabric, but
was slightly ‘brighter’ which was stated to be due to a probable increase in sand
content or compaction, (c) 105-240 cm was the ‘brightest’ unit but with only 20-25%
pebble content (Heroy, 2006).

Two samples were collected from this core for analysis at the interval of 110-120 cm
(sample 1) (Fig. 7) and 160-170 cm (sample 2) (Fig. 7). Both of these samples fall
into Heroy’s (2006) description as dark grey pebble rich diamicton (sediment
description), with a pebble content of 20-25%, and possible high sand content and/or

compaction (x-radiograph description).

X-radiographs of core 4 were obtained as a means to compare Heroy’s (2006)
macroscopic sediment and x-radiograph descriptions to the overview description of
the thin section samples from this core. Sample 1 stratigraphically overlies sample 2
and though both were obtained from the same unit Heroy (2006) identified, they are
visually distinct and dissimilar. Looking at sample 1 as a whole, there is an increase
in the predominance of larger clasts/skeleton grains in the 115-120 cm section

compared to the 110-115 cm section. The thin section of sample 2 is from the same
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Fig. 7. Overview of samples 1 and 2 from Core 4. a) x-radiograph of section 80-120 cm of core 4,
containing sample 1 at interval 110-120 cm highlighted by red bar. b) thin section of sample 1. ¢)
overview of sample 1 displaying locations of fine grain domains and skeleton grains over 5 mm. d) x-
radiograph of section 160-200 cm of core 4, containing sample 2 at interval of 160-170 cm highlighted
by red bar. €) thin section of sample 2. f) overview of sample 2 displaying location of fine grain
domain and skeleton grain over 5 mm (AMGRF, 2002).

unit as sample 1 but further down core. As a whole, both samples are texturally

distinct from each other. Sample 2 is coarser grained than sample 1, with fewer fine
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grain domains and fewer skeleton grains over S mm. Sample 2 contains a more

uniform clast shape and size than sample 1, with less variation in lithology.

4.1.1 Detailed description of Sample 1

Texture: The thin section shows a number of fine (clay) grained domains in a
predominantly coarse (medium silt) grained sample. These fine-grain domains (Fig.
7c) differ in shape and size throughout the sample. The uppermost fine-grained
domain (Fig. 7c and Fig. 8a) is semi-spherical in shape with irregular boundaries.
While visually distinct from the surrounding coarse-grained plasma, the boundary, in
places, is hard to determine as it appears that the fine-grained domain slowly diffuses
into the coarser grained domain. It is for this reason that Nikon imaging software is
used to determine domain boundaries impartially. Large fine-grained domains are
present in the middle of the thin section, separated by a void. This void transects the
sample; it is most likely an artifact created during thin section production and not a
microstructure. The fine-grained domains that are both above and below this void are
identified as a single domain and will be referred to henceforth as a single domain.
The fine-grained domain occurring in the middle of the thin section is oblong in
shape, and is identified using the Nikon imaging software. Below this is another
processing artifact; partial removal of the sample due to uneven grinding has made it
impossible to identify any structures in this portion of the thin section. In the lower
third of the thin section there are multiple smaller fine-grained domains (Fig. 7c). All
of these domains have irregular boundaries and are identified using Nikon imaging
software. There are three skeleton grains over 5 mm, all located in the bottom third of
the sample. The sample contains multiple skeleton grain lithologies (see Heroy, 2006,
for lithology composition). The shape of skeleton grains range from rounded to
angular, with sub-angular being the predominant shape. There is no difference in the
dominant shape between the different skeleton grain size fractions. The larger size
fractions of skeleton grains are predominantly in the lower half of the sample, with
nine skeleton grains over 3 mm in the lower half, and 3 in the upper half. There are

intraclasts of another diamicton present in the sample (one shown in Fig. 8b).
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Structure: The structures observed in the thin section are ductile deformational
structures and brittle deformational structures; no porewater structures are identified.
All of the structures observed occur in both the fine and coarse-grained domains.
Figures 8 and 9 contain examples of the structures identified in the thin section that
will be described in detail as follows. Multiple rotational structures are located in both
the coarse and fine-grained domains. Some contained core stones (Fig. 8a, and 9c),
and some did not (Fig. 8a). Plasmic fabric is predominantly skelsepic to bimasepic
and several pressure shadows were identified (Fig. 8b, and 9b-c). There is an
abundance of grain lineations, mostly short distance, in both the fine and coarse-
grained domains. Some of the grain lineations have been deformed, suggesting multi-
event ductile deformation. Figure 9a is an example of one of two necking structures
identified in the thin section. Edge to edge grain crushing is the only brittle
deformational structure identified (Fig. 8a-b and 9a-b).

4.1.2 Detailed description of Sample 2

Texture: Sample 2 is coarse (coarse silt) grained with a single fine (clay) grained
domain (Fig. 7). The fine grain domain is oblong in shape with irregular boundaries
that diffuse into the coarse grain domain; identified with Nikon imaging software.
The thin section contains several voids in the central portion of the right side of the
sample; identified as processing artifacts created during thin section production and
not microstructures (Fig. 7e). The coarse grain domain surrounding these voids does
contain microstructures that appear not to have been affected during processing.
Therefore, the microstructures that are identified in this portion of the sample are

still analyzed. Since the location of all domains and microstructures is noted, the
interpretation of these structures will take into account their proximity to the
processing artifacts. There is only one skeleton grain over 5 mm in the sample,
located in the bottom of the thin section. The sample is dominated by the finer
fraction of skeleton grains with only a few skeleton grains (17 total) over 1 mm. The
finer fraction of skeleton is predominantly composed of the same lithology, with

varying lithologies primarily in the larger size fraction. The shape of the skeleton '
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grains does not follow this division; rounded to angular grains are present in both
fractions, with sub-anguiar being the common shape in both. There are intraclasts of

another diamicton present in the sample (one shown in Fig. 10a)

Structure: The structures observed in the thin section are ductile deformational
structures and brittle deformational structures, with no porewater structures identified.
All of the structures observed occur in both the fine and coarse-grained domains.
Figures 10 and 11 contain examples of the structures identified in the thin section that
will be described in detail as follows. Lineations are the most abundant
microstructure in the sample; they are short distance and mulit-directional (Fig. 10a-c
and 11a-b). Some of the lineations have been deformed, suggesting multi-event
deformation (Fig. 10c). Grain lineations are the second most common microstructure
observed in the sample (Fig. 10a, ¢, and 1la-b), also short distance and multi-
directional. Multiple rotational structures are observed with (Fig. 10a) and without
(Fig. 10b-c) core stones. Plasmic fabric is weakly bimasepic and pressure shadows
had developed (Fig. 11a). Skeleton grains show evidence of brittle deformation in the
form of edge to edge grain crushing (Fig. 10a and 11c), microcracking, and fractures
(Fig. 10c, and 11b-c). Some of the larger skeleton grains ares identified as having
possibly undergone comminution, producing the smaller skeleton grain size fraction
(Fig. 10b, and 11a-b). Figure 11c shows an example of skeleton grain undergoing
edge to edge grain crushing with another skeleton grain of slightly larger size. The
smaller skeleton grain is angular in shape with a microcrack that is almost
intragranular which would produce a smaller skeleton grain if brittle deformation had
continued. Figure 10c also shows a larger skeleton grain with microcracks surrounded

by smaller skeleton grains of the same lithology, as does Figure 11b.

4.2 Core 61

Core 61 sampled the mid-trough of the Orleans Trough in the Western Bransfield
Basin, collected by Heroy (2006). The piston core recovered a core length of 768 cm
in a water depth of 591 m. A diamicton unit was sampled from 656 cm to the EOC at
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fine grain
domains ‘\w

Fig. 12. Overview of samples 3 and 4 from Core 61. a) thin section of sample 3. b) overview of
sample 3 displaying locations of fine grain domains and skeleton grains over 5 mm. c) thin section of
sample 4. d) overview of sample 4 displaying location of fine grain domains and skeleton grain over 5

mm (AMGRF, 2002).

768 cm; no lower boundary to this unit was retrieved. Descriptions of the diamicton
unit were also divided into a sediment description and an x-radiograph description
(Heroy, 2006). Heroy’s descriptions of the unit from 656 cm to the EOC are of a
black stiff pebbly diamicton (sediment description), and as a unit of diamicton
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containing 25-30% clast content, 3-8 mm with 1.5 cm common clast size (x-

radiograph description).

Two samples were collected from this core for analysis at the interval of 710-720 cm,
and 758-768 cm. Both samples are derived from the diamicton or black stiff pebbly

diamicton unit.

No X-radiographs of core 61 were available to be compared to Heroy’s (2006)
macroscopic sediment and x-radiograph descriptions. The descriptions Heroy (2006)
gave will be compared to the overview descriptions without reference to an x-
radiograph for missed information. Sample 3 stratigraphically overlies sample 4 and
both are texturally similar to each other. They are coarse-grained containing fine-
grained domains and skeleton grains over 5 mm. Sample 3 contains three skeleton
grains over 5 mm in the middle and lower portions of the sample, where sample 4
contains one skeleton grain over 5 mm in the bottom of the sample. The two samples,
at this scale, appear to have come from the same unit. Heroy (2006) applied the
descriptor ‘stiff” to this unit; a more detailed description is needed to determine if any

microstructures can be associated with it.

4.2.1 Detailed description of Sample 3

Texture: The sample is coarse (medium silt) grained with multiple fine (clay) grain
domains that differ in size and shape (Fig. 12b). The boundaries of the fine grain
domains diffuse into the coarse grain domain except in one instance. The uppermost
fine grain domain has a sharp boundary on the left hand side of the domain that
intersects with an intraclast but becomes diffuse on the right hand portion of the
domain (Fig. 13a). All domain boundaries are identified with Nikon imaging
software. There are several voids in the sample with the largest occurring in the lower
portion of the sample. These are most likely processing artifacts produced during

creation of the thin section and are not microstructures. There are three skeleton



| mm

—
_intraclast
rotation
structure Yﬂ
e '
O |
4 .
fine
grained |
domain ‘
a)
rotation
structure
~N-
&
fine
grained
domain
edge to edg?:';‘ﬂ
lineation grain crushing
,, deformed grain = ) g ) i
by # lineation }_:‘ '__l_nﬂ_’ — — e
Fig. 13. Examples of structures observed in sample 3. a) diffuse and
pressure .. .
- shadow sharp boarder of fine-grained domain, intraclast, rotation structures. b)
~ lineations, rotation structures, edge to edge grain crushing deformed
.
lineation grain lineations. c) pressure shadow, lineation, edge to edge grain
@ gr?\ yd crushing, intraclast, and rotation structure. d) overview showing
. 1ali edge to edge .
intraclast ;cll'lz:clt(:l?c grain crushing location of examples.
c) t 3 mm |

40



fine gratned
domain

lineation
¥\
PR
rotation
a) structure
\
fine grained grain lineations a
domain |\ QO
70
=, N
lineation
~N
b) 2 mm
2 mm

\ #. ,
<. .. rotation
* structure

S /\ G

lineation

fine grained
domain

d "\
grain ';»9
lineation <

c)

Fig. 14. Examples of structures observed in sample 3. a) rotation
structure, lineations, intraclast. b) grain lineations formed by finer
skeleton grain size fraction, and larger size fraction, lineations. c)
rotation structures, lineations, and grain lineations. d) overview

showing location of examples.

41



42

grains over 5 mm in the sample, the largest occurring in the bottom of the sample.
The larger fractions of skeleton grains are mainly in the lower portion of the sample.
Skeleton grain shape ranges from rounded to angular with the predominant shape
being subangular. The sample contains multiple skeleton grain lithologies that are
found in all the skeleton grain size fractions (see Heroy, 2006, for lithological
analysis). There are intraclasts of another diamicton present in the sample (Fig. 13a,
¢, and 14a).

Structure: The structures observed in the thin section are ductile deformational
structures and brittle deformational structures; no porewater induced structures are
identified. All structures observed are located in both the fine and coarse grain
domains. Figures 13 and 14 contain examples of the structures identified in the thin
section described in detail below. There are abundant lineations and grain lineations
in this sample. Both are short distance and multi-directional (Fig. 13b, c and 14a-c).
The grain lineations are predominantly formed by the finer size fraction of the
skeleton grains, with the exception of one (Fig. 14b). With the exception of pressure
shadows (Fig. 13b) and the single grain lineation (Fig. 14b), the larger skeleton grain
fraction didn’t form any microstructures. Rotation structures are observed with and
without core stones. Some lineations and grain lineations have been deformed,
suggesting multi event deformation. Edge to edge grain crushing did occur (Fig. 13b-

c), but is considered to be minor as only a few were observed.

4272 Detailed description of Sample 4

Texture: The sample is coarse (medium silt) grained with multiple fine (clay) grained
domains. There is a large semi-circular fine-grained domain in the bottom of the
sample with a smaller columnar fine-grained domain radiating upwards off the left
side. The columnar fine-grained domain is split in two by a void that continues along
the length of the domain. This void or crack in the sample is a processing artifact.
The columnar fine-grained domain branches in the middle of the sample (as does the

void); with one domain continuing to the upper portion of the sample, and one
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domain continuing horizontally across the sample (Fig. 12d). The boundaries of the
fine grain domains are diffuse and were identified using Nikon imaging software.
There is only one skeleton grain over 5 mm in the sample and it is situated at the
bottom of the sample. The larger fraction of skeleton grains are found throughout the
sample. The sample contains multiple lithologies; with the larger skeleton grain size
fraction having a greater variety of lithologies than the smaller skeleton grain size
fraction (see Heroy, 2006, for a lithological analysis). Skeleton grains range from
rounded to angular, with the most subangular being the most common shape. There

are several intraclasts of another diamicton present in the sample (Fig. 15a, 16b-c).

Structure: The structures observed in thin section are ductile deformational and brittle
deformation structures, with no porewater induced structures observed. All the
structures occur in both the fine and coarse-grained domains. Figures 15 and 16
contain examples of the structures identified in this sample. Lineations and rotation
structures are the most abundant microstructure in this sample. The lineations are
short distance and multi-directional (Fig. 15a-c, and 16a-b). Rotation structures are
observed with and without core stones (Fig. 15b). Short distance grain lineations are
common (Fig. 15a-b, and 16a-c). Some have been deformed (Fig. 16a-b), indicating
multi-event deformation. Plasmic fabric is bimasepic and only a few pressure
shadows occurred (Fig. 16a). Edge to edge grain crushing did occur (Fig. 15a, c, and

164, c) but is considered a sporadic microstructure.

4.3 Core 24

Core 24 sampled a ‘wedge’ feature in the mid-trough off of Anvers Island, collected
by Heroy (2006). The piston core recovered a core length of 314 cm in a water depth
of 557 m. A diamicton unit was sampled from 200 cm to the EOC at 314 cm; no
lower boundary to this unit was retrieved. Descriptions of the diamicton unit were
also divided into a sediment description and an x-radiograph description by Heroy
(2006), which contained contradictions.
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Fig. 17. Overview of samples 5 and 6 from Core 24. a) x-radiograph of section 192-233 cm of core 24,
containing sample 5 at interval 200-210 cm highlighted by red bar. b) thin section of sample 5. c¢)
overview of sample 5 displaying locations of fine grain domains and skeleton grains over 5 mm. d) x-
radiograph of section 233-275 cm of core 24, containing sample 6 at interval of 250-260 cm
highlighted by red bar. e) thin section of sample 6. f) overview of sample 6 displaying location of fine
grain domains and skeleton grains over 5 mm (AMGRF, 2002).

Heroy’s (2006) sediment description of the unit from 200-314 cm was that it was a
dark grey sandy mud (no Munsell color) with increasing pebble content down core to

30%. The x-radiograph description of the same unit, 200-314 cm, was a pebbly
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Fig. 18. Overview of sample 7 from Core 24. a) x-radiograph of section 275-314 cm of core 24,
containing sample 7 at interval 290-300 cm highlighted by red bar. b) thin section of sample 7. ¢)
overview of sample 7 displaying locations of fine grain domains and skeleton grains over 5 mm
(AMGREF, 2002).

diamicton with 30-50% pebble content of 2-10 mm average size, the largest being 4.5
cm, with no laminations present in the unit. Three samples were collected from this
core for analysis at the interval of 200-210 cm (sample 5), 250-260 cm (sample 6),
and 290-300 cm (sample 7). All samples fall into the same macroscopic descriptions
that Heroy (2006) gave for this unit.

X-radiographs of core 24 were obtained as a means to compare Heroy’s (2006)
macroscopic core descriptions to the overview description of the thin section samples
from this core. Sample 5 stratigraphically overlies sample 6 which overlies sample 7,
and though all were obtained from the same ‘unit’ there are some dissimilarities that

would suggest otherwise. Texturally sample 5 (Fig. 17a-c), sample 6 (Fig. 17d-f) and
sample 7 (Fig. 18a-c) are similar; coarse-grained with fine-grained domains. What
differentiates them is the distribution of the fine-grained domains. In samples 6 and 7
the fine grain domains are randomly distributed or sporadic. Sample 5, however, has a
top to bottom distribution. The thin sample goes from a fine-grained domain at the

top to a coarse-grained domain, then a fine-grained domain in the middle of the
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sample to a coarse-grained domain at the bottom, which contains more skeleton
grains than the previous coarse-grained domain. There are also lithologies present in
sample 5 in abundance that are near absent in samples 6 and 7. Increasing pebble
content down core is not observed in the sample overview, as sample 7 does not

contain more skeleton grains than sample 5

4.3.1 Detailed description of Sample 5

Texture: The sample is coarse (medium to coarse silt) grained with multiple fine
(clay) grained domains. The fine-grained domains are in the upper half of the sample,
and can be grouped into two major clusters, with a few sporadic domains dispersed
between the two clusters. The upper cluster, located at the top of the sample, contains
a horizontal domain that nearly transects the top of the sample with three smaller semi
circular domains that arc downwards off the bottom right side. Voids, processing
artifacts, separate these domains, and will henceforth be referred to as a singular fine-
grained domain. The second major cluster, located in the middle of the sample a third
of the way down, is comprised of several smaller fine grain domains that together
form a circular shape. A large void that transects the sample, also transects this
circular cluster of fine grain domains. This void is most likely a processing artifact.
Processing artifacts are prevalent in this thin section, with multiple cracks, and partial
removal of the sample in the middle left side of the sample due to over-grinding. All
of the fine grain domains have irregular, diffuse boundaries and are identified with
Nikon imaging software (Fig. 17). There are three skeleton grains over 5 mm,
randomly distributed in the sample. The skeleton grains range from rounded to
angular in shape, with the most common shape being sub-angular. The skeleton
grains are composed of multiple lithologies that are found in all skeleton grain size
fractions. In addition to intraclasts of another diamicton, there are skeleton grains of a

lithology not found in the other samples of this core (top right corner of Fig. 19b).

Structure: The structures observed in the thin section are mostly ductile deformational
structures, with one type of brittle deformational structure; no porewater structures
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were identified. All the structures are observed in both the fine and coarse-grained
domains. Figures 19 and 20 contain examples of the structures identified in the
thin section that are described in detail below. Grain lineations, rotation
structures, and edge to edge grain crushing are the most common structures
observed. The grain lineations are short and multi-directional; some have been
subsequently deformed (Fig. 19a, and 20a-c). Rotation structures mostly occur in
the finer grain size fraction, with and without core stones (Fig. 19a-c). There is a
prevalence of intraclasts that formed microstructures, including grain crushing,
grain lineations, and rotation structures (Fig 19a-b and 20b-c). Short distance
lineations, a brittle deformation structure, are observed but were infrequent (Fig

19a, and 20a); some have been deformed suggesting multi-event deformation.

4.3.2 Detailed description of Sample 6

Texture: The sample is coarse (medium silt) grained with multiple fine (clay)
grained domains radiating out from the largest skeleton grain in the sample,
located in the middle left of the sample. The fine grain domains contain voids that
radiate outwards from the largest skeleton grain; it is thought that these voids are
formed during sample preparation, with uneven drying causing a crack in the
densest portions of the sample (Fig. 17). The boundaries of the fine grain domains
are easily identified in most cases, but Nikon imaging software is used to define
them as a few are diffuse, and for consistency. There are five skeleton grains over
5 mm; four are similar in size ~7.5 mm, with the largest being 1.643 cm. Skeleton
grain shape ranges from rounded to angular, with subangular being the most
common. The skeleton grains are composed of multiple lithologies found in all
size fractions, but the smaller size fraction contains less variability than the larger
fraction. Intraclasts of another diamicton are present in the sample (21a-b, and
22a-b).
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Structure: The structures observed in the thin section are ductile deformational and
brittle deformational structures; no porewater induced structures were observed. All
structures occur in both the coarse and fine grain domains. Figures 21 and 22 contain
examples of the structures identified in the sample that will be described in detail
below. The most abundant microstructure observed are lineations and grain
lineations. Both are short distance and multi-directional (Fig. 21a-c, and 22a-c). Some
of the grain lineations and lineations are found deformed, indicating multi-event
deformation (Fig. 22b). Rotation structures, with and without core stones, are
common (Fig. 21c, and 22b-c). Edge to edge grain crushing is observed (Fig. 21b-c,
and 22a-c). Pressure shadows do occur infrequently (Fig. 21a, and 22a-b).

4.3.3. Detailed description of Sample 7

Texture: The sample is coarse (medium to coarse silt) grained with multiple fine
(clay) grain domains. The fine grain domains are semi-circular in shape and are
located in the top right and bottom left of the sample. The boundaries are diffuse and
irregular, and are identified using Nikon imaging software. There are five skeleton
grains over 5 mm, randomly distributed throughout the sample (Fig. 18). Skeleton
grains range from rounded to angular in shape, with subangular the most common.
The sample contains multiple lithologies found in all size fractions, although the
smaller size fraction contains less variety of lithologies (see Heroy, 2006, for
lithological analysis of entire diamicton section of core). There are intraclasts of

another diamicton present in the sample (Fig. 23b, 244, and c).

Structure: The microstructures observed in thin section are ductile and brittle
deformational structures, with no porewater induced structures were observed. All
structures occur in both the coarse and fine grain domains. Figures 23 and 24 contain
examples of the microstructures observed that will be discussed in detail as follows.
Lineations and grain lineations are the most abundant microstructure observed. Both

are observed to be short distance, multi-directional, and some had undergone
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subsequent deformation (Fig. 23a-c, and 24a-c). Rotational structures are observed
with and without core stones (Fig. 23a-c, and 24a-c). Edge to edge grain crushing is
common. Noted examples of this structure are found in Fig. 23b, and Fig. 24c. The
former shows a skeleton grain embedded in an intraclast, and is believed to have been
in the process of dividing the intraclast in two. The latter shows edge to edge grain

crushing that resulted in microcracks in one of the skeleton grains.

4.4 Core 57

Core 57 sampled the inner shelf of Bisco Trough and was collected by Heroy (2006).
The piston core recovered a core length of 324 cm in a water depth of 732 m. A
diamicton unit was sampled from 69 cm to the EOC at 324 cm; no lower boundary to
this unit was retrieved. Descriptions of the diamicton unit were also divided into a

sediment description and an x-radiograph description by Heroy (2006).

Heroy (2006) describes the sediment from 69-110 cm as soft grey diamicton with a
sharp upper contact that grades at the unit’s lower contact into a sandy pebbly mud
layer between 110-120 cm. This then grades into a soft grey diamicton that continues
to the EOC, gradually increasing in stiffness down core. Heroy’s (2006) x-radiograph
description is of a pebbly clast supported mud is described at 54-80 cm; 15 cm up-
core of where the soft grey diamicton is stated to be and extending into the ‘soft grey
diamicton’ unit, so a separate unit is not being identified. From 80-95 cm are
laminated sand and mud. Then from 95 cm to EOC is a pebble rich diamicton, with

30-50% clast content, showing neither fabric nor laminations.

Three samples were collected from this core for analysis at the interval of 100-110 cm
(sample 8), 150-160 cm (sample 9), and 250-260 cm (sample 10). Sample 8 is
described by Heroy (2006) as sampling a soft grey diamicton unit or a pebble rich
diamicton. The unit from which both samples 9 and 10 are derived from is described
as soft grey diamicton with increasing stiffness down core, and as a pebble rich

diamicton.
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Fig. 25. Overview of samples 8 and 9 from Core 57. a) x-radiograph of section 170-110 cm of core 57,
containing sample 8 at interval 100-110 cm highlighted by red bar. b) thin section of sample 8. c)
overview of sample 8 displaying locations of fine grain domain and skeleton grains over 5 mm. d) x-
radiograph of section 150-190 cm of core 57, containing sample 9 at interval of 150-160 cm
highlighted by red bar. €) thin section of sample 9. f) overview of sample 9 displaying location of fine
grain domains and skeleton grains over 5 mm (AMGREF, 2002).
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Fig. 26. Overview of sample 10 from Core 57. a) x-radiograph of section 221-260 cm of core 57,
containing sample 10 at interval 25-260 cm highlighted by red bar. b) thin section of sample 10. c)
overview of sample 10 displaying locations of fine grain domains and skeleton grains over 5 mm
(AMGREF, 2002).

X-radiographs of core 57 were obtained as a means to compare Heroy’s (2006)
macroscopic core, and x-radiograph descriptions to the overview description of the
thin section samples from this core. Sample 8 stratigraphically overlies sample 9
which overlies sample 10, and according to Heroy (2006) all samples come from
units described as soft grey diamicton/pebble rich diamicton. Sample 8 is visually
distinct and dissimilar in all regards from samples 9 and 10 as if they have been
sampled from separate units (Fig. 25 and 26). Sample 8 is comparatively coarser
grained than samples 9 and 10, with fewer fine grain domains, a more uniform clast

shape and size, and less variation in skeleton grain lithology.
4.4.1 Detailed description of Sample 8

Texture: Sample 8 is coarse (coarse silt) grained with a single fine (clay) grained
domain (Fig. 25c). The fine grain domain is located at the top of the sample, on the
left of the largest skeleton grain in the sample. The fine grain domain has irregular
boundaries that diffuse into the coarse grain domain and Nikon imaging software is
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used to define them. The thin section contains several voids along the left side of
the sample and extend halfway across the bottom. Theses voids are processing
artifacts created during thin section production, probably due to over grinding,
and are not microstructures. There are three skeleton grains over 5 mm in the
sample and are randomly distributed. The skeleton grains in the sample can be
divided into large and small grain size fractions. There are only 18 skeleton grains
>1 mm, making the sample dominated by the finer fraction of skeleton grains.
The variation in lithology also differs in the grain size fractions; the larger grain
size fraction contains the most variety of skeleton grain lithology, with the small
grain size fraction only containing a few lithologies. The shape of the skeleton
grains does not vary between size fractions. Skeleton grain shape ranges from
rounded to angular with subangular the most frequent shape. There are intraclasts

of another diamicton present in the sample (Fig. 28b).

Structures: The structures observed in the sample are ductile and brittle
deformational structures, with no porewater induced structure. All of the
structures observed occur in both the coarse and fine grain domains. Figures 27
and 28 contain examples of the structures identified in the thin section that will be
described in detail as follows. Lineations and grain lineations are respectively the
most and second most common microstructures (Fig. 27b, c, and 28a-c). They are
both short distance, multi-directional, and some were subsequently deformed
suggesting multi-event deformation (Fig. 27b, c¢). Multiple rotational structures
are observed, with and without core stones (Fig. 28c). Edge to edge grain crushing
is common; some of the larger skeleton grains are identified as having possibly
undergone comminution producing the smaller skeleton grain size fraction (Fig.
27a).

4.4.2 Detailed description of Sample 9

Texture: The sample is coarse (medium silt) grained with multiple fine (clay)
grain domains that differ in size and shape (Fig. 25f). The boundaries of these fine



rotation
structure

grain lineations

cdge to edge/

'\ -%E p'\ “
9 7 i
a® f ~
~ .
— lineations
coarsc ~ /
grained  edge to edge/8 A,
domain  grain crushing o S o
[~}
a
a) / / pimm __,
&
ot o i
grain lineation :
rotation

grain crushing
c{_— grain lineations 000.
. 7
. intraclast
p) coarsc graincd domain Llmm
edge to edge - intraclast
grain crushing
N \
LN
deformed lineations —_
rotation gf_:;r:g
structure lineations ™~ domain
> — S
£ 0 o
deformed 93
¢) Brain lincation % —lmm

Fig. 29. Examples of structures observed in sample 9. a) edge to
edge grain crushing, rotation structures, lineations, grain lineations.
b) rotation structure, grain lineations, intraclast, edge to edge grain
crushing. c) rotation structure, edge to edge grain crushing, deformed
grain lineations, deformed lineations, lineations, and grain lineation.

d) overview showing location of examples

63



-
"o ]
coarse grained domain
S ;
© rotation
structures

g% grain lincation

~ O
g;.? \%neations \ ép

1 min

8) —_
00 U"
Yy D coarse
. Q5D enin
! rotation domain
structurcs SOk
intraclast
7o
\ 2 O &
pressure @ "q,\ I
shadow grain lineation
~
~
i -~
2 ineation
b) Z p—lmm
edge to
deformed —__ - cdgc
grain lineation ®oQ &&F gramn
. Crushing
rotation Y

<« Structure” O o
~ 00 < intragranular

{racture
lincations ~
coarsc graincd domain AN
0 b I mm .

Fig. 30. Examples of structures observed in sample 9. a) rotation
structures, lineations, and grain lineations. b) rotation structure, grain
lineations, intraclast, lineation, pressure shadow. c) rotation
structures, deformed grain lineation, edge to edge grain crushing,
lineations, intragranular fracture. d) overview showing location of

examples

64



65

grain domains diffuse into the surrounding coarse grain domain and were identified
using Nikon imaging software. The largest fine grain domain is located just below the
largest skeleton grain in the sample, located near the top of the sample. This large
skeleton grain is surrounded by voids which branch out to either side of the sample.
The voids are believed to be processing artifacts created during sample production.
Unfortunately, the complete picture of how the large skeleton grain and the
surrounding fine grain domains (in addition to the one below there are two fine grain
domains to the left of the skeleton grain and the voids) interacted was lost in the
missing sediment. In the center of the sample there is a semi-linear fine-grained
domain, as well as some small sporadic fine grain domains located near the bottom of
the sample. There are four skeleton grains over 5 mm in the sample; two near the top
of the sample, including the largest, and two at the bottom. It is important to note that
there is a higher concentration of the larger skeleton grains, or grains from the larger
skeleton grain size fraction, at the bottom of the sample. Skeleton grain shape ranges
from rounded to angular with subangular being the most common. A variety of
skeleton grain lithologies occur in all size fractions, including intraclasts of another
diamicton (Fig. 29b-c, and 30b).

Structure: All structures observed in the thin section are ductile and brittle
deformational structures. No pore water induced structures were observed. The
structures identified are found in both the fine and coarse grain domains. Figures 29
and 30 contain examples of the structures identified that will be discussed in detail as
follows. There are abundant grain lineations in the sample, as well as rotation
structures. Grain lineations are short distance, multi directions, and some have
undergone subsequent deformation suggesting multi-event deformation (Fig. 29a-c,
and 30a-c). Rotation structures are observed with and without core stones (Fig. 30a-
c). Figure 30b highlights a rotation structure complex composed of two rotation
structures with one occurring inside the other. Lineations are also common; they are
short distance, multi-directional, and had undergone subsequent deformation as well
(Fig. 29a, and c). There are a couple pressure shadows (Fig. 30b). Edge to edge grain

crushing is observed, with one instance of intragranular microfracturing occurring as
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a result (Fig. 30c). Both pressure shadows and edge to edge grain crushing are

considered to be minor microstructures occurring infrequently.

4.4.3 Detailed description of Sample 10

Texture: The sample is coarse (coarse silt) grained with multiple large fine (clay)
grain domains. The fine grain domains can be separated into a cluster, and a single
fine-grained domain. The cluster consists of the two columnar fine-grained domains
on the left side of the sample, and the two horizontal fine-grained domains at the top
of the sample. This cluster is considered a single fine-grained domain as the voids in
the sample caused the Nikon imaging software to identify a boundary. If the voids
had been encompassed by the fine grain domain then no boundary would have been
identified. The voids are processing artifacts formed during thin section production
and are prevalent in this sample. The single fine grain domain, at the bottom right of
the sample, is semi-spherical and encompasses one of the two skeleton grains over 5
mm. Skeleton grains range in shape from rounded to angular, with subangular being
the most common. The skeleton grains are composed of multiple lithologies that are
observed in all skeleton grain size fractions, including intraclasts of another diamicton
(Fig. 31a, c, and 32c).

Structure: The structures identified in the sample are ductile and brittle deformational
structures; no porewater induced structures were observed. All structures occur in
both the fine and coarse-grained domains. Figures 31 and 32 contain examples of the
structures observed in the sample that have been described in detail as follows. The
most common microstructures observed are grain lineations, then rotation structures.
The grain lineations are short distance and multi-directional. They have also been
observed to have undergone subsequent deformation and include edge to edge grain
crushing (Fig. 31a-b and 32a-c). Rotation structures are observed with and without
core stones (Fig. 31a-c, and 32a, c). Figure 31c contains an example of a rotation
structure forming between two larger skeleton grains. It appears that another rotation

structure is forming around it involving the larger skeleton grains, and might be the
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cause of the edge to edge grain crushing observed. Lineations are also common in this
sample (Fig. 31b, 32a-c), and are short distance and multi-directional. Edge to edge
grain crushing is observed but not as frequently as the other microstructures (Fig. 31c,
32a-c).

4.5 Core 55

Core 55 sampled the outer shelf of Bisco Trough and was collected by Heroy (2006).
The piston core recovered a core length of 384 cm in a water depth of 587 m. A
diamicton unit was sampled from 155 cm to the EOC at 384 cm; no lower boundary
to this unit was retrieved. Descriptions of the diamicton unit were also divided into a

sediment description and an x-radiograph description by Heroy (2006).

In the sediment description, Heroy (2006) identifies a soft gray diamicton from 155-
285 cm that overlies a very stiff dark grey mud (no Munsell color) from 285 cm to the
EOC. The x-radiograph description given shows no distinction of units from 153 cm
to the EOC, no laminations nor layering, variable pebble content from 30-50%, 3-4
mm average, 2 cm common, as well as variable brightness (a diamicton is assumed as
the sediment type from the sediment description). The accompanying sediment
diagram shows a single unit from 153 cm to the EOC. It is unknown if the unit starts
at 153 cm or 155 cm, and if there is a gradational upper contact at 285 cm then it is

not indicated.

Three samples were collected from this core for analysis at the interval of 170-180 cm
(sample 11), 246-256 cm (sample 12), and 310-320 cm (sample 13). Two of the
samples are soft grey diamicton, and the other is very stiff dark grey mud, determined

by the sediment descriptions that Heroy (2006) gave.

X-radiographs of core 55 were obtained as means to compare Heroy’s (2006)
macroscopic core and x-radiographs descriptions to the overview description of the

thin section samples from this core. The x-radiograph confirms Heroy’s (2006) x-
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d) © — |9

Fig. 33. Overview of samples 11 and 12 from Core 55. a) x-radiograph of section 160-200 cm of core
55, containing sample 11 at interval 170-180 cm highlighted by red bar. b) thin section of sample 11.
¢) overview of sample 11 displaying locations of fine grain domains and skeleton grains over 5 mm. d)
x-radiograph of section 220-257 cm of core 55, containing sample 12 at interval of 246-256 cm
highlighted by red bar. e) thin section of sample 12. f) overview of sample 12 displaying location of
fine grain domain and skeleton grains over 5 mm (AMGREF, 2002).

radiograph description that the diamicton unit starts at 153 cm. Briefly looking at
samples 11, 12 and 13 (Fig. 33, and 34), samples 11 and 12 appear similar, and they

are distinct from sample 13 based solely on skeleton grain content. Samples 11 and
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Fig. 34. Overview of sample 13 from Core 55. a) x-radiograph of section 295-335 cm of core 55,
containing sample 13 at interval 310-320 cm highlighted by red bar. b) thin section of sample 13. c)
overview of sample 13 displaying locations of fine grain domains and skeleton grain over 5 mm
(AMGRF, 2002).

12 contain a higher larger-skeleton grain-size fraction than sample 13 does. As
samples 11 and 12 are described, in Heroy’s (2006) sediment description, as coming
from a separate unit than sample 13, then one could cautiously say the differences
observed would support a separate unit for sample 13. An interesting note is that the
fine-grained domain identified in sample 11 is fine-grained in terms of that samples
texture, but it is the same texture that samples 12 and 13 are comprised of, and is
labeled as coarse-grained in those samples as they in turn contain finer grained
domains. ‘Brightness’ was a descriptor used in Heroy’s (2006) x-radiograph
description of a singular unit it described, it is noted that all three samples come from

areas with a different ‘brightness’.

4.5.1 Detailed description of Sample 11

Texture: The sample is coarse (coarse silt) grained with a fine (coarse to medium silt)

grained domain encompassing the lower end of the sample (Fig. 33). While the
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boundaries of the fine-grained domain are determined using Nikon imaging software,
they are visually distinct. It appears that the skeleton grains directly above, or on, the
domain boundary are partially embedded. The fine grained domain is marginally
texturally distinct from the rest of the sample, but contains no skeleton grains from
the large size fraction. That is a marked difference from the remaining sample which
is dominated by skeleton grains from the large size fraction. Perhaps this domain
could be a separate unit, as differences between it and the remaining sample are not
solely textural; further discussion of this possibility will be left to a subsequent
chapter once all descriptions have been made. As previously stated, the sample
contains a prevalence of skeleton grains from the larger size fraction, though only 4
are over 5 mm. The shape of the skeleton grains range from rounded to angular with
subangular being the most common in all skeleton grain size fractions. There is a
variety of lithologies in this sample in both the large and small grain size fractions,
including intraclasts of another diamicton (Fig. 35a, 36a-c). Voids or processing
artifacts are, unfortunately, prevalent in this sample.

Structure: The structures observed in the thin section are ductile and brittle
deformational structures, with no porewater induced structures observed. Not all the
structures are observed in both the fine and coarse-grained domains. The fine grained
domain does contain ductile and brittle deformational structures, but these are only
formed by the small skeleton grain size fraction, and only lineations, rotation
structures, and grain lineations were observed. In the small fine-grained domain only
a few structures are identified but, of those, lineations are the most common. They are
short distance and multi-directional (only one shown in Fig. 35¢). A few rotation
structures are identified with (Fig. 35¢) and without core stones. Only a couple grain
lineations are observed; they are short distance and multi-directional. In the coarse-
grained domain, grain lineations and rotation structures are the most common
microstructure observed. Grain lineations are short distance and multi-directional
(Fig. 35a-c, and 36a-c). Rotation structures mostly contained core stones (Fig. 35a,
and 36b). Edge to edge grain crushing is common and is observed in other

microstructures, such as rotation structures, grain lineations, and skeleton grains
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embedding into intraclasts (Fig. 35a-b, and 36a-c). Lineations are observed
occasionally and are considered to be a minor microstructure (Fig. 35b). A few

pressure shadows are observed (Fig. 36c¢).

4.52 Detailed description of Sample 12

Texture: The sample is coarse (coarse silt) grained with a fine (clay) grained domain.
The fine grain domain has distinct boundaries on the left side and diffuse boundaries
on the right, all were determined using Nikon imaging software. The fine grain
domain is separated by voids, or processing artifacts, but is considered a single
domain. This fine-grained domain is located at the bottom right of the sample, and is
semicircular in shape. There are voids in the sample, which are most likely
processing artifacts, and not microstructures. The sample contains 13 skeleton grains
over 5 mm in addition to multiple skeletons grains from the large size fraction;
comparatively significantly more than sample 13 but less than sample 11. Skeleton
grains range from rounded to angular, with subangular the most common shape.
There is a variety of lithologies in both the large and small skeleton grain size

fractions, including intraclasts of another diamicton (Fig. 37 and 38).

Structure: The structures observed in the thin section are ductile and brittle
deformational structures; no porewater induced structures were identified. All
structures are found in both the fine and coarse-grained domains. Figures 37 and 38
contain examples of the structures identified in the thin section that will be described
in detail as follows. Rotation structures are the most common microstructure in the
sample, with grain lineations a very close second. Rotation structures are observed
with and without core stones (Fig 37). Figure 38b contains an example of an unusual
rotation structure. The rotation structure contains several intraclasts, one of which
appears to have three larger skeleton grains embedded in it (edge to edge grain
crushing) including the core stone. This larger mass of skeleton grains, and
intraclasts have several other skeleton grains and intraclasts rotating with it. This is

the only rotation structure composed solely of skeleton grains from the larger size
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fraction. Grain lineations are observed to be short distance, multi-directional, and
some have undergone subsequent deformation (Fig. 37c). There are a few short
distance and multi-directional lineations. This structure is more common in the fine-
grained domain than in the coarse-grained domain (Fig. 38a-b). Edge to edge grain
crushing is observed between two or more skeleton grains or skeleton grains and

intraclasts (Fig. 37 and 38).

4.5.3 Detailed description of Sample 13

Texture: This sample is coarse (coarse silt) grained with several fine (clay) grained
domains of variable shapes and sizes. The boundaries of the fine grain domains are
irregular and diffuse, and are defined using Nikon imaging software. The fine grain
domains can be grouped into two clusters. The largest fine grain domains, the three in
the bottom of the sample, is considered to be a whole fine-grained domain that has
been separated by voids. The other cluster is comprised of the smaller fine grain
domains, located in the top left of the sample. The smaller cluster in the top of the
sample is consists of individual fine grain domains but will be referred to as a cluster,
where the large fine grain domain cluster will be referred to as a single domain. There
are several voids in this sample in the form of cracks, and voids produced from over
grinding during thin section production, all of which are processing artifacts; one of
the cracks completely transects the sample, and the over grinding has removed a
significant portion of the coarse-grained domain in the central and upper right of the
sample. There is only one skeleton grain over 5 mm in the sample located in the
bottom left of the sample. There are only a few skeleton grains in the large size
fraction, with the small size fraction dominating the skeleton grain percentages. The
shape of the skeleton grains range from rounded to angular, with subangular the most
common. The sample contains multiple skeleton grain lithologies; the most variation
occurring in the large skeleton grain size fraction. There are a few intraclasts of

another diamicton in the sample (Fig. 39¢c, and 40a and c).
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Structure: The structures identified in this sample are all ductile deformational and
brittle deformational structures. No porewater induced structures were identified. The
structures are observed in both the fine and coarse-grained domains. Figures 39 and
40 contain examples of the structures identified, and are discussed in detail as
follows. It is important to note, again, that a significant amount of the coarse grain
domain was lost during sample production, this affecting the amount of, and possibly
the type of, microstructures observed. This is taken into consideration when the
prevalence of a particular microstructure is interpreted. Grain lineations are the most
common microstructure identified. The grain lineations are short distance and multi-
directional (Fig. 39 and 40c). Only a few are observed to have been deformed by a
subsequent deformation event (Fig. 39c and 40a). Rotation structures are observed
with and without a core stone (Fig. 39). Figure 40a and 40b contain examples of a
series of rotation structures; Figure 40a contains an example of rotation structures in
close proximity to each other, where Figure 40b contains an example of one rotation
structure contained inside another. Edge to edge grain crushing is observed (Fig. 39,
and 40b). Lineations are the least common structure with the most observed in fine
grain domains (Fig. 39b, and 40). These are short distance and multi-directional, with
some having undergone subsequent deformation (Fig. 40b). This is one of the
structures that could have been affected by the processing artifacts in the coarse-

grained domain.

4.6 Core 32

Core 32 sampled the outer shelf of Marguerite Trough, and was collected by Fretwell
(2005). The piston core recovered a core length of 363 cm in a water depth of 547 m.
A diamicton unit was sampled from 155 cm to the EOC at 384 cm; no lower
boundary to this unit was retrieved. The description of the sampled unit is very basic;
from 5 cm to EOC is a gravelly sandy mud that is interpreted as a subglacially formed
deformation diamicton facies. Three samples were collected from this unit for
analysis at the interval of 50-60 cm (sample 14), 250-260 cm (sample 15), and 307-
317 cm (sample 16).
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fine grain
domains

_e: . s il Q - I lem i
Fig. 41. Overview of samples 14 and 15 from Core 32. a) x-radiograph of section 40-80 cm of core 32,
containing sample 14 at interval 50-60 cm highlighted by red bar. b) thin section of sample 14. c)

overview of sample 14 displaying locations of fine grain domains and skeleton grains over 5 mm. d) x-~

d)

radiograph of section 235-275 cm of core 32, containing sample 15 at interval of 25-260 cm
highlighted by red bar. €) thin section of sample 15. f) overview of sample 15 displaying location of
fine grains domains and skeleton grain over 5 mm (AMGRF, 2002).

X-radiographs of core 32 were obtained as means to compare Fretwell’s (2005) unit
description to the overview description of the thin section samples from this core.

Comparing the textures of the samples has identified some differences. Sample 14 is
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Fig. 42. Overview of sample 16 from Core 32. a) x-radiograph of section 307-345 cm of core 32,
containing sample 16 at interval 307-317 cm highlighted by red bar. b) thin section of sample 16. c)
overview of sample 16 displaying locations of fine grain domains and skeleton grains over 5 mm
(AMGREF, 2002).

fine-grained with coarse-grained domains (for comparative purposes, the fine grain
domains were highlighted leaving the sample background as coarse-grained as with
the other samples (Fig. 41c)), where sample 15 is coarse-grained with fine-grained
domains (Fig. 41f). The textures of the coarse-grained, and fine-grained domains in
these two samples are the same. Comparing these textures to sample 16 is where
differences are found. Sample 16 is coarse-grained with fine-grained domains, but the
texture of the coarse-grained domain in sample 16 is denser than those found in
samples 14 and 15. Similarly, the fine grain domains in sample 16 differ in texture
from those found in samples 14 and 15; the fine grain domains in samples 14 and 15

being finer, and denser than those found in sample 16.

4.6.1 Detailed description of Sample 14

Texture: The sample is fine (clay) grained with coarse (medium silt) grained domains.
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The bottom of the sample is encompassed by a coarse-grained domain with small
coarse grain domain scattered throughout the top portion of the sample (Fig. 41b and
¢). Boundaries between the two domains are identified using Nikon imaging software
as they were irregular and diffuse. The sample contains several voids, or processing
artifacts, formed during thin section production. There are two skeleton grains over 5
mm in the sample, both are located in the top half of the sample. The sample is
dominated by skeleton grains in the fine skeleton grain size fraction; the large
skeleton grain size fraction being minimal. Skeleton grain shapes range from
rounded to angular with subangular being the most common. A variety of lithologies
are present in the sample with the most variety found in the large skeleton grain size
fraction. Only a few intraclasts of another diamicton are present in the sample (Fig.
43a, c and 44a).

Structure: The structures observed in the thin section are ductile and brittle
deformational structures; no porewater induced structures were observed. All
structures are identified in both the fine and coarse-grained domains. Figures 43 and
44 contain examples of the structures identified in the thin section that are described
in detail below. Grain lineations are the most common structure observed in the
sample. They are short distance, multi-directional, and in some cases have undergone
subsequent deformation (Fig. 43 and 44). Rotation structures and lineations are
identified nearly equally. Rotation structures are observed with and without core
stones (Fig. 43), and some are formed by plasma (Fig. 44c). The lineations are short
distance and multi-directional (Fig. 44a). Edge to edge grain crushing is observed but

considered a minor microstructure (Fig. 43a and c).

4.6.2 Detailed description of Sample 15

Texture: Sample 15 is coarse (medium silt) grained with fine (clay) grain domains.
The boundaries of fine-grained domains are identified using Nikon imaging software
as they are irregular and diffuse. There is a concentration of fine-grained domains at

the bottom of the sample and a few small fine-grained domains near the top of the
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sample. There are several voids (processing artifacts) forming cracks that are
concentrated between and around the large skeleton grains. The largest skeleton
grains are concentrated in the bottom of the sample, surrounding the large fine-
grained domains in that area, with a total of four skeleton grains over 5 mm in that
area. There are two additional skeleton grains over 5 mm at the top left edge of the
sample. Skeleton grain shape ranges from rounded to angular with subangular being
the most common. A variety of lithologies are present in the sample, with the least
variation occurring in the small skeleton grain size fraction. Only a few intraclasts of

another diamicton present in the sample (Fig. 45a, and c).

Structure: The structures observed in the thin section are ductile deformational and
brittle deformational structures; no porewater induced structures were identified. All
structures are identified in both the fine and coarse-grained domains. Figures 45 and

46 contain examples of structures identified in the sample and are discussed in detail
as follows. Grain lineations are the most common microstructure observed. They are
short distance and multi-directional, with some having undergone subsequent
deformation (Fig. 45 and 46). Rotation structures are the second most common
structure identified; both with and without core stones (Fig. 45b). Lineations and edge
to edge grain crushing occurred infrequently (Fig. 45a and c, and 46a and c).
Lineations are short distance, multi-directional, and some had undergone subsequent

deformation (Fig. 40a).

4.6.3 Detailed description of Sample 16

Texture: Sample 16 is coarse (medium silt) grained with a few small fine (clay)
grained domains. The boundaries of the fine grain domains are irregular and diffuse
into the surrounding coarse-grained domain; they are identified using Nikon imaging
software. The fine grain domains are sporadic but, tend to be located in the centre of
the sample. This sample, unfortunately, has numerous voids in the form of cracks and
those formed from over grinding during the thin section production, all of which are
processing artifacts. The central left portion of the sample has been partially removed,
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impacting the amount of, and possibly the type of microstructures observed. This is
taken into consideration when the prevalence of a particular microstructure is
interpreted. Six skeleton grains over 5 mm are randomly distributed throughout the
sample, but sample is dominated by skeleton grains from the small grain size fraction.
Skeleton grain shape ranges from rounded to angular, with subangular being the most
common shape observed. The most variability in skeleton grain lithology is seen in
the large skeleton grain size fraction. A few intraclasts of another diamicton are found
in the sample (Fig. 47b, c, and 48c).

Structure: The structures observed in the thin section are ductile deformational and
brittle deformational structures; no porewater induced structures were observed. Not
all structures are observed in both the fine and coarse grain domains; given the size of
the fine grain domains this is not unexpected. Grain lineations are the most common
microstructure in both the fine and coarse-grained domains. The grain lineations are
short distance and multi-directional (Fig. 47 and 48). Deformed grain lineations are
also found in both the fine and coarse grain domains (Fig. 48c, and 47a respectively).
Lineations are the second most common microstructure observed in both domain
types. The lineations are also short distance and multi-directional. Only a few
lineations are subsequently deformed, suggesting multi-event deformation (Fig. 48a).
Rotation structures, with and without core stones (Fig. 48a and c), are observed in
both domains. Edge to edge grain crushing is more frequent in the coarse-grained
domain than in the fine-grained domain (Fig. 47a, c and 48a, b). Pressure shadows are
only observed in the coarse-grained domain (Fig. 48b), but are considered a minor

microstructure as only two were observed.

4.7 Core 33

Core 33 sampled the mid-shelf of Marguerite Trough, and was collected by Fretwell
(2005). The piston core recovered a core length of 78 cm in a water depth of 590 m.
A unit of interest was sampled from 39 cm to the EOC at 78 cm; no lower boundary

to this unit was retrieved. The description of the sampled unit is very basic; from 39
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cm to EOC is a dark grey, subangular sand-rich mud unit with rare subangular
pebbles that is interpreted as a proximal grounding zone facies. Two samples were
collected from this unit for analysis as the interval of 45-55 cm (sample 17), and 65-
75 cm (sample 18).

X-radiographs of core 33 were obtained as means to compare Fretwell’s (2005) unit
description to the overview description of the thin section samples from this core.
Fretwell (2005) identified a single unit but, comparing both the samples and the x-
radiograph revealed some differences. The x-radiograph shows a variable texture
which is reflected in the differing textures of the two samples. Sample 17 has a crude
horizontality in the configuration of the domains found in the sample, with a sequence
of coarse, very fine, and very coarse domains. Sample 18, however, is coarse-grained
(the same texture as the coarse-grained domain found in sample 17) with fine grain
domains (texturally different from the very fine-grained domains found in sample 17).
There is no clear boundary in the x-radiograph between these two samples but there is

a visible transition from one texture to another.

4.7.1 Detailed description of Sample 17

Texture: Sample 17 overall is coarse (coarse to fine silt) grained with a fine (fine to
very fine clay) grained domain. There is top-to-bottom variability in the coarse-
grained texture of the sample. At the top of the sample there is a coarse (medium silt)
grained domain (labeled as such for comparative purposes as it is the same texture as
the coarse (medium silt) grained domain in sample 18) whose boundary slowly
diffuses into a fine (fine clay) grained domain to very fine (very fine clay) grained
domain on the right of the sample. Unfortunately a large void (processing artifact)
cuts through the sample at this location removing, or obscuring some of the boundary
interactions, and the extent of the fine-grained domain and its shape. Two examples
of the texture of the coarse (medium silt) grained and very fine (very fine clay)
grained domain as well as their boundaries are shown in Figure 50a-b. What remains

of the fine (clay) grained domain appears to be crudely horizontal and could extend
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d) s 10)
Fig. 49. Overview of samples 17 and 18 from Core 33. a) x-radiograph of section 40-78 cm of core
33, containing sample 17 at interval 45-55 cm highlighted by red bar, and sample 18 at interval of 65-
78 cm highlighted by blue bar. b) thin section of sample 17. c) overview of sample 17 displaying
locations of fine grain domains and skeleton grains over 5 mm. d) thin section of sample 18. €)
overview of sample 18 displaying location of fine grain domains and skeleton grains over 5 mm

(AMGRF, 2002).

across the entire sample. Some of the voids in the coarse (medium silt) grained
domain have fine (clay) grained domain around them but it is unclear if this is the

same domain or a separate one. These upper domains will henceforth be grouped
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together, based on textural and structural similarities (see below). Given that the
upper boundary between the coarse and fine-grained domain is diffusive where the
lower boundary is, in the places visible, distinctive and crudely horizontal, the lower
semi-horizontal boundary will be considered a unit boundary. This upper unit will be
referred to as unit 1 and rest of the sample will be referred to as unit 2. Below unit 1
is a very coarse (coarse silt) grained domain, unit 2 (Fig. 50b, and for texture
comparison see Fig. 50a (medium silt) and Fig 50c, 51a-c (coarse silt)). This lower
very coarse-grained domain has a texture that is not as cohesive or as dense as the
coarse-grained domain in unit 1; it varies in texture (fine to coarse silt) but is
dominated by skeleton grains from the larger size fraction, including three skeleton
grains over 5 mm, which are absent in unit 1. Nikon imaging software is used to
define the boundaries of the domains or units. There is the only one fine-grained
domain in the sample in unit 1; in the sample overview (Fig. 49b-c) there appears to
be other horizontal fine grain domains but they are intraclasts of a fine-grained
sediment. Voids are prevalent in this sample in the form of cracks, which could be
due to the texture of the very coarse-grained domain making it more susceptible to
crack formation during thin section production. None of these cracks are rimmed with
sediment, which would suggest they were porewater related, so they are more likely
processing artifacts and not microstructures. There are multiple lithologies of skeleton
grains in this sample; the greatest variety occurring in the very coarse-grained
domain, and the least variety in the very fine and coarse-grained domains. Skeleton
grain shape ranges from rounded to angular, with subangular the most common. An
aside, Fretwell (2005) did state in her description of the unit containing this sample
that subangular pebbles are rare; her reference is to clast shape, where the description
here refers to skeleton grain shape. There are multiple intraclasts of a different
diamicton present in this sample, mostly in the second unit but a few were observed
in the first as well (Fig. 50b-c, and 51a-c).

Structure: The structures observed in the thin section are ductile deformation and
brittle deformational structures, with no porewater induced structures observed. Not
all the structures observed are found in all units. The structures in unit 1 are as
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follows. The fine-grained domain in unit 1 contained the fewest, and the least variety
of microstructures; this is most likely due to the size the unit, and the scarcity of
skeleton grains. The coarse-grained domain in unit 1 contained the most
microstructures and all the types identified except for pressure shadows; grain
lineations are the most common, rotation structures are identified, and lineations are
the least common. Grain lineations are short distance, multi-directional, and some had
undergone subsequent deformation (Fig. 50a,c and 51a-b). Rotation structures are the
second most common microstructure observed in the coarse-grained domain. Edge to
edge grain crushing is rare (Fig. 50a). These structures are found in close association
with each other. The structures in unit 2 are as follows. Grain lineations are scarce,
with only a few observed; mostly composed of the small skeleton grain size fraction
(Fig.51a and c). The second most common microstructure observed in the very
coarse-grained domain is edge to edge grain crushing (Fig. 50c, 51b-c). Lineations
are absent and one pressure shadow is identified (Fig. S51a). There are only a few
microstructures identified in total, and of those there isn’t any clear association
between them. Figure 51b contains a couple of grain lineations but this was the only
cluster of structures identified.

4.7.2 Detailed description of Sample 18

Texture: Sample 18 is coarse (medium silt) grained with multiple fine (clay) grained
domains. The boundaries of the fine grain domains are irregular and diffuse into the
surrounding coarse-grained domain, and are identified using Nikon imaging software.
There is a large cluster of fine-grained domains at the bottom of the sample in close
proximity to the largest skeleton grain in the sample, and a second smaller cluster at
the top of the sample bordering a prominent void in that area. There are several voids
in the sample, in the form of cracks; these are processing artifacts created during thin
sample production. There are three skeleton grains over 5 mm in the sample,
randomly distributed throughout the sample. The shape of the skeleton grains range
from rounded to angular, with subangular being the most common shape observed.

There are multiple skeleton grain lithologies in this sample, with the greatest variety
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occurring in the large skeleton grain size fraction. Intraclasts of another diamicton are

present in this sample (Fig. 53a-b).

Structure: The structures observed in the thin section are ductile and brittle
deformational structure; no porewater induced structures were observed. All
structures observed are identified in both domain types. Figures 52 and 53 contain
examples of the microstructures identified that will be discussed in detail as follows.
The most common microstructure is grain lineations. The grain lineations are both
short and long distance, multi-directional, and some had been subsequently deformed.
This structure is observed as being composed of large skeleton grains (Fig. 53a, and
c¢). The second most common microstructure are lineations; these are observed to be
short distance and multi-directional. Rotation structures are common and observed
with and without core stones (Fig. 52, and 53c). Edge to edge grain crushing is
identified (Fig. 52b, 53a-b), although it is a minor microstructure.
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Chapter 5 - Interpretation

5.0 Introduction

The micromorphological descriptions of the grounding line deposits in this study
show a complex deformational history. Structures indicative of planar and rotational
deformation have been found in close association with each other in all but one
sample (17). This outlier sample (17), along with another (sample 18), are from a unit
previously interpreted as a proximal grounding line facies by Fretwell (2005) in core
33, all other sampled facies have been previously interpreted as subglacial (Fretwell,
2005; Heroy, 2006). It is for this reason that samples 17 and 18 will be discussed
separately from to the other samples, as a means of correlating the microscopic
interpretations to a possible alternate facies. Then their context to the other samples,
and the broader grounding line environment will be discussed. For comparative
purposes a qualitative summary table of microstructures is presented (Table 2) with a
scale of microstructure development ranging from poorly developed or rare to well

developed or abundant.

5.1 Samples 1-16

The microstructures observed in thin section indicate that the sediments were
deposited in a warm-based subglacial environment, having undergone multiple
deformation events in a variable-stress environment. While no water escape structures
were observed, the diffuse boundaries between differing plasma textures in the
samples can be attributed to the presence of porewater, as well as the influence of
ductile deformation. Ductile deformational structures, such as rotational and necking
structures, were observed in thin section. Rotational structures were observed in all
samples, ranging from poorly to well developed and abundant (Table 2), with and
without core stones. Rotational structures, when observed in glacially derived
sediments, are the result of velocity gradients caused by shearing in a low effective

pressure environment (van der Meer, 1993, 1997; Phillips & Auton, 2000;



Table 2

Summary of micromorphological descriptions (following Carr (1999) and Reinardy et al. (2011)).

Sample Till type  Till type Texture Voids Structures
Qualitative Quantitative  Skeleton Plasma
Grain Intraclasts  Cohesive Rotation  Pressure  Crushed/ Grain Lineations Multi
sorting Shadow  Fractured lineations event
grains

1 SO S0 L ° H L oo ° . oo ' °
2 ST Tr M . L L (1) ° 1Y) YY) °
3 ST Tr L o0 L L o0 ° ° (Y1) YY) °
4 ST Tr L oo L L eoe ° ® ' Y °
5 ) L eoe H L o0 o0 o0 ® °
6 50 L ° H L o0 ° . 1Y e00 °
7 50 L ° H L oo ' eoo eoe °
8 SO 50 M ° L L o0 . e00 1Y °
9 SO S0 L ° M L 1) ° . o0 o0 °
10 ST 50 L ° L L oo ° oo Y °
11 SO 50 L oo M L ° ° o0 ° ® °
12 SO 50 L o0 M L oo o0 1) ® °
13 ST ST L ° M L oo ° oo ® °
14 50 L ° H L oo ° Y 'Y °
15 50 L ° M L ' ° oo ® °
16 Tr L ® H L ° ° oo o0 .
17 Tr L . M L ° ° ° ° °
18 Tr L ° M L (1] ° ' ' °

Texture and Structures: o, rare/poorly developed (L); ee, common/moderately developed (M); @ ®e, abundant/well developed (H).

Till type (qualitative): Samples described as stiff (ST) or soft (so) defined by Heroy (2006)

Till type (quantitative); Using shear strength measurements to determine till type - Soft (so) <12 kPa, Transitional (Tr) 12 kPa - 45 kPa, Stiff (ST) >45 kPa
Voids: L= lab induced voids
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Hart & Rose, 2001; van der Meer ef al., 2003; Menzies et al., 2006; Piotrowski et al.,
2006; Phillips, 2006; Denis et al., 2010), caused by pore water pressure equaling
glacial induced pressure. As rotational structures are observed in other environments,
their presence is taken as an indication of the presence of porewater within the sample
during deformation, not as a diagnostic structure attributed to a specific depositional
environment (Hooyer & Iverson, 2000; Thomason & Iverson 2006; Hess, 2009).
These rotational deformational structures are observed in close relation to planar
deformational structures, such as lineations and grain lineations, which are formed
due to shear planes (van der Meer, 1997; van der Meer et al., 2003; Hiemstra &
Rijsdijk, 2003). All lineations and grain lineations are short, and their length is
attributed to non-pervasive deformation. These structures are also closely associated
with in situ crushed grains, or edge to edge grain crushing. Edge to edge grain
crushing has been related to high stress environments indicative of the subglacial
environment (Carr, 1999; Hiemstra & Rijsdijk, 2003; Carr et al., 2006; Larson et al.,
2007). It is this grain crushing induced by glacial action that produces the skeleton
grain shapes observed in these samples. This cataclastic deformation is the result of
rapid and brief deformation (Larson et al., 2007; Denis et al., 2010). Given the
presence of structures formed in both low and high stress environments in the
sediments occurring in close association, then the depositional environment is
concluded to have dynamic stress fields with ductile and brittle deformation occurring
concurrently. With some of the structures, such as the grain lineation in Figure 8c,
having undergone subsequent deformation, then it is probable that these sediments
were formed through multiple deformation events. The presence of soft sediment
intraclasts of a different diamict is evidence of the reworking of pre-existing

sediments (van der Meer, 1993; Carr, 2000).

While this confirms both Fretwell’s (2005) and Heroy’s (2006) interpretation of a
subglacial origin for these sediments, there are conflicts with their other assertions.
First is the identification of a single unit which the micromorphological analysis
doesn’t support. Instead several units can be identified that have undergone the same

or similar processes during transportation to, and deposition at, the grounding line.
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Most notably are cores 4, 24, 57, and 55. The boundaries of these units are not
visible in thin section, as they were not sampled, nor do there appear to be any sharp
unit boundaries visible in the x-radiographs. Sample 11, from core 55, contains a
lower fine-grained domain with a visually distinct boundary that is undulating and
appears to have skeleton grains embedded into it, suggesting a deformational contact
between the two domains. This is possibly a unit boundary, but cannot be said with
any confidence; given that only a small amount of this domain/unit is visible for
analysis, and a lower boundary to this unit was not sampled, nor is one visible on the
x-radiograph. Therefore it is likely that most, if not all, unit boundaries are
gradational and represent extensive sediment reworking.

The second assertion involves is the interpretation of emplacement via lodgement or
deformation based solely on the descriptors of stiff or soft, respectively. A clear
example of this was Heroy’s (2006) description of sample 2 as stiff, and sample 8 as
soft when micromorphological analysis identified these samples as having nearly
identical texture and structures (Table 2). Heroy’s (2006) use of this singular
descriptor as sole basis for determining emplacement, especially when such other
standard techniques as a detailed macroscopic description are neglected, is rejected.
Heroy (2006) is not the only author in the Antarctic region to base his interpretation
on this criterion (c.f. Wellner et al.. 2001; Shipp et al., 2002). However, with the
increasing use of micromorphology in the Antarctic, sediments previously attributed
to lodgement are being reclassified as deformation (Baroni & Fasano, 2006). Recent
work by Reinardy et al. (2011) has determined that soft, transitional and stiff
diamicton/till do not relate to a change in the process of emplacement but a shift from
normal to streaming ice. They clearly identify shear strength boundaries of soft,
transitional, and stiff diamicton that relate to the change in proportion of subglacial
microstructures. Heroy’s (2006) classification of soft or stiff diamicton differs from
those of Reinardy et al. (2011). These differences are summarized in Table 2. Heroy’s
(2006) classifications are termed qualitative as they subjectively distinguish between
these two types, and there are no evidence to support his classification. Reinardy et

al.’s (2011) are termed quantitative as they are based on several objective criteria. As
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is expected, the greatest differences between the two classifications are Heroy’s
(2006) identification of stiff diamicton, with only a single sample, 13, identified as
stiff by both authors (Table 2). According to Reinardy ef al. (2011) there is no
difference in the type of microstructures found in the soft, transitional, and stiff
diamictons but there is a difference in the proportions of these structures. It was
determined that the soft till is a reworked homogenized version of the underlying stiff
till, all having undergone deformation, which accounts for the presence of the same
set of microstructures. Proportionally soft till contains fewer microstructures than the
other two types, with an increase in the presence of intraclasts. Stiff till, in contrast
contains the most microstructures, with grain crushing occurring most frequently in
this type (Reinardy ef al., 2011). It is thought that initial emplacement of diamicton
was by deformation, and deformation-induced ductile structures were formed. After
this initial deposition, dewatering and compaction occurred, as diamicton
emplacement continued via deformation, caused by the overriding ice and/or an
increase in sediment thickness. As the necessary water for ductile deformation to
occur was removed, deformation became brittle, forming such structures as crushed
grains. This now “stiff” sediment layer was overlain by a time-transgressive
deforming sediment layer that moved upwards creating the transitional layer between
stiff and soft diamicton. This incorporated (intraclasts) and homogenized (destruction
of previous microstructures and accounting for the decrease in the proportion of
structures) the lower stiff sediment layer (Reinardy ef al., 2011). As our study only
contains a single “stiff” sample, as defined by Reinardy et al. (2011), and not a
complete “set” of samples from the soft, transitional, and stiff diamicton in a single
core, it cannot appropriately confirm these findings, nor was it in the scope to do so.
However, as the separate units identified in this study have diffuse boundaries, the
idea that lower sediment layers are homogenized into the upper sediment layers (or

units) is supported, as is identifying deformational origins for all diamicton types.

Given that these sediments (samples 1 -16) are attributed to be deformational in
origin, they contain multiple units with diffusive boundaries, and intraclasts of

another diamict, it is proposed that the sediments are the product of extensive
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sediment reworking in a subglacial environment. However, it is not known at what
stage these sediments were reworked or what contribution soft or stiff diamicton had
to overall sediment deformation. Further work is needed to resolve these issues. More
extensive sampling in the grounding line environment, as well as detailed descriptions
of variations in diamicton, is needed to capture a more complete picture of

emplacement.

5.2  Samples 17-18 (core 33)

Sample 18 is considered deformational in origin and contains microstructures
indicating that the sediment was deposited in a warm-based subglacial environment,
having undergone multiple deformation events in a variable stress environment, as
with the previous samples. However, this is not the case for sample 17, which
overlies sample 18. Sample 17 contains two units. The uppermost unit (1) contains
both ductile and brittle deformational structures in close association. There are
minimal microstructures upon which to base an interpretation on, due to the large
voids in this unit, but this unit is thought to be subglacial in origin. The second lower
unit (2) contains a few random ductile and brittle deformational structures. These
structures are not associated, and are not thought to have formed concurrently. The
texture of the plasma in this unit is not cohesive, and the unit is nearly skeleton grain
supported. This unit is interpreted to be proximal grounding line in origin based on
Carr’s (2000) criteria for differentiating subglacial and proximal sediments. We
consider the sediments in the core to have been deposited during glacial recessional
standstill. The lowermost portion of the core (sample 18) was deposited subglacially,
and as the grounding line retreated, proximal grounding line sediments were
deposited (lower portion of sample 17). In the x-radiograph, a gradual transition can
be seen between these two samples. The upper unit in sample 17 represents a possible
localized, probably temporary, re-advance of the grounding line given the small unit
thickness. Fretwell (2005) identified the entire facies (containing both samples) as
proximal grounding line; this interpretation is based on a very brief macroscopic

description and it might be only considered valid for a portion of this core.
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Chapter 6 — Discussion and Conclusion

From the micromorphological descriptions of all the samples within this study, it is
determined that the grounding line sediments were deposited in a deformational
subglacial environment, with a warm base, having undergone multiple deformation

events in a variable stress environment.

As previously stated, there are two types of grounding line deposits sampled in this
study; morainal ridges in Bransfield basin, and grounding line wedges in the Vega
Trough, Anvers Trough, Biscoe Trough, and Marguerite Trough. What the analysis in
this thesis has shown is that all of these features have been formed by deformation of
subglacial sediments. The only core that was not identified as having multiple units
was the core obtained in Bransfield basin sampling the morainal ridges. Given this
analysis, the ridge sampled in Bransfield basin was likely formed by the squeezing of
subglacial sediments out beyond the grounding line as the samples contain
microstructures indicative of the subglacial environment and not via fluvial processes
or gravity flows. Since there are microstructures that have undergone subsequent
deformation after formation, it is possible that this morainal ridge could have
undergone deformation by glacial push. In all the other cores multiple units were
identified and all those cores are sampling grounding line wedges from different
regions. It is thought that the differing textures within the cores, or the different units,
are remnants of the old deforming layers that were transported to the grounding line,
and subsequently re-eroded and deformed as the grounding line advanced. This re-
erosion of these layers during advance could be the source of the intraclasts that are
observed within these samples, and re-deformation of these sediments during advance
amalgamates the individual layers into a singular deforming layer — which accounts
for the lack of unit boundaries and the subglacial multi-event deformational
structures.

The use of micromorphology in the investigation of grounding line sediments from

around the Antarctic Peninsula has demonstrated that these deposits have complex
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deformational histories and subglacial origins. It was determined that grounding zone
wedge contain multiple units, or diamicton layers, with homogenized boundaries. The
multiple diamicton units/layers are due to the accretionary formation of a grounding
line wedge. All the sediments were deposited via deformation, and continual
reincorporation, homogenization of lower diamicton layers by upper diamicton layers
produced what macroscopically appeared to be a single massive diamicton unit. This
could suggest a change in ice-flow dynamics that produced multiple diamicton
units/layers, with multiple deformation events homogenizing unit/layer boundaries.
The morainal ridge that was sampled, alternatively, is composed of a single unit, or
diamicton layer, that was subglacial in origin and believed to have been pushed out to
form a ridge that was subsequently deformed via glacial push. The determination of
emplacement in a warm based environment, in combination with the spatial coverage
of this study across the Antarctic Peninsula, supports Kilfeather et al.’s (2011)
suggestion that glacial retreat was caused by encroachment of Circumpolar Warm
Deep water onto the continental shelf. Work needs to be continued in this
environment to confirm these findings, capture a more complete picture of
emplacement, and to link to the new work done by Reinardy et al. (2011) regarding
soft and stiff diamicton.
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