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Preface

This volume is the outcome of an international
conference on ‘Glacial sedimentary processes
and products’ held at the University of Wales,
Aberystwyth in August 2005. The idea for such
a conference dates back to the Congress of the
International Association of Sedimentologists (IAS)
in Johannesburg, July 2002, when following a ses-
sion on ‘3 billion years of Earth’s glacial history’
it was apparent that there was little interchange
of ideas between those working on modern glacial
processes and those concerned with the palaeo-
glacial record. It was also apparent that within
IAS there was a slowly growing interest in the
glacial sedimentary record, manifest primarily
in the rising number of papers in the journal
Sedimentology. In the light of the successful series
of IAS conferences on fluvial sediments and car-
bonates, it was felt that the time was ripe for IAS
to sponsor its first glacial sediments conference.
In view of recent developments in glaciology it
was also apparent that glacial geologists and
ice-sheet numerical modellers were beginning to
work together to determine the scale and dy-
namics of past ice sheets. Thus, in addition to IAS,
we brought together additional co-sponsors for
the Aberystwyth meeting;:

The International Glaciological Society

The International Commission of Snow and Ice (now
International Association of Cryospheric Sciences)
The Quaternary Research Association

The International Union for Quaternary Research
(INQUA)

The Antarctic Climate Evolution Programme of the
Scientific Committee on Antarctic Research

The British Geological Survey

The conference, and hence this volume, repres-
ents the first outcome of two international working
groups which are working closely together:

® The International Association of Cryospheric
Sciences” Working Group on Debris Transport in
Glaciers; and

¢ INQUA’s Working Group on Glacial Sedimentary
Processes and Landforms.

The principal aims of these Working Groups are:

* to promote dialogue between researchers in the
fields of glacier dynamics, contemporary glacial
processes, glacial sedimentology and ice sheet
modellers; and

e to apply a multidisciplinary approach to enhance
our understanding of debris entrainment and
transfer in glaciers, and subsequent deposition at
contemporary ice margins; and to use this know-
ledge to constrain numerical models of contem-
porary and former ice masses.

These aims are reflected in the contents of
this volume, which are divided into four themes:
‘Glacier dynamics and sedimentation’, ‘Modelling
glaciers and ice sheets’, Quaternary glacial sys-
tems’ and ‘Pre-Quaternary glacial systems’. The
papers represent a cross-section of those delivered
at the conference. The abstracts of all the oral and
poster presentations at the conference, totalling
139 contributions are available on-line through the
IUGG/CCS Working Group website (http://www.
Iboro.ac.uk/research/phys-geog/dtg/index.html).
The papers in this volume were refereed to the
standards used by Sedimentology, each of the edi-
tors selecting two referees. lan Jarvis and Isabel
Moiitanez ensured that the editors” work was in line
with TIAS policy. The amount of effort put in by the
referees has been most impressive, and we acknow-
ledge their contributions and express our thanks
to them. They are acknowledged in each paper,
except where they prefer to remain anonymous.

This volume is dedicated to the late W. Brian
Harland (1917-2003) of Cambridge University who,
as David Drewry records in his tribute on page xi,
played a leading role in gathering data on and
interpreting Earth’s glacial record, and promoting
the concept of Neoproterozoic glaciation, long
before this became fashionable in the context of the
‘Snowball Earth hypothesis’. His career was domin-
ated by fieldwork in the High-Arctic archipelago
of Svalbard, where modern glacial sedimentary
processes are fully in evidence, and his observations
there undoubtedly informed his thinking about the
past glacial record. Yet his own interests spanned the
full spectrum of geology, and he made major con-
tributions to tectonic geology, stratigraphy and the
geological time-scale. Furthermore, he introduced



X Preface

an astonishing number of undergraduates, post-
graduates, post-doctoral researchers and academic
staff to the delights of Svalbard (including one of
the editors, MJH). The spin-off from his work is
manifested in several hundred scientific papers,
both those of his own and those resulting from
follow-up work by geologists who were fortunate
enough to join his expeditions.

We acknowledge the financial support of several
corporate sponsors and a private sponsor, whose
contributions facilitated the participation of post-
graduates and scientists from developing countries
at the conference itself. They are:

Statoil UK Ltd.

Cardigan Sand & Gravel Ltd.
Reynolds Geo-Sciences Ltd.
Sir Mark Moody Stuart

Underpinning all the work associated with run-
ning the conference and producing this volume has
been the support of postgraduates and staff of the
Institute of Geography and Earth Sciences at the
University of Wales, Aberystwyth (especially Inka
Koch). In addition, Martin Siegert of the Univer-
sity of Bristol (now University of Edinburgh) and
Peter Janssen of the University of Stockholm, in their
capacities as co-convenors, advised us on the key
themes that should be explored.

MicHAEL J. HAMBREY, POuL CHRISTOFFERSEN,
NEIL F. GLAssER and BRYN HUBBARD

Aberystwyth, October 2006



Foreword
Brian Harland and the Neoproterozoic ‘Snowball Earth’ concept

DAVID ). DREWRY

Office of the Vice-Chancellor, The University of Hull, HU6 7RX, UK (e-mail: david.drewry@hull.ac.uk)

On 8th July 2005, the G8 leaders, issued a com-
muniqué which stated: ‘Climate change is a serious
and long-term challenge . . . We know that increased
need and use of energy from fossil fuels ... con-
tribute in large part to increases in greenhouse gases
associated with warming of the Earth’s surface’ (The
Gleneagles Communiqué, 2005).

For scientists, particularly geologists, the many
changes to the Earth’s environment in the past are
neither startling nor largely inexplicable, and the
notion that human beings can have a measurable
impact in raising the levels of radiatively-active
gases in the atmosphere can have root in fertile
ground. The explanation of Ice Ages, periods of
desertification or the steady rhythmic shift of
climate belts are phenomena that have engaged
earth scientists from the earliest times. Indeed
the Conference on Glacial Sedimentary Processes and
Products in Aberystwyth, Wales in August 2005, was
a significant contribution to such studies. But the
magnitude of the rapid changes from a glacial-
bound world to super-greenhouse conditions might
be said to astound even the most ardent supporters
of climate change research.

They certainly created colossal scepticism and dis-
belief amongst the geological and scientific com-
munity when first propounded some forty years
ago. Yet the proposition that the Earth might have
experienced a full planetary ice cover in the past
involving the improbable glaciation of the tropics
came not from the hallucinations of a science fiction
writer or the twilight fringe of pseudo-scientific
anoraks but from the pen of a well-respected aca-
demic in the Department of Geology (now Earth
Sciences) at Cambridge University.

Brian Harland (Fig. 1) had first noticed the pres-
ence of tillites in rocks of late Precambrian age from
his extensive work in Svalbard — a part of the Arctic
that had bewitched him as a young man, seventy
years ago just prior to the Second World War (and
indeed has captivated many others both before

Fig. 1 Brian Harland with his wife Elisabeth on
the deck of MV Copius, a vessel which provided
support for numerous expeditions to Svalbard.
(Photo: Michael Hambrey).

and since). Exposed in northeastern Spitsbergen
and western Nordaustlandet is a glacial sequence,
almost 1 km in thickness, sandwiched between
deposits of a very different composition and origin
— thick carbonate sequences — which taken together
testify to some dramatic lurch in Earth’s climate
about 600 million years ago.

Assembling evidence from other continents,
Harland spotted similar patterns. What was more
astonishing was that the palaeogeographic position
of these Neoproterozoic glacial deposits placed
them, according to the then best available evid-
ence, in equatorial latitudes. Within the glacigenic
sequences were unequivocal ice-rafted sediments
containing an abundance of distinctive drop-stones.
They imputed, not mountain glaciation in these
tropical regions, but extensive ice masses at sea level
on the margins of what is now termed Laurentia.
Debris-laden icebergs would be calving, drifting,
melting and releasing their debris to the floor of
the proto-lapetus.
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Brian Harland proposed at a Conference in
January 1963 in Newcastle (Harland, 1963), and
further propounded in Geologische Rundschau
(Harland, 1964) and Scientific American (Harland &
Rudwick, 1964), the radical view of a world-wide
glacial event of many millions of years duration
that terminated abruptly and was followed by an
equally extreme warm period. This latter interval
saw the deposition of thick units of carbonate
rock, and importantly presaged the conditions for
the Ediacaran and the great Cambrian biological
explosion.

To promote such an hypothesis in the early 1960s
required courage and conviction; Harland received
cynical and coruscating criticism of his ideas at the
time. It is important to recall that the concept of
continental drift — the term “plate tectonics” had yet
to be coined and defined — was just climbing out
of the slough of scientific aprobrium. Modern evid-
ence for continental motions was being amassed
steadily — Harry Hess, Bruce Heezen, and Bob Deitz
were postulating the role of mid-ocean ridges and
Drummond Matthews and Fred Vine were at the
cusp of publishing their Nature paper (Vine &
Matthews, 1963) on magnetic lineations in the
oceans that clinched the case for sea-floor spread-
ing. Many of the techniques which we take for
granted in the geosciences were in their infancy
— geomagnetism was only then establishing itself
as a reliable technique (it was a vital strand in
Harland’s thesis, but the evidence he required
was woefully inadequate), geochemical, particularly
isotopic determinations were commencing, but
accuracy and applications were limited. Certainly
the ability to direct awesome computer power to
creating simulations of Earth, ocean and atmo-
sphere, and run coupled models was a generation
away.

But Harland had built his case with typical
meticulous care and logical deduction - the same
qualities that he instilled in generations of under-
graduates he taught in the lecture theatre, labor-
atory and in the field. His technique, as re-called
by Peter Friend in Harland’s obituary in The
Independent newspaper in November 2003, was,
‘... to train young scientists to make simple and
clear observations and then argue on the basis of
these, ‘ignoring all preconceptions’ (Friend, 2003).

Harland’s ideas on planetary glaciation were
later picked up by Joseph Kirschvink at the

California Institute of Technology (Kirschvink, 1992)
and at Harvard University by Paul Hoffman and
Dan Schrag (Hoffman et al., 1998), and became
landmark contributions to what is now termed
the ‘Snowball Earth” hypothesis — accessibly docu-
mented by Gabrielle Walker, a writer of popular
science (Walker, 2003). These scientists, using more
modern and accurate techniques, were able to
develop Harland’s early work and extend it, im-
portantly providing mechanisms for initiating and
sustaining the global Marinoan and earlier Sturtian
glaciations and their rapid transition to a hyper-
greenhouse world. The former, initiation phase,
referred to the earlier and equally controversial
work of Mikhail Budyko on modelling run-away
ice-albedo feedback (Budyko, 1969). During this
author’s early years in Cambridge, Budyko came
to spend a sabbatical period at the Scott Polar
Research Institute, working on his ice-albedo model
— I am reasonably confident that he never met
Brian Harland or discussed the possible concatena-
tion of their various ideas; but that would have been
one of those tantalising scientific ‘what ifs’.

The tillites that had inspired Harland continued
to intrigue him in later years. He approached
their study not from a need to understand the
mechanisms or processes which produced them,
nor their detailed petrography or geochemistry;
for these he relied on other scientists, especially
glaciologists and glacial geologists. Brian Harland
and I often met and he was frequently challenged
on some of his interpretations of glacial sequences!
He would always demand clear argument and
evidence, but once convinced would absorb and
incorporate the new knowledge into his studies.
Harland’s interest in tillites continued to be in
their distribution in time and space as distinctive
indicants of palaeo-environmental conditions and
as a seductive pointer for climate change. Convinced
of the need to produce reliable time scales and
assemble basic data for use by the geoscientific
community he commenced to edit a new genre of
publications. The Phanerozoic Time Scale (Harland
et al., 1964), The Fossil Record (Harland et al., 1967),
and A Geological Time Scale (Harland et al., 1990)
were the result, the last mentioned being produced
also as a poster which decorated many a geologist’s
pin-board or wall.

During his searches, Harland found the unlinked
descriptions and individual interpretations of rock
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units particularly frustrating. Thus he became a key
protagonist of the International Geological Correla-
tion Programme (IGCP) and, in the 1970s, initiator
and coordinator with the able and untiring assist-
ance of Michael Hambrey, of its Pre-Pleistocene
Tillite Project (IGCP 38). This was a massive inter-
national undertaking involving 165 authors who
produced 212 papers totalling 1004 pages of pub-
lished material (Hambrey & Harland, 1991). Brian
Harland would have been delighted to see the
significant number of papers and posters being
given on tillites at the Aberystwyth meeting, and
particularly the continued investigation and debate
concerning the Neoproterozoic glaciations.

I should conclude this reflection on Brian
Harland’s scientific life by returning to Svalbard —
which held a special place in his heart and around
which most of his professional work revolved.
The Cambridge Spitsbergen Expeditions (CSE)
that he initiated was a remarkable programme
of investigations by boat, sledge, snow-scooter,
all-terrain vehicle, occasionally helicopter and
back-packing on foot and ski, operating mostly out
of Ny-Alesund and his much loved hut ‘Mexico’
(Fig. 2). Brian personally led 29 of the 43 summer
expeditions, accompanied on 13 of these by his wife,
Elisabeth (Fig. 1). These expeditions systematically
covered the islands and revealed their geological
story. No single person has contributed more to the
geological understanding of this part of the North

Fig. 2 Brian Harland in Svalbard with two of his
Cambridge Spitsbergen Expedition’s motor boats,
Collenia and Salterella, appropriately named after
Svalbard fossils. In the background is the glacier
Scottbreen, surrounded by mountains bearing
Neoproterozoic tillites. (Photo: Michael Hambrey).

Atlantic than Brian Harland, and, I would posit, nor
probably to any area of comparable size and com-
plexity. More than 300 undergraduates and staff
were involved with the CSE, including 50 graduate
collaborators. Out of CSE emerged the Cambridge
Arctic Shelf Programme in 1975 — now an inde-
pendent scientific research company working
on geological-related problems world-wide. The
Geology of Svalbard (Harland, 1998) is an enduring
testament to his fastidious and insightful work, but
even these 500 or so pages and the 2.2 kg weight
are not a true reflection of his extraordinary encyc-
lopaedic knowledge. David Gee, in a review of this
book, commented, ‘It will remain the Svalbard bible
for many years to come. One should remember to
read it in the spirit of the author: with an inquir-
ing mind never satisfied with conventional wisdom
and present-day interpretations” (Gee, 2001).

Brian Harland was a man of great scientific fore-
sight, with tireless intellectual and physical energy.
He could be challenging and robust, stubborn and
irascible, dutiful and engaging with a high moral
conviction. I wonder what he would have made of
the G8 concerns on climate change and President
George Bush’s equivocal position?

It is, therefore, with considerable pleasure and
respect that the International Conference on Glacial
Sedimentary Processes and Products, Aberystwyth,
22-27th August 2005 has been dedicated to the
memory of Brian Harland.
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Introduction to Papers

MICHAEL ). HAMBREY*, POUL CHRISTOFFERSEN*t, NEIL F. GLASSER*
and BRYN HUBBARD*
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(e-mail: mih@aber.ac.uk)
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INTRODUCTION

Glacial Sedimentary Processes and Products includes
twenty papers that demonstrate the breadth and
dynamism of this research field. Broadly follow-
ing the themes of the conference at which these
papers were presented, we divide the book into four
sections, as highlighted below, in which each of the
papers is briefly summarised.

GLACIER DYNAMICS AND SEDIMENTATION

Three papers ranging from ice-sheet-scale invest-
igations to studies on valley glaciers make up this
section. Siegert et al. follow up recent research, in
which water was hypothesized to flow from one
Antarctic subglacial lake to another, to investigate
the possibility of linkages between lake networks,
and the consequences of such linkages for subglacial
erosion and deposition. The authors use ice surface
and bed DEMs to reconstruct the ice sheet’s basal
hydraulic potential field and use this to investigate
the nature of water flows between known, located
lakes (of which there are over 140). The authors
conclude that most lakes in the Dome C region of
the East Antarctic Ice Sheet, where there is already
a relatively high density of individual lakes, are
likely to be linked. Further, these water flows most
probably form a connected drainage network of
linked lakes with the capacity to transfer basal
water and sediments from the ice sheet interior
down-valley to the Southern Ocean.

On a much smaller scale, Midgley et al. describe
sediment composition, morphology and struc-
tural characteristics of a moraine-mound complex
in front of Midre Lovénbreen, a polythermal
valley glacier in Svalbard. They identified a
range of lithofacies of subglacial, supraglacial and

proglacial origin, and integrate the structural
attributes with a geomorphological characterisation
based on digital elevation models. The integrated
analysis shows that moraine-mound formation is
linked to structural controls on the elevation of
sediment within the glacier.

On a temperate glacier, Rousselot et al. describe
the development of, and provide preliminary
results from, an innovative laboratory tool
designed to investigate key material properties
related to subglacial ploughing. Here, the authors
have applied the measurement principles of a
subglacial ‘ploughmeter” to construct an analogue
‘instrumented tip” for laboratory use. The tip itself
houses an array of strain gauges and pressure
sensors, while the sediment through which the tip
is dragged is additionally instrumented for pore-
water pressure and bulk volume. Tests on water-
saturated subglacial sediment recovered from the
Unteraargletscher, Switzerland, revealed several
interesting properties, including the establishment
of pore-water pressure gradients within the sedi-
ment in the vicinity of the ploughing tip, indicat-
ing compression (reflected by above-hydrostatic
pore-water pressure) in front of the ploughing tip
and dilation (below-hydrostatic pore-water pressure)
behind the tip. The authors also noted that the sedi-
ment had a ‘memory” such that virgin sediment
presented greater resistance to ploughing than did
sediment that had been pre-ploughed.

MODELLING GLACIERS AND ICE SHEETS

Numerical modelling represents one of the most
exciting and rewarding developments in the field
of glacial geology at the present time, and two
papers cover this topic. First, Pollard and DeConto
present the results of a numerical model of ice-sheet
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flow that has been coupled both to an ice-shelf
flow model and to a model of subglacial sediment
deformation. Running the model along an ideal-
ised 1-D flowline over a 10 Ma period allows ice
and sediment to be advected along the flow path,
and for the bulk depositional style of the resulting
offshore sediments to be reconstructed. Varying key
system and material properties, including sedi-
ment viscosity, a sediment transport factor, and
surface mass-balance (to force ice-sheet retreats
every 100 ka), results in a range of offshore sedi-
ment assemblages. Importantly, these are expressed
explicitly not only in terms of their bulk form,
but also in terms of their internal architecture and
the age of internal units. In their most sophisticated
model run, the authors include a pre-existing ice
shelf, allow for pelagic deposition, include sea-level
variations with a cyclicity of 100 ka, and include
realistic sediment geotechnical properties. The
resulting offshore deposit has a complex form, com-
prising several internal units of markedly differing
architectures, demonstrating the clear utility of
this approach to guide the investigation and inter-
pretation of offshore glacigenic sediments.

The second paper by Siegert reviews sediment
erosion, transport and deposition by former large
ice sheets from a numerical modelling perspective.
Three examples are used to examine how the
integration of geological data with ice dynamical
models can elucidate large-scale ice-sheet evolution.
The paper also contains a brief discussion of pro-
mising new trends and techniques. Many of these
approaches are now being undertaken by one of the
flagship programmes of the Scientific Committee
on Antarctic Research, namely Antarctic Climate
Evolution, that is drawing together especially the
glacial geological, the geophysical and the modelling
communities.

QUATERNARY GLACIAL SYSTEMS

Developments in our understanding of Quatern-
ary glacial systems are reflected in the nine papers
in this section. Commonly in the past, Quaternary
geologists had little interaction with glaciologists,
but in recent years the picture looks much healthier,
and both scientific disciplines are working closer
together than ever before. Researchers now adopt
a wide range of tools and approaches to reconstruct

depositional environments. The papers in this
section reflect to some extent this improved situa-
tion, as a number of the authors have themselves
worked in both camps.

First, working on the continental shelf of
Antarctica, Willmott ef al. present new data from
sediment cores and seismic profiles concerning
glaciomarine sediment drifts from Gerlache Strait,
Antarctic Peninsula. Sediment drifts are accumula-
tions of hemipelagic sediment contained within
a depositional geometry, which is influenced by
bottom currents, often showing evidence of re-
mobilization of foci of accumulation and erosion
by currents. The extent and palaeoenvironmental
importance of these accumulations on the con-
tinental shelf of Antarctica remain poorly defined
so their paper is a welcome addition to the field.
Their cores reveal a variety of sediment facies, with
couplets of laminated diatom ooze and sandy mud
alternating with massive, bioturbated, terrigenous
silt/clay units to a predominantly massive, bio-
turbated, silty-clay unit. Seismic profiles across the
drift show an internal structure defined by wavy
stratified reflectors. Willmott et al. use these data
to suggest that the drifts formed in estuarine con-
ditions during the Late to Middle Holocene, as a
result of large fresh water input from melting ice
margins, melting sea ice, warmer surface temper-
atures, and lack of exchange with the Antarctic
Circumpolar Current.

Back on land, Russell et al. describe the struc-
ture and sedimentology of the Waterloo Moraine
in southern Ontario, Canada. The moraine, which
is composed mainly of stratified sediments, was
deposited in two distinct depositional environments
— a conduit or esker setting and a subaqueous fan
setting. The implication from the sedimentology
is that much of the moraine was formed rapidly
during large flood discharge events and not from
diurnal meltwater events. The conclusion is that
the Waterloo Moraine was the depocentre of high-
magnitude meltwater discharge events. This paper
is an important contribution because of the debate
concerning the origin of stratified moraines.

On a topic that is not explicitly glacial sedi-
mentological, but which deals with processes in
glacial materials following deposition, Delisle
et al. use palaeoenvironmental records to estimate
permafrost evolution in northern Germany during
the Pleistocene Epoch. The study shows that the
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growth and decay of permafrost is controlled by
climate forcing and terrestrial heat-flow variations
associated with subterranean salt structures. The
maximum vertical extent of permafrost is estimated
at 130-170 m.

Processes at the margin of the Saalian Scandina-
vian ice sheet are documented by Winsemann
et al. using a combination of geological and geo-
physical data to identify the nature of subaqueous
fan-deposits from glacial Lake Rinteln in northern
Germany. The study shows that gravity flows were
the dominant sediment transport mechanism on
the fans when meltwater discharge was relatively
continuous. Sediments that are rich in ice-rafted
debris characterise a phase of glacial retreat and
a major subglacial discharge event is associated
with a significant fall in lake-level.

Delaney provides a detailed study of glaciola-
custrine sedimentation associated with the Late
Devensian ice sheet of Ireland, and illustrates
neatly how inferences can be made concerning the
seasonal controls on the deposition of glaciolacus-
trine sediments. Her study is based on careful
logging and microfabric analysis using a scanning
electron microscope (SEM) of laminated sediments
in cores from beneath two bogs west of Lough
Ree in central Ireland. The glaciolacustrine sedi-
ments are primarily rhythmically laminated silts
alternating with clay layers. These sediments are
interpreted as representing annually laminated
lake sediments (varves).

Demonstrating the benefits of using modern
geophysical equipment, Kulessa et al. applied
two methods to the investigation of the internal
structure of a drumlin located in County Down,
Northern Ireland. This drumlin was investigated
by traditional (surface and borehole) logging, as
well as by (a) seismic refraction imaging and
(b) electrical resistivity imaging. Seismic refrac-
tion imaging was found to be particularly useful
in terms of defining and tracing structural layering
within the body of the drumlin. The technique, for
example, allowed the authors to identify five dis-
tinct internal layers, including a highly permeable
and spatially-extensive basal layer of weathered
bedrock that would otherwise have been difficult
to trace. Although of lower resolution, electrical
resistivity imaging was also found to be useful in
terms of mapping variations in moisture content
and sedimentary inclusions within more varied

tills. It is clear from this pioneering study that
geophysical techniques, such as those used here,
have a great deal to offer to the investigation of
depositional landforms. This reflects the ability of
geophysical methods to (a) cover a surface large
area, (b) reveal 3-D internal structure of a feature in
a non-invasive manner, and (c) provide informa-
tion relating to the nature of that structure.

Two papers next consider the sedimentology
of eskers in glaciated areas, helping to shed new
light on the origin, palaeohydrology, depositional
processes and environments of deposition of these
landforms. Bennett et al. describe the stratigraphy
and sedimentology of a 13-km long esker system
(the Newbigging esker system) in Lanarkshire,
southern Scotland. The esker has a variable mor-
phology. In some places it is a single ridge, while
elsewhere it comprises a series of multiple sub-
parallel ridges or has a complex multi-ridge struc-
ture. From exposures in quarries along the length of
the esker, these authors link the sedimentology to
the morphology of the esker. Both the sedimentary
architecture and the morphology are consistent
with an interpretation of progressive infilling of
a large lake basin by successive shifts in sediment
input as the ice margin receded. Bennett et al.
conclude their paper by presenting a model that
emphasises composite tunnel, subaqueous fan and
supraglacial esker sedimentation.

The second paper on esker formation is by Gale
and Hoare, who consider the age and origin of the
Blakeney Esker of north Norfolk and its implica-
tions for the glaciology and glacial history of the
southern North Sea Basin. In this contribution,
the Blakeney Esker is interpreted as subglacial in
origin. The esker developed during a glacial still-
stand and under steep hydraulic gradients close to
the former ice sheet margin. The conduit that pro-
vided a source for the esker was incised into the
base of the ice sheet, although there is localised
evidence of simultaneous incision of the glacier
bed. By considering the stratigraphic position of the
esker in relation to surrounding glacigenic deposits,
Gale and Hoare argue that it is Middle Quaternary
in age.

Working in Ennerdale, a valley in the English
Lake District, Graham and Hambrey present new
information about the sediments and landforms
developed during the Younger Dryas glaciation in
Britain. The genesis of moraines associated with
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British glaciers of Younger Dryas age has long been
controversial and their paper is therefore a valu-
able addition to this debate. Graham and Hambrey
use sedimentological and geomorphological evid-
ence to argue that the landforms in Ennerdale
developed from a combination of ice-marginal
deposition and englacial thrusting. They argue
that, whilst englacial thrust moraines may not be
commonly associated with British Younger Dryas
glaciers, under certain topographic and thermal
conditions englacial thrusting is an important pro-
cess in landform development.

PRE-QUATERNARY GLACIAL SYSTEMS

The papers in this section include representatives
from ancient glacial records, including the earlier
Cenozoic, the Ordovician and the Neoproterozoic.
These contributions focus on the sedimentology
of glacial successions, in which inferences about
depositional processes rely less on landform char-
acteristics than on the lithostratigraphic record.
Nevertheless, well-preserved erosional landforms
in some cases aid the interpretation.

The paper by Barrett is a comprehensive sum-
mary of the vast amount of data collected during
a 3-season multi-national Cape Roberts drilling
project off the coast of Victoria Land in the western
Ross Sea. This work is of fundamental import-
ance in understanding the earlier history of the
East Antarctic Ice Sheet. The topic has important
societal implications, since current global warm-
ing trends suggest that we are entering a phase
analogous to that when the Antarctic Ice Sheet
was much more dynamic and even temperate in
character. The three holes drilled provide a record
spanning the interval 34 Ma (earliest Oligocene) to
17 Ma (early Miocene). The strata were deposited
in a rift basin and constitute a variety of facies:
conglomerate, sandstone, mudstone and diamictite,
with marine fossils throughout. Repetitive vertical
facies associations indicate glacio-eustatic fluctu-
ations on a wave-dominated coast that was influ-
enced by fluctuating tidewater glaciers. Precise
dating of the strata near the Oligocene/Miocene
boundary has enabled an orbitally driven 40,000-
year cycle to be determined. In terms of climate,
recorded especially by the preservation of terres-
trial pollen, a cool temperate regime is envisaged,

and cooling to the present cold polar state occurred
much later.

A paper by Fasano et al. focuses on the onshore
area of Victoria Land, where a tillite of indeter-
minate age (within the Cenozoic Era) is preserved
along the inland margin of the Transantarctic
Mountains, close to the ice sheet. In order to
better understand the processes responsible for
deposition of the tillite, the authors introduce an
innovative technique that is new to glacial geology,
known as uX-ray tomography. This technique
enables the sediment texture to be characterized in
3-D to a level that goes beyond standard micro-
structural techniques, including determining the
ice-flow direction. Unlike normal sequential thin-
sectioning techniques, puX-ray tomography pre-
serves the sample intact, and is particularly useful
for core-analysis.

Moving back through time, two papers are pre-
sented from the late Ordovician glaciation of Africa.
This relatively short-lived event (a few million
years at most), was characterized by the growth of
a large ice sheet over the North Gondwana Plat-
form in North Africa. As described by Ghienne
et al., the evidence for glaciation is remarkably
well-preserved, especially in Libya, where a num-
ber of cycles of sedimentation are recorded. Facies
include coarse grained glaciomarine sediments,
deep-marine fans, glaciofluvial sediments, outwash
systems and shelf deposits. Good exposure has
enabled the 3-D facies architecture to be determined,
and several examples are illustrated in detailed
cross-sections. Three domains are identified: a con-
tinental interior, a glaciated continental shelf, and
a non-glaciated shelf. Major morphological features,
notably ice-stream-generated glacial troughs, cut
across these domains, and bear some similarities
with features found on modern high-latitude con-
tinental shelves.

The second Ordovician paper by Kumpulainen
documents equivalent Gondwana Platform
deposits for the first time in Eritrea and Ethiopia.
Several sections spaced over a distance of 200 km
were measured and a range of facies documented,
including diamictite, sandstone and mudstone,
whilst glacially erosional surfaces provide additional
palaeoenvironmental data. Facies assemblages
indicate both terrestrial (in Ethiopia) and marine
(in Eritrea) glacial settings, and the sequence was
apparently deposited during a single phase of
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deglaciation at the end of the Ordovician Period.
The sequence is believed to reflect recession of
the Gondwana ice sheet that was centred over
North Africa.

The last paper in this volume is a comprehensive
critical review by Etienne et al. that deals with a
particularly controversial phase in Earth history,
the Neoproterozoic Era. This era is commonly
regarded as having the most severe cold phase
experienced by the planet, since glacial deposits
are widespread on all continents. The concept of
severe ice ages has become popularly know as
‘Snowball Earth” and the most extreme view pro-
poses that most of the planet, including the oceans,
was ice-covered. The authors of this paper use a
sedimentological approach to evaluate the evid-
ence, using our understanding of the Cenozoic
glacial sequences to inform the debate. They con-
clude that most Neoproterozoic glacial successions
exhibit spatial and temporal variability, and have

facies associations that are typical of dynamic
ice masses. Most sequences were deposited on
glaciated continental margins without the need
for global synchroneity or necessarily severe climatic
cooling. Thus a complete hydrological shutdown,
as envisaged by the most extreme ‘Snowball Earth’
views is not supported by the evidence from Neo-
proterozoic glacial successions.

In summary, this volume demonstrates through
a wide range of studies (i) that our understand-
ing of glacial processes in modern environments
continues to improve; (ii) that major leaps in
understanding of how major ice masses deliver
sediment to continental margins are now pos-
sible using numerical modelling approaches, and
(iii) that application of understanding of mod-
ern glaciers to Quaternary and pre-Quaternary
successions enables us to solve major questions
regarding the temporal and spatial scales of former
ice masses.
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ABSTRACT

Subglacial lakes are commonly referred to as unique environments isolated for millions of years.
The recent detection of a rapid transmission of water between subglacial lakes indicates, however,
that these environments may be connected hydrologically and that sporadic discharge of lake water
may be an expected process. Knowledge of this flow at a continental scale is important to under-
standing habitats provided by subglacial lakes, the potential routes by which stored basal water can
be exported to the ice margin and the development of glacial-fluvial landforms. Here, an assess-
ment of Antarctic subglacial water flow-paths is presented, based on hydro-potential gradients derived
from basal and ice surface topographies. The assessment reveals that most subglacial lakes around
Dome C are likely to be linked. One flow-path in particular connects >10 lakes located within adjacent
topographic valleys, including Lake Concordia and Lake Vincennes. Subglacial water at Dome C has
the potential to flow to the ocean, as the ice base is warm continuously between the ice divide
and the margin. Such flow is likely to be organised into distinct drainage basins, in which water is
routed to the proglacial zone through only a small number of outlets, which potentially has a strong

influence on the development of sedimentary landforms.

Keywords basal hydrology, ice-sheet dynamics, glacial history

INTRODUCTION

Rapid release of water from subglacial lakes, and
well-organised (probably channellised) flow of
this water to other lakes, have been demonstrated
recently from analysis of satellite altimetric surface
changes (Wingham et al., 2006). Such flow may be
a common means by which stored water is re-
distributed beneath the East Antarctic Ice Sheet.
The paths of such flow have also been shown
to be predictable through consideration of the
subglacial water pressure potential (Shreve, 1972).
The number of measured Antarctic subglacial
lakes currently stands at 145, the majority of
which are located around the Dome C and Ridge
B regions of East Antarctica (Siegert et al., 2005a).
Thermomechanical ice-sheet models predict basal

temperatures at or near the pressure-melting point
in these regions (e.g. Huybrechts, 1990; Siegert
et al., 2005b). It is possible, therefore, that many
Antarctic subglacial lakes are hydrologically con-
nected. The aim of this paper is to provide a first
assessment of the expected hydrological paths in
the vicinity of known Antarctic subglacial lakes,
focussing on the Dome C and Ridge B regions
where there is sufficient surface and subglacial
topography data to constrain the water pressure
calculation to at least a gross level (i.e. 25 km)
and to investigate the potential geomorphological
implications of these paths. Such assessment is
important to determining the likelihood of water
escaping to the ice sheet margin, explaining the
onshore and offshore sedimentary record, evaluat-
ing the habitats of subglacial lakes and planning
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future exploration of these extreme environments
(e.g. Priscu et al., 2005).

CALCULATING SUBGLACIAL WATER
FLOW-PATHS

Assuming that subglacial water pressure (p) is
equal to the pressure of the overlying ice, the flow-
paths of subglacial water can be calculated from the
pressure potential (¢), i.e. the sum of gravitational
potential energy and water pressure, following
Shreve (1972): p = pigh, ¢=p + (p.8gz,) and, therefore,
0= pgz, + (P — p)gz,, Where p,, is the density of
water (1000 kg m™), g is the gravitational accelera-
tion (9.81 m s7?), z, (m) is the elevation of the bed,
z, (m) is the elevation of the ice surface, p;is the
density of ice (910 kg m™) and & (m) is the over-
lying ice thickness (i.e. z, — z,). Using values of z,
derived from the BEDMAP topographic dataset
of Antarctica (Lythe et al., 2000), and z, from the
RAMP altimetric dataset of Antarctica (Liu et al.,
1999), the water pressure potential for the entire
ice sheet base can be calculated. Flowpaths can then
be constructed assuming that water flow is per-
pendicular to pressure potential contours.

Although it must be noted that the BEDMAP
dataset does not represent a comprehensive evalu-
ation of subglacial topography, at some locations
it is an appropriate dataset for the calculation of
basal water flowpaths. At Dome C, topographic
coverage is good enough to denote the large-scale
topography (features with lateral extent >10 km)
well. Importantly, roughness at a smaller scale at
Dome C has been shown to be low (Siegert et al.,
2005b), which suggests the likelihood of substan-
tial topographic barriers to water flow is low in
this region. The accuracy of the dataset has been
shown to be sufficient to predict the flowpath of
water between subglacial lakes >250 km apart
(Wingham et al., 2006).

FLOW OF WATER BENEATH THE ICE SHEET

Antarctic subglacial water drainage is organized
into a series of distinct catchments and pathways
(Fig. 1). While the ice surface slope dictates to a first
order the direction of subglacial water flow, basal
topography has a noticeable effect on flow-paths.
It is important to note that there are very few, if

any, significant regions where water may pond
(i.e. where there is a local minimum in the piezo
surface). Hence the potential for the build up of very
large subglacial lakes, such as Lake Vostok, is low
(nb. Lake Vostok is not identified by this method,
as BEDMAP does not account for the bathymetry
of this large lake). At Dome C there are no large
measurable water-pressure ‘basins’. Consequently,
the vast majority of the subglacial landscape will
be involved in a large-scale hydrological network
beginning at the ice sheet centre and terminating
at the margin.

Results from thermomechanical ice sheet model-
ing show many regions of the Antarctic Ice Sheet at
or near the pressure melting temperature (Fig. 2A),
including the location of lakes around Dome C
(Fig. 2B). If the regional ice sheet base is warm, it
is highly likely that water will flow at the base
according to Shreve (1972). If the ice base is below
the pressure melting point, hydrological connec-
tions may still be possible, but additional energy
will be required from the flow locally to both raise
the temperature and melt ice. Such energy may be
available from rapid releases (e.g. Wingham et al.,
2006).

There are at least three continuous warm-based
pathways from the Dome C interior to the ice mar-
gin: to the Byrd Glacier within the Transantarctic
Mountains; to Totten Glacier in Wilkes Land; and
to the Mertz and Ninnis glaciers in George V Land.
At Ridge B, there is also a continuously warm-
based hydrological pathway to Byrd Glacier
(Figs 2 and 3).

The association between known subglacial lakes,
modelled warm basal conditions, and a predicted
dendritic basal drainage network, in which smaller
tributaries feed larger trunk pathways, makes it
possible that subglacial lakes are connected into
a hierarchical drainage system, within which
lake-water mixing (and consequently biodiversity)
may increase toward the ice margin. Furthermore,
under this ordered system, the total water flux from
lake discharges is likely to increase towards the
margin. We anticipate that much of the melt water
generated at the centre of the ice sheet could well
pass through several connected lakes during its
passage to the ice sheet margin. In fact, flow to the
margin must happen unless it can be refrozen to
the underside of the ice sheet in sufficient quant-
ities to balance melt water generated. Wingham
et al. (2006) expected the flow of lake water to be
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Fig. 1 The location of 145 known Antarctic subglacial lakes, the ice-sheet surface elevation (both adapted from Siegert et
al., 2005a), and large-scale flow-paths of subglacial water. Ice surface contours are provided in 500 m intervals. The largest
drainage basins are coloured distinctly, although no significance is attached to these colours.

sporadic and inherently unstable. They reasoned
that if a hydrological connection existed between
a subglacial lake and the ocean, there would be
little to stop the lake draining (as the ice margin
has a far lower potential than the centre of the
ice sheet base) provided there is sufficient energy
available to melt the channel through which water
flows, and to deform the ice (i.e. for draining and
ponding of water).

SUBGLACIAL LAKE CONNECTIONS

Examination of how hydrological flow-paths link
subglacial lake locations allows an indication of the

potential connectivity of subglacial lakes (Fig. 3).
In particular, where numerical modelling predicts
warm basal conditions such connectivity is likely
(Fig. 2).

Most subglacial lakes around Dome C are
located within or close to smooth topographic
lowlands, which are thought to be the product of
ancient glacial erosion by a former smaller ice cap
(Drewry, 1975; Siegert et al., 2005b). The predicted
flow-paths of subglacial water allow us to develop
an understanding of possible hydrological link-
ages between lakes at Dome C (Fig. 3).

The majority of subglacial lakes at Dome C
connect to at least one lake downstream. A large
proportion of these feed into more than one
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Fig. 2 (A) Basal temperature of the Antarctic Ice Sheet (in °C), derived from a thermomechanical ice sheet model
(adapted from Siegert et al., 2005b), and the locations of Antarctic subglacial lakes (shown as solid triangles apart
from Lake Vostok, which is outlined). (B) The location of basal water (the average depth in m), predicted by the ice
sheet model, around the Dome C and Dome A regions. Names of subglacial lakes are as follows: LV, Lake Vostok;
AL, Aurora Lake, LC, Lake Concordia; VL; Vincennes Lake. The positions of potential water flow-paths, as provided
in Fig. 1, are also included.
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Fig. 3 Complete drainage pathways of subglacial water around the Dome C and Ridge B regions of East Antarctica.
The key reveals how subglacial lakes are coded to illustrate whether they are fed by, or feed into, other subglacial lakes.
The largest drainage basins are coloured distinctly as in Fig. 1. Blue regions denote floating ice, while black shade
represents the ocean.

downstream lake. One hydrological flow-path connection of over 20 individual lakes, including
connects lakes within the Vincennes Subglacial Lake Concordia and the Vincennes Lake (Tabacco
Basin and the Adventure Subglacial Trench, where et al., 2003; Tikku et al., 2005) (Fig. 2B). Although
subglacial lake connectivity has been observed subglacial water flow into Lake Concordia has

(Wingham et al., 2006). This path involves the previously been postulated by Tikku et al. (2005),
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the flowpaths out of the lake along warm basal
conditions makes it highly likely that water also
escapes from Lake Concordia to, possibly, several
lakes downstream.

As even small changes to the ice sheet surface
have large consequences for subglacial hydrology,
the present distribution of basal flowpaths is
unlikely to be fixed through time. That said, the
large-scale subglacial topography has a strong
effect on water flow, which runs along the axes
of many subglacial valleys around Dome C. Con-
sequently, while small changes to the position
of the ice divide may result in reconfiguration of
the boundaries of drainage basins, it probably
will not affect the flow routes of water along sub-
glacial valleys. Hence, many of the subglacial lake
connections found today may have existed in a
similar stable form over the past few glacial cycles
(during which time topography would probably
have been largely unchanged).

IMPLICATIONS FOR SUBGLACIAL LAKE
EXPLORATION AND OUTBURST FLOODING

The notion of subglacial lakes (including Lake
Vostok) as isolated water bodies (e.g. Siegert, 1999;
Priscu et al., 2003) is clearly in need of revision.
As a consequence, plans to explore subglacial lake
environments must take note of the probability
of a hydrological system that connects lakes
both upstream and downstream. Such a system will
influence a number of environment parameters
of the lake system, including hydrochemistry
(including solute acquisition), water residence
times, biodiversity (between lakes) and water
circulation. In terms of risk during exploration, it
is now clear that should a lake be contaminated
during in situ examination, other lakes located
downstream may well be affected over time.
Clearly this is an issue that must be considered
by proposals to explore many of the subglacial
lakes across Dome C, but probably not all. Across
the lowlands, which have well defined flow-paths,
where quite large lakes are located, these con-
cerns will be greatest. Over the higher ground some
lakes could be hydrologically isolated. Further geo-
physical survey on such lakes to define the basal
hydrology further is a prerequisite to exploratory
examination.

As ice-sheet modelling indicates continuous
warm based conditions from Dome C to the coast
(Fig. 2) it is likely that subglacial lake water could
escape the ice sheet. The subglacial drainage sys-
tem indicates only a few outlets of such water,
however (Fig. 3). The majority of lakes drain into
the Byrd Glacier drainage basin, which cuts across
the Transantarctic Mountains and into the Ross
Ice Shelf. Most other lakes at Dome C feed into the
Aurora basin and the Totten Glacier, from where
lake water could flow into the ocean.

The probability of substantial volumes of melt-
water being issued to the ice margin by rapidly
draining Antarctic subglacial lakes has important
implications for active subglacial geomorpholo-
gical processes. Now that subglacial lake out-
bursts have been identified as probably being
commonplace, a logical next step is to identify
and comprehend evidence of such activity in the
past. For example, the Antarctic Dry Valleys con-
tain channels of 10° m* in cross-section that attest
to intense subglacial floods of considerable size
(Denton & Sugden, 2005) that reached the ice sheet
margin. Today, the potential path of subglacial water
into the Dry Valleys comes from the Wilkes Basin,
where several subglacial lakes are known to exist.
As noted by Denton & Sugden (2005), expansion
of the ice sheet in this area would reduce the ice-
surface slope over the Wilkes Basin, so allowing
water to pond and be issued in potentially large
quantities to the ice margin and the ocean. Similar
geomorphological observations have been meas-
ured on the Soya Coast (Sawagaki & Hirakawa,
1997). Investigation of surface geomorphological and
sedimentary records for further evidence of past
flooding events is clearly warranted to establish, if
possible, the rates, magnitudes and frequencies of
subglacial lake floods.

Direct observations of subglacial water ‘outbursts’
are clearly critical to evaluating the dynamics of
the process, but are currently restricted to a single
event in 1985 at Casey Station in East Antarctica,
which lasted six months (Goodwin, 1988). This
single observation is testament to the possibility
of flooding from beneath polar ice masses, where
little or no melting occurs on the surface. Accord-
ing to Goodwin (1988) the origin of the flood was
stored subglacial water, which collected slowly
over time until a threshold was reached, upon
which rapid unstable outflow occurred. The process
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witnessed at Casey Station may, therefore, be applic-
able to other regions of stored subglacial water such
as at Dome C.

IMPLICATIONS FOR ICE DYNAMICS AND
GLACIAL SEDIMENTARY PROCESSES IN
EAST ANTARCTICA

The collection and transfer of water from large
upstream subglacial catchments to discrete regions
of the ice sheet margin has potential implications
for ice stream dynamics. It is highly likely that the
bases of at least some East Antarctic ice streams are
underlain by sedimentary material (e.g. Bamber
et al., 2006). Such sediments, to become weak to
the point of deforming to facilitate ice flow, need
to be saturated with water. The results presented
here indicate that the bulk of water emanating
from the Dome C region can be routed into only a
few ice-marginal outlets. The consequence is that
any sedimentary material beneath the Byrd, Totten,
Mertz and Ninnis outlet glaciers is likely to be fed
with water. Unless this water escapes to the margin
via well defined channels, it will act to increase
pore-water pressures and so reduce the strength of
sediments, which will increase ice velocity. The
deformation of sediments beneath ice streams will
drive material in the direction of ice flow to the
ice margin and, given that the supply of water to
these outlets is likely to have occurred over a con-
siderable period (the LGM ice sheet configuration
of East Antarctica is quite similar to that of today;
Huybrechts, 2002), the build up of very large pro-
glacial sedimentary sequences, possibly developed
over millions of years, should be expected. If no
subglacial sediment is present beneath East Antarctic
ice streams (i.e. the glaciers rest on bedrock), water
from upstream catchments may still influence ice
flow provided distributed subglacial hydrological
systems operate (Kamb, 1987).

The rapid transfer of subglacial water may also
lead to glaciofluvial sedimentary processes, sim-
ilar to that proposed in huge magnitude by Shaw
et al. (1989) and Shaw (1996), and on a lesser scale
by Shoemaker (1992), for the formation of drumlin
fields across southern Canada during the last
glacial phase. The distribution of subglacial water
beneath the Antarctic ice sheet, involving episodic
discharges from subglacial lakes, is likely to be a

common process (Wingham et al., 2006). It is there-
fore likely that subglacial sedimentary landforms,
moulded by the occasional rapid supplies of
significant quantities of water, are actively being
developed in Antarctica. The implication of this, for
interpretation of the sedimentary geological record,
is that many landforms may originate from short-
term fluvial processes operating beneath large ice
sheets as well as longer-term processes such as ice
flow. The subsequent task is to identify the degree
to which glacial landforms exhibit signs of subglacial
fluvial activity in order to ascertain the influence
of subglacial discharges on past and present ice-
sheet dynamics.
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ABSTRACT

Detailed analyses of the sediments, structural characteristics and morphology of a Neoglacial moraine-
mound complex at a high-Arctic, polythermal, land-based glacier — midre Lovénbreen, Svalbard —
have been undertaken in order to evaluate their mode of formation and subsequent modification.
Ten moraine mound lithofacies were identified: four types of diamicton, four types of gravel, sand
and mud. A buried debris-bearing basal ice facies was also identified following excavation of a single
moraine mound. The moraine mound lithofacies and buried basal ice reflect subglacial, glaciofluvial
and basal ice layer processes. Structural attributes of the moraine mounds include faulting, folding
and shearing. Three broad moraine mound morphological types are identified and characterised using
Digital Elevation Models. Moraine mound formation is linked to elevation of sediment within the ice,
associated with englacial thrusting. The recognition of buried ice in a moraine mound implies that
on melting, the landform will become degraded. Hence the preservation potential of thrust-related
features within these moraine mounds is low, unless the debris content of the ice is high.

Keywords Hummocky moraine, moraine-mound complexes, glaciotectonics, polythermal

glacier, midre Lovénbreen, Svalbard.

INTRODUCTION

The aim of this paper is to integrate the evaluation
of sediment, structure and morphology of moraine
mounds (commonly described as ‘hummocky
moraine’) at the margin of a modern high-Arctic
polythermal glacier. This paper focuses on Neogla-
cial moraine mound development at a land-based
valley glacier, midre Lovénbreen, which is approx-
imately 5 km from Ny-Alesund on the peninsula
named Broggerhalveya in NW Spitsbergen, Sval-
bard (Figs 1A and B). This work is significant
for understanding ice-marginal processes because
it combines detailed sediment analysis, structural
characteristics and accurate three-dimensional
characterisation of moraine mound morphology —
such an approach has not previously been under-
taken at these Svalbard moraine-mound complexes.

Previous work on Svalbard glaciers has demon-
strated the importance of englacial thrusting in
the development of moraine-mound complexes
(e.g. Hambrey and Huddart, 1995; Huddart and
Hambrey, 1996; Bennett et al., 1996; Hambrey
et al., 1997; Glasser ef al., 1998; Bennett et al., 1998;
Bennett, 2001). However, this model of moraine
development by englacial thrusting is contenti-
ous (Evans, 2000), and the process has also been
controversially reinterpreted as the reorientation
of sediment-filled crevasses at Kongsvegen, Sval-
bard (Woodward et al., 2002; Glasser ef al., 2003;
Woodward et al., 2003). An improved understand-
ing of these contemporary moraines will aid the
interpretation of formerly glaciated areas, since mor-
phological similarity has been suggested between
some Svalbard and British Younger Dryas moraine
mounds (Hambrey et al., 1997; Bennett et al., 1998;
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Fig. 1 (A) Svalbard, Norwegian
high-Arctic. (B) Location of midre
Lovénbreen (ML) on Broggerhalvoya.
(C) Geomorphological map of the
midre Lovénbreen proglacial area

Moraine-mound
complex

N mound
(i 7 Braided outwash

Supraglacial debris
== Englacial thrust

Linear debris train
B Steep slope
é Lake

< Discrete moraine =~ e

(localities S1 to S7 are the excavated
sections shown in Figures 3b and 4,
and the locations of DEMs shown in
Figure 5 are indicated by boxes DEM
1 to DEM 3 (geomorphological map
modified from Hambrey et al., 1997).

Graham and Midgley, 2000; Midgley, 2001; Graham,
2002). Whilst the englacial thrusting model of
moraine formation may be appropriate for some
British Younger Dryas moraine sites, it does not
apply universally (e.g. Lukas, 2005).

GEOLOGICAL AND GLACIOLOGICAL SETTING
OF MIDRE LOVENBREEN

The bedrock of Breggerhalveya is composed of
three groups consisting of Proterozoic metamorphic
rocks (schist, marble and amphibolite), Permo-
Carboniferous cherty limestone and Tertiary sand-
stone and coal measures (Fig. 1B; Hjelle, 1993;
Harland, 1997). During the Neoglacial maximum
the terminal zone of midre Lovénbreen was under-
lain by the younger sedimentary rocks, but due to
subsequent recession the glacier is now underlain
and surrounded by the metamorphic rocks.
Ground-penetrating radar investigations by
Bjornsson et al. (1996) indicate that midre Lovén-
breen is cold-based at the snout and along the
lateral edges, but has a warm-based inner basal
layer. Mass balance data for midre Lovénbreen
from 1968 to 2001 indicates a variable annual mass

balance with an overall negative trend (Haeberli
et al., 2003). Midre Lovénbreen has been classified
as a non-surge type glacier (e.g. Jiskoot et al.,
2000), but it may have changed from a surge-
type to a non-surge type glacier (Hansen, 2003).
Midre Lovénbreen has receded by approximately
1 km from its Neoglacial maximum, as defined by
the outer limits of the moraine-mound complex
(Fig. 1C). The structures of midre Lovénbreen, e.g.
folding, foliation and thrusts (Hambrey & Glasser,
2003; Hambrey et al., 2005) to a large extent con-
trol delivery of sediment to the proglacial area. In
particular, the snout of midre Lovénbreen exhibits
a range of structures revealed by surface debris
accumulations including numerous englacial thrusts
transverse to glacier flow (Hambrey et al., 1997;
Glasser and Hambrey, 2001).

METHODOLOGY

Analysis of sediment lithofacies was undertaken by
means of: textural description; particle-size analysis
using c. 100 g of the sand, silt and clay component
(<2 mm) with sieve stacks and a SediGraph; and
analysis of clast attributes such as shape and
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roundness. Textural description of sediments was
undertaken using a classification for unsorted sedi-
ments that was adapted from Hambrey (1994).
Clast morphology was described by the shape and
roundness of 50 randomly chosen small pebble-
to cobble-sized clasts of mixed lithology, assessed
by measurement of the a, b and c-axis and visu-
ally using Powers (1953) roundness categories.
Co-variant plots of RA (% of very angular and
angular clasts) against Cy, (% of clasts with c:a
axis ratio <0.4) were plotted for each moraine
lithofacies and representative control samples,
including scree, fractured bedrock, glaciofluvial
sediment and a basal till (Benn and Ballantyne, 1994;
Bennett et al., 1997). Structural characteristics of
moraine mounds were identified from shallow
(<1.5 m depth) excavations through the ridge crests
and a single stream-cut section. A Geodimeter Total
Station was used to collect topographic data, with
contoured Digital Elevation Models produced using
Leica Liscad software with a contour interval of
1 m. Point density for the survey of topography was
highest on the moraine mounds and lowest on the
adjacent areas, where accurate representation of
topography was less important.

MORAINE MOUND FACIES

On the basis of shallow (<1.5 m) excavations and
a single stream-cut section in the moraine-mound
complex, ten lithofacies are defined. Moraine
mound facies include: clast-poor intermediate
diamicton, clast-rich sandy diamicton, clast-rich
intermediate diamicton, clast-rich muddy diamic-
ton, sandy gravel, two types of gravel, gravel with
sand, sand and mud. For each facies, clast round-
ness data are shown in Fig. 2A, RA : C,, data are
shown in Fig. 2B and a ternary diagram of sand,
silt and clay components for each facies is shown
in Fig. 2C. All facies lack internal sedimentary
structure, with the exception of the sand and mud
facies, which displays evidence of sedimentary
structure including parallel lamination, cross lam-
ination and bedding. An ice facies found buried
within a single moraine mound is also identified.
The buried ice facies exhibits mud laminae, clotted
ice and clear to bubbly ice lamination (Fig. 3A).
The mud laminae are less than 10 mm thick, inter-
calated with up to 15 mm thick layers of clear ice.

The clotted ice exhibits dispersed mud accumula-
tions (<5 mm length) within a clean ice surround.
The alternating clear and bubbly ice laminae are
approximately 10 mm thick and the bubbles exhibit
a-axis elongation.

INTERPRETATION OF MORAINE MOUND FACIES

The diamicton facies all display evidence of sub-
glacial transport with dominant subangular and
high subrounded clast categories developed by
subglacial crushing and abrasion (Croot and Sims,
1996; Kjeer, 1999). The wide range of particle-
size fractions >0 & indicates an ‘extremely poorly
sorted” nature in common with basal abrasion
products (Croot and Sims, 1996). RA : C,, analysis
of the diamicton facies shows that the clasts are dis-
tinct from samples whose depositional process is
known, such as scree, fractured bedrock, supra-
glacial and glaciofluvial clasts, but are comparable
to the basal till clast sample. The diamicton facies
are all interpreted as subglacial sediments. The
position of the clast-poor intermediate diamicton
adjacent to the buried ice, which has characteristics
of basal glacier ice (discussed below), indicates
that this facies represents a debris band associated
with the basal ice layer. Debris incorporation
into the basal ice layer can result from regelation,
bulk freeze-on and thrusting of subglacial sedi-
ment (Alley et al., 1998). Thrusting and folding
can subsequently elevate this incorporated debris
(Knight, 1997). The inward migration of the thermal
boundary between outer cold-based ice and inner
warm-based ice can also provide effective debris
incorporation by freeze-on of subglacial sediment
(Alley et al., 1998). The longitudinal compression
associated with the transitional from warm-based
ice to cold-based ice may result in thrusting
near the thermal boundary (Alley et al.,, 1998).
Thrusting developed in response to longitudinal
compression may result in the incorporation of
subglacial sediment, and also elevate debris within
the basal ice layer.

The sandy gravel facies has clast character-
istics, notably the predominance of subangular
and subrounded clasts, which indicate evidence
of subglacial transport. The RA : C,, plot shows
that the clast component is indistinguishable
from that of the diamicton facies interpreted as
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subglacial in origin. The matrix component has a
higher degree of sorting than the diamicton facies.
The sandy gravel facies is interpreted as a glacio-
fluvial deposit on the basis of the low silt and
clay content. The greater matrix sorting indicates
that this facies develops as a lag deposit from sub-
glacial sediment with the fines content removed
by fluvial action (Glasser and Hambrey, 2001). The
proximity to the subglacial sediment source results
in clast characteristics that are both inherited and
indistinguishable from active subglacial transport
(Bennett et al., 1997).

The gravel (type 1) is interpreted as a high-
energy glaciofluvial deposit because of size-selective
sorting of clasts, stratification and a lack of matrix
component. Clast roundness data indicates low

transport distance from the original basal sediment
source, as clast roundness and RA : C,, are similar
to those for basal glacial clasts. The gravel (type 2)
is found in both the outer moraine-mound com-
plex and emerging from englacial thrusts in one
location at the current ice margin. This type of clast
facies has previously been termed ‘egg gravel’
(Bennett et al., 1997), which has been interpreted
as a reworked raised beach deposit and also linked
to thrusting in association with meltwater at loca-
tions above the former marine limit (Huddart
et al., 1998; Glasser et al., 1999). The gravel (with
sand) facies results from glaciofluvial deposition,
as indicated by size-selective sorting of the clasts
and a minor sand and mud component. The
clast characteristics resemble those typical of basal
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glacial transport; notably the predominance of sub-
angular and subrounded clasts, indicating limited
modification of clasts by the subsequent glacio-
fluvial action.

The sand and mud exhibit bedding, lamination
and a relatively high degree of sorting, indicating
glaciofluvial deposition. The sand and mud result
from low energy glaciofluvial deposition following
short-distance transport.

The buried ice facies is interpreted as a basal
ice layer identified by the presence of sediment
laminae, anatomising ice layers indicative of shear-
ing, clotted ice and clear to bubbly intercalated ice
laminae (Hubbard and Sharp, 1995; Knight, 1997).
Sediment laminae within the basal ice are associated
with ‘flow-related deformation and attenuation of
non-cohesive blocks of [stratified basal ice facies
termed] solid sub-facies ice” (Waller et al., 2000). The

clear ice indicates evidence of regelation. The bubbly
ice is characteristic of ‘true” glacier ice originating
from firn, or is the product of basal adfreezing of
water that is supersaturated in gases. The bubbly
ice also shows evidence of deformation, in the
form of elongation of the bubbles.

SEDIMENT DEFORMATION

Evidence of faulting, folding and shearing of sedi-
ment slabs was observed in seven sections through
moraine mounds (sections S1 to S7 are shown in
Figs 3B and 4, within the context of the moraine-
mound complex in Fig. 1C and in relation to each
moraine type in Fig. 5).

Inclined slabs of sediment are illustrated in
section S1 and are defined by a clast-rich sandy
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into G 7
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Fig. 4 Examples of sedimentary
facies and structures in moraine
mounds at midre Lovénbreen:

section S1 showing tilted sedimentary
slabs and minor shear of sand and
mud facies, section 52 showing

tilted sedimentary slabs of sands

and gravels, section S3 showing
normal faulting within the clast-rich
intermediate diamicton, section S5

lce-distal S/ Sfim/c g?ggdg;e /' medium / coarse showing folding of sedimentary
&S Ps/m /1 Pebbles, small / medium / large fac1es,.secjaon S6 sl}owm.g fa.ulted
. LTS SG Sandy gravel clast-rich intermediate diamicton
Jes R7ENE e T 0% criD Clast-rich intermediate diamictor] against sands and gravels, section S7
et zeobgom'og?;'J Sim ‘ﬂj (F:Iasltt-mh sandy diamicton showing tilted sand bed between
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0 0.5m’ " 0'g’%" + Sample location sandy gravel and clast-rich sandy
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Fig. 5 Digital Elevation Models
(DEMs) of moraine mounds in front
of midre Lovénbreen. DEM 1 (n = 583)
Type A (rectilinear ice-proximal face)
moraine mounds. DEM 2 (n =2014)
Type E (highly elongated) moraine
mound (0.5 m contour interval).
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Type A (rectilinear ice-proximal face)
moraine mound; DEM 3ii Type B
(curvilinear ice-proximal face)
moraine mound (0.5 m contour
interval); DEM 3iii Type C (low relief
rounded mound) moraine mounds
(0.5 m contour interval); DEM 3iv
Type C (high relief rounded mound)
moraine mounds (0.5 m contour
interval); and DEM 3v Type D
(convex-crested ridge) moraine
mounds (0.5 m contour interval).

DEM 3v
(Type 2)

DEM 3iv
(Type 2)

diamicton and sandy gravel, separated by sand
and mud facies (Fig. 4). The strike and dip of
the inclined sand and mud facies reflects the ice-
proximal slope angle of 31° and moraine mound
crest orientation of 307°. Inclined slabs of bedded
sand and gravel are also found in section S2
(Fig. 4). The surface of the pebble gravel facies
forms a rectilinear slope on the up-glacier side of
the moraine mound. The base of section S3 shows
a normal fault in a clast-rich intermediate diamic-
ton (Fig. 4). Vertical displacement of 0.9 m is shown
by the sharp contact, inclined at 80°, between the

clast-rich intermediate diamicton and the overly-
ing silt facies. Normal faulting is seen in section S4i
with beds of medium and coarse sand showing
vertical displacement of 0.05 to 0.5m (Fig. 3B).
Below the bedded sand is a thin (~0.05 m) horizon
of clast-poor intermediate diamicton and the buried
ice facies of undetermined thickness, shown at the
base of section S4ii (Fig. 3B). Folding of sediment-
ary structures is shown in section S5 resulting in
an undulating bed surface (Fig. 4). Faulting is
indicated by the displaced contact in section S6
of a clast-rich intermediate diamicton with bedded
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sands and gravels (Fig. 4). Section S7 shows an
inclined bed of fine to medium sand between a
sandy gravel and clast-rich sandy diamicton (Fig. 4).
The strike of the sand bed is equivalent to the ridge
crest orientation at 207°, but the dip of the bed is
15°, whereas the dip of the ice-proximal slope is 32°.

INTERPRETATION OF DEFORMATION STYLES

The normal faulting shown in sections S3, 54 and S6
is associated with extensional brittle deformation.
Extensional deformation may have been achieved
by ablation of buried ice, or of ice surrounding the
sediment at the time of deposition. Folding of
sediment in sections S5 and S6 may also be linked
to the ablation of buried ice and minor slumping.
Tilting of sediment slabs is indicated by the
orientation of original depositional structures, as
in sections S1, S2 and S7. The retention of original
depositional structures indicates that the sediment
slabs were highly competent during displacement,
and could indicate that the sediment was in a
frozen state whilst displacement occurred.

MORAINE MOUND MORPHOLOGY

The midre Lovénbreen moraine-mound complex
forms an arcuate band of moraines terminating
around 1km from the current glacier margin.
Detailed characterisation of moraine morphology
— using contoured Digital Elevation Models — was
undertaken along a transect from the glacier mar-
gin to the outer moraine-mound complex. Three
broad moraine mound morphological types are
characterised and include: rectilinear and curvi-
linear ice-proximal face ridge, rounded mounds
and ridges and a highly elongated ridge. The
coverage within the moraine-mound complex of
each Digital Elevation Model is shown in Fig. 1C.

Rectilinear and curvilinear ice-proximal face (n =4)

The rectilinear ridge type is characterised by a
rectilinear ice-proximal face. The ice-proximal
faces have slope angles of 31, 33 and 40°, ridge-crest
orientations that vary from 237 to 307° and have
sharp ridge crest between 8 m and 14 m in length
(Fig. 5). Active slumping occurs on parts of upper

ice-distal faces in association with steep upper slope
angles (~48°), and slumped sediment accumulates
on gently inclined lower slopes (~30°). Sediment
facies incorporated in this moraine type include
clast-rich sandy diamicton, clast-rich intermedi-
ate diamicton, gravel (type 1), sandy gravel, sand
and mud. Structural characteristics include tilting
of intact sediment slabs and extensional shearing
demonstrated in sections S1 and S2. The curvi-
linear ridge type possesses a curving rectilinear
ice-proximal slope of 34° and a more irregular ice-
distal slope of around 25° (Fig. 5). The ridge-crest
orientation varies along the ridge from 240 to 220°.
The ridge crest has a rounded longitudinal pro-
file and tapering ridge-crest termination. Sediment
facies incorporated within this moraine type include
clast-poor intermediate diamicton, clast-rich sandy
diamicton, sandy gravel, gravel with sand, sand and
the buried basal ice facies. Structural character-
istics found in this moraine type are normal faults,
shown in section S4.

Rounded mound and ridge (n =8)

The rounded mound type has a conical mor-
phology with low elongation of the longitudinal
profile (Fig. 5). The relief of the rounded mound
is variable and ranges from 1 to 4 m. Sediments
incorporated in this moraine type include gravel
(type 1), gravel (type 2) and gravel with sand.
Limited excavation did not reveal any structural
characteristics within this moraine mound type.
The rounded ridge type exhibits variable longitu-
dinal section slope angles, resulting in a rounded
convex longitudinal profile. Ridge-crest orientation
varies from 207 to 258° and relief varies from 2 m
to 4 m (Fig. 5). Ice-proximal slopes vary from 17 to
33° and ice-distal slopes vary from 25 to 37°. In all
examples, the ice-proximal slope is at a shallower
angle than the ice-distal slope. Sediments incorpor-
ated in this moraine type include clast-rich sandy
diamicton, clast-rich intermediate diamicton, gravel
(type 1), sandy gravel, sand and mud. Structural
characteristics of this moraine type include fault-
ing and folding, shown in sections S5, S6 and S7.

Highly elongated ridge (n=1)

This ridge type has a longitudinal profile of 290 m
with an overall orientation of 255°. The ridge is
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around 15 to 20 m across, and along the length
of the ridge a number of local topographic high-
points give heights between 2.5 and 5 m above the
surrounding area (Fig. 5). The ridge is somewhat
dissected around midway along the ridge, as the
height above the surrounding area at this point
is only around 0.5 m. A subsidiary ridge 90 m in
length with a crest-line orientation of 290° intersects
the main ridge at the east end. Sediments incorpor-
ated in this moraine type include clast-rich sandy
diamicton, clast-rich intermediate diamicton, clast-
rich muddy diamicton, gravel (type 1), sand and
mud. Structural characteristics of this moraine type
include normal faulting, shown in section S3.

INTERPRETATION OF MORAINE MOUNDS
Rectilinear and curvilinear ice-proximal face

The inclusion of sandy gravel and diamicton
within this moraine mound type indicates the
elevation of both glaciofluvial sediments that
have been overridden during glacier advance and
subglacial debris. This moraine mound type also
shows a close association between morphology
and internal structural character. Sections S1 and
S2 show moraine mound development by inclusion
of inclined sediment slabs that are reflected in
the rectilinear ice-proximal face. The identifica-
tion of rectilinear ice-proximal faces found on this
moraine mound type has been suggested to mirror
the orientation of linear englacial thrusts (Bennett
et al., 1999). The inclusion of inclined sediment slabs
that are relatively undeformed probably indicates
a subglacial freeze-on mechanism and elevation
above an englacial thrust plane, rather than actually
along the thrust plane (Bennett et al., 1996, Hambrey
et al., 1996).

The characteristic curvilinear ice-proximal face
of this moraine mound morphology is associ-
ated with arcuate englacial thrusting of sediment
(Bennett et al., 1999). The in situ fluvial deposition
along the ridge crest indicates the former presence
of ice surrounding the ridge with ablation of the
surrounding ice resulting in topographic inver-
sion (Boulton, 1972). The ablation of the buried basal
ice to give faulting and minor slumping of the ice-
distal face indicates that future ablation of buried
basal ice may further alter the moraine mound

morphology. Preservation of moraine mound ice-
cores in permafrost regions such as Svalbard
results from the limited depth of the active layer
in summer (e.g. Sollid and Serbel, 1988). Any sub-
sequent amelioration in climate that extends the
summer active layer beyond the protective debris
layer over the ice-core will increase ablation of the
buried ice and modify the present moraine mound
morphology.

Rounded mound and ridge

The low-relief rounded mounds contain facies
that display evidence of glaciofluvial deposition,
whereas the high-relief rounded mounds consist of
diamicton facies that indicate a subglacial origin.
The low-relief rounded mounds are interpreted
as ice-marginal glaciofluvial features. Mounds
and ridges of fluvial sediment are developed by
a process of topographic inversion by deposition
around ablating glacier ice (Boulton, 1972). The
low-relief rounded mounds may therefore have a
similar mode of formation to the convex-crested
ridges, which also show evidence of fluvial deposi-
tion. The high-relief rounded mounds include
diamicton facies that show evidence of subglacial
transport, and are interpreted as part of a con-
tinuum of moraine mound morphologies related to
the incorporation and elevation of basal sediment
by thrusting.

The convex-crested moraine mounds show evid-
ence of glaciofluvial deposition through the inclu-
sion of bedded sediments that exhibit limited
sorting. Boulton (1972) suggests that moraines that
include bedded and sorted sediments can indicate
an englacial, subglacial or ice-marginal position of
formation, in associated with the meltout of glacier
ice. The presence of buried ice would be indicative
of an englacial origin according to the Boulton
(1972) model, but was not identified in excava-
tions of around 1 m depth through this moraine
mound type at midre Lovénbreen. Section S6 shows
a faulted drape of clast-rich intermediate diamic-
ton interpreted as a subglacial facies adjacent to
fluvial sediments. This could indicate development
in a subglacial position or an ice-marginal position
by a process of meltout of an elevated subglacial
facies from the ablating glacier ice (Boulton, 1972).
An englacial debris component of the glacier ice
is suggested by evidence of topographic inversion
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with restricted ablation and down-wasting of the
glacier ice. Section S5 shows an absence of faulting,
but includes limited folding of bedded sediments.
This moraine mound is more indicative of forma-
tion in an ice-marginal position, since incorpor-
ated subglacial sediment is absent. Subglacial and
englacial formation of this moraine mound is less
likely because such conduits commonly form long
sinuous ridges, whereas these moraine mounds
are only around 5 to 10 m in length (e.g. Huddart
et al., 1999). Overall, this moraine mound type is
likely to indicate ice-marginal deposition.

Highly elongated ridge

The highly elongated ridge includes diamicton
facies of subglacial origin and gravel, sand and mud
that show evidence of glaciofluvial deposition.
The normal fault in section S3 indicates that the
diamicton may overlie buried ice that has experi-
enced ablation. Sedimentological characteristics
of each peak are varied and evidence of in situ
fluvial deposition is found in the form of sand and
silt along the ridge crest. This indicates fluvial
activity confined by the ablating glacier ice, the
recession of which may have developed the exten-
sional faulting.

LANDFORM DEVELOPMENT BY ENGLACIAL
THRUSTING AT CONTEMPORARY AND
FORMER GLACIERS

This work demonstrates that a high englacial
debris load can contribute directly to moraine
development by the meltout of debris that has
been incorporated subglacially and elevated to an
englacial position. This high debris load can also
contribute to moraine development by restricting
ablation at the ice margin, which results in glacio-
fluvial deposition with subsequent topographic
inversion following ablation of the surrounding ice.
The identification of these diagnostic landforms
may also provide evidence of englacial thrusting
in former glaciated areas.

However, the long-term preservation potential
of moraine mounds formed through the process of
englacial thrusting is questioned by the identifica-
tion of a buried ice component within the curvi-
linear ice-proximal face moraine mound at midre

Lovénbreen. The identification of buried ice is
not isolated to midre Lovénbreen, as it has also
been identified below thrust sediments at other
moraine mound sites in Svalbard (Bennett et al.,
1999; Sletten et al., 2001). Clean ice rapidly ablates,
whereas ice covered by a thin sediment layer can
experience little or no ablation (under current
climatic conditions in Svalbard) and will therefore
form a stable landform component until a stage
where climatic amelioration removes permafrost
conditions. The importance of buried ice included
in these moraine mounds is related to the char-
acteristics of the original englacial thrust. These
characteristics include englacial thrust spacing and
angle, content and thickness of incorporated debris
slabs and the amount of elevation the debris slab
experiences (Bennett, 2001).

The issue of incorporated ice within the Sval-
bard moraine mounds has important implications
for moraine mounds development by englacial
thrusting at formerly glaciated sites because com-
plete ablation of any incorporated ice will have
occurred. Using the Svalbard englacial thrusting
model, a number of British Younger Dryas exam-
ples have already been suggested (Bennett et al.,
1998; Graham and Midgley, 2000; Midgley, 2001;
Graham, 2002).

CONCLUSIONS

This comprehensive investigation of the morphology,
sedimentology and structure of the moraine-mound
complex in the proglacial area of a land-based,
high-Arctic polythermal glacier has yielded informa-
tion that may be applicable to many comparable
glaciological settings:

1 Ten lithofacies, ranging from mud to well-sorted
gravel, are identified within the moraine-mound com-
plex, of which the clast-rich intermediate diamicton
is dominant.

2 A buried basal ice facies has been identified within
a single moraine mound, which demonstrates that the
morphology is likely to change under conditions of
climatic amelioration.

3 A range of deformation styles is revealed in
excavations through the crests of moraine mounds
including normal faulting, folding, tilting of intact
sediment slabs and extensional deformation.
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4 Three broad moraine mound morphological types
are characterised that demonstrate development
associated with englacial thrusting and glaciofluvial
deposition at the ice margin and reflect the high
englacial debris load.

5 The application of the englacial thrusting model
to formerly glaciated areas should be undertaken
with care until the full extent of buried ice at con-
temporary sites, and the role that ablation of this
ice plays in landform modification, have been
determined.
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A new laboratory apparatus for investigating clast ploughing
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ABSTRACT

A significant portion of the basal motion of soft-bedded glaciers can be attributed to ‘ploughing’.
This term designates the transitional state between sliding and bed deformation which occurs when
clasts that protrude into the glacier sole are dragged through the upper layer of the sediment. This
process may cause pore pressures in excess of the hydrostatic value that could weaken the sedi-
ment downglacier from ploughing clasts and thus affect the strength of the ice—bed coupling. A
large laboratory apparatus was developed and constructed to study, systematically and under glacially
relevant conditions, the influence of sediment properties, ploughing velocity and effective pressure
on excess pore-pressure generation and sediment strength. In this device, an instrumented tip is
dragged at different velocities through a water-saturated sediment bed subject to different effective
normal stresses. The drag force on the tip and the pore-water pressure in the adjacent sediment
are measured simultaneously. In preliminary experiments performed with subglacial sediment from
Unteraargletscher, Switzerland, the sediment diffusivity was estimated from consolidation records.
During ploughing, pore-pressure gradients developed rapidly around the tip. Excess pore pressures
were due to sediment compression in front of the tip whereas pore pressures below the hydro-
static value resulted from dilatant shearing and a wake devoid of sediment that was left behind
the tip. A zone of compressed sediment formed in front of the tip. The absolute magnitude of the
pore pressure changes was small relative to the effective normal stress, so that the pore pressures
did not significantly influence the resistance to ploughing. Rather, the drag force on the ploughing tip
was influenced by the properties of the sediment in front of the compression zone, with a greater
magnitude in a virgin sediment than in one that has been ploughed before.

Keywords Glacier, ice-bed coupling, laboratory device, ploughing, pore water, subglacial

sediment.

INTRODUCTION

For the last 20 years, much research has been
directed toward improving our understanding of
the mechanisms of basal motion beneath soft-
bedded glaciers and their implications for ice
flow dynamics. In particular, ice flow instabilities
such as glacier surging or fast ice streaming may
be caused by water-saturated and highly pressur-
ized subglacial sediment that lubricates the glacier
base (e.g. Clarke, 1987; Raymond, 1987; Alley, 1989).
The extent to which bed deformation contributes
to basal motion depends primarily on the rheo-
logy of subglacial sediment and the amount of
shear stress transferred across the ice-bed interface.

However, the factors that control the behavior of
sediment-water mixtures and the strength of ice-
bed coupling have not yet been fully elucidated.
Field (e.g. Iverson et al., 1995; Hooke et al., 1997;
Fischer et al., 2001) and laboratory studies (e.g.
Iverson et al., 1998; Tulaczyk et al., 2000; Kamb, 2001)
suggest that subglacial sediment behaves essenti-
ally as a Coulomb-plastic material, a finding which
is in agreement with classical soil mechanics (e.g.
Lambe & Whitman, 1979). However, transient pore-
water flow induced by sediment deformation may
complicate the sediment behaviour. A case of spe-
cial interest arises when the sediment is deformed
by ploughing (Brown et al.,, 1987; Alley, 1989),
when clasts that protrude into the glacier sole are
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dragged through the upper layer of the bed. Iverson
(1999) suggested that the compression of sediment
in front of ploughing clasts may lead to the gen-
eration of excess pore-water pressures that have the
potential to substantially weaken the sediment. By
reducing ice-bed coupling, ploughing may thus
have fundamental implications for glacier basal
motion (Iverson et al., 1994; Iverson, 1999; Fischer
et al., 2001; Hooyer & Iverson, 2002; Rousselot &
Fischer, 2005). However, a quantitative description
of this mechanism in glacier flow models is ham-
pered by the paucity of data. In situ studies of the
force on objects dragged through subglacial sedi-
ment are difficult to perform and the interpretation
of the results is complicated by the variability of
parameters such as subglacial water pressure,
sediment texture and sliding velocity. Also, results
from laboratory studies of the drag force on objects
moving through granular materials (e.g. Wieghardt,
1975; Albert et al., 1999; Chehata et al., 2003; Zhou
& Advani, 2004) are not directly applicable to
clast ploughing because the experiments were
performed at velocities greater than typical glacial
velocities and using dry materials, with grains
smaller than a few millimeters. Thomason &
Iverson (2003) dragged hemispheres through water-
saturated sediment using a ring-shear device. The
authors reported a decrease in the drag force on
the hemispheres with increasing velocities as a
consequence of excess pore-pressure generation.
To further investigate clast ploughing and its influ-
ence on ice-bed coupling, a new laboratory device,
the ‘rotary ploughing device’, was designed and
constructed. This device is used to conduct experi-
ments by dragging an instrumented tip through
sediment under glacially relevant conditions. The
aim is to systematically investigate the effects of
parameters such as ploughing velocity and effect-
ive pressure on excess pore-pressure generation and
sediment strength. In the present paper, the rotary
ploughing device and the experimental procedure
are described in detail and preliminary results of
ploughing experiments conducted using sediments
from Unteraargletscher, Switzerland, are discussed.

APPARATUS

The device consists of a cylinder containing the
sediment, a combined lever arm/pulley system

for applying a stress to the sediment normal to the
ploughing direction and a drive mechanism for
dragging an instrumented object through the sedi-
ment (Fig. 1A). These components are supported
by a frame of 2.6 m length, 1.7 m width and 3 m
height that rests on a base slab of concrete.
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Fig. 1 Schematic diagrams of the rotary ploughing
device. (A) Side view showing the support frame
(dark grey), lever arm/pulley system (mid-tone grey),
drive mechanism (light grey) and cylinder containing
the sediment. (B) Details of the sediment chamber.

A detailed view of the dashed box is shown in Fig. 2A.
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The steel cylinder of 0.58 m diameter, 0.7 m height
and 6 mm wall thickness is divided into a sedi-
ment chamber and a water reservoir by a steel disc
welded 50 mm from the bottom of the cylinder
(Fig. 1B). The disc is pierced with 8 mm diameter
holes and covered with a synthetic filter to enable
water-flow between the chamber and the reservoir.
The water-saturated sediment contained in the
sediment chamber is gripped laterally by teeth. Its
initial thickness can reach 0.3 m, corresponding to
a volume of about 0.08 m®, which is significantly
larger than in laboratory devices commonly used
in soil testing (e.g. Bowles, 1978).

The sediment is subjected to a normal stress by
suspending dead weights from a lever arm by a sys-
tem of pulleys. The downward force acting on the
lever arm is recorded by a force sensor (Interface
SSM-A]J, 20 kN) (Fig. 1A) and is transmitted to a
platen of 0.565 m diameter and 8 mm thickness
through a vertical shaft that sits in a square mount-
ing to inhibit rotation while still allowing vertical
motion. With this system, the sediment can be
subjected to uniform normal stresses up to 400 kPa,
a range that is typical for effective stresses under
glaciers. The applied normal stress is known with
an accuracy of +3 kPa.

To prevent the platen from jamming, it is
mounted to the bottom of a 0.3 m long and 0.55 m
diameter steel cylinder which helps guide it into
the sediment chamber (similar to a piston). A seal
at the base of this cylinder prevents sediment and
water loss during an experiment (Fig. 1B).

The platen is free to move vertically to accom-
modate changes in sediment volume, ensuring
a constant normal stress during an experiment.
Its vertical displacement is recorded by a laser
sensor (Baumer electric, OADM2016441/S14F, 30—
70 mm) installed on the square mounting, that
measures the distance to a horizontal surface fixed
on the vertical shaft with an accuracy of £0.06 mm
(Fig. 2A).

The water reservoir beneath the sediment
chamber is connected via a hose and a 3-way tap
to an external water reservoir that is open to the
atmosphere (Fig. 1A). If the tap is open toward the
external reservoir, water can flow out of or into
the sediment chamber through the intermediate
bottom, maintaining drained conditions during an
experiment. In this case, the sediment pore water
is open to the atmosphere, and the normal stress
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Fig. 2 Details of the instrumented platen. (A) Cross
sectional view of the ploughing tip and a pressure port
on the platen. (B) Map view showing the positions of
the pressure ports on the platen. During ploughing
experiments, the pore-water pressure is measured at the
pressure ports labeled P1, P2 (on the tip) and F1, F2, F3,
F4, F5, B1, B2, 54, S5 (on the platen), while the other
pressure ports are closed hermetically by a plastic cap.
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applied on the sediment corresponds to the effective
stress, in the absence of non-hydrostatic pressure
induced by ploughing. The tap can also be closed,
or connected to a waste pipe to drain the water
contained in the sediment chamber.

To simulate the relative ice-bed displacement at
the base of a glacier, the cylinder filled with sedi-
ment is rotated beneath the platen with a motor.
The motor speed can be varied by a computer
between 0.7 — 5000 rpm and is further geared down
by a factor of 463699 by 2 gear boxes. The torque
on the motor is measured with a 0.97 m long lever
arm fixed to the gear boxes that presses on a load
cell (Interface M 1211-EX, 50 kN) (Fig. 1A). If it
exceeds 33.6 kN m, corresponding to the maximum
torque supported by the motor, the motor is auto-
matically shut down.

Instrumented platen

A 140 mm long and 32 mm diameter steel rod
terminated by a conical tip is set 110 mm from the
cylinder wall into the platen and protrudes 40 mm
into the sediment (Fig. 2). In response to the rota-
tion of the sediment chamber, the tip is dragged
through the sediment, following a circular path of
1.1 m circumference for a full rotation. Its relat-
ive velocity can be adjusted between 2 mm day™
and 16.6 m day ', values that cover typical glacial
velocities. The ploughing rod is permitted to flex
along its entire length below the point at which it
is held at the top of its mount. The elastic bending
of the rod is measured with strain gauges (Fig. 2A)
and converted into a force and azimuth with
the use of a laboratory calibration, following the
description of Fischer & Clarke (1994). The force
applied on the ploughing tip is known with an
accuracy of +150 N.

Pore pressures in the sediment 20 mm beneath
the platen and at the platen-sediment interface are
measured through pressure ports situated on the
lee and stoss sides of the tip and on the platen,
respectively (Fig. 2). These pressure ports are con-
nected to pressure sensors (Keller 23S, 50 kPa) via
capillar tubes. Others not used for measurements
are closed hermetically by plastic caps. Pore-water
pressures are expressed with an accuracy of
150 Pa relative to the hydrostatic pressure corres-
ponding to the water level in the external reservoir
(Fig. 1A).

SEDIMENT PROPERTIES

Experiments with the rotary ploughing device
were performed using subglacial sediment from
the recently deglaciated forefield of Untera-
argletscher, Switzerland. To ensure collection of
sediment as unaltered as possible by wind ero-
sion or winnowing by water, a 3 cm thick layer
was first removed from the ground surface. The
Unteraargletscher sediment is coarse grained,
and made up of 2% clay, 10% silt, 58% sand and
30% gravel (Fig. 3). During ploughing, the magni-
tude of the force on the ploughing object and
the tendency for excess pore-pressure generation
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Fig. 3 (A) Grain-size distribution of Unteraargletscher
sediment. Sample A, which was obtained by removing
the particles larger than 4 mm from Unteraargletscher
sediment, was used in the oedometer and triaxial tests.
Sample B, which was obtained by removing particles
larger than 0.25 mm from Unteraargletscher sediment,
was used in the ploughing experiments. (B) Grain-size
distribution of Sample A (thin line) and Sample B
(thick line).
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is influenced by the hydromechanical properties
of the sediment. Therefore, the compressive, dif-
fusive and frictional characteristics of the Untera-
argletscher sediment were investigated by means
of a series of consolidation, permeability and
triaxial tests (standard procedures are described in
Bowles, 1978). Because of the small dimensions of
typical laboratory apparatus, the tests were con-
ducted on remoulded samples of grain size <4 mm,
a fraction representing about 80% of the total weight
(Sample A in Fig. 3).

Compression test

Sediment compressibility depends on the stress
magnitude and on the stress history (Lambe &
Whitman, 1979). Thus, a sediment can be either in
a virgin or normally consolidated state if it has never
experienced a normal stress larger than the current
one, or in an overconsolidated state, if it has been
subjected to larger normal stresses in the past. For
a sediment subjected to loading and unloading, the
changes in void ratio e can be approximated by

e=¢,—C log (%], 1
0

where ¢, and o, are the initial void ratio and initial
normal stress, respectively, o, is the normal stress
and C is the dimensionless compression index, with
subscript ¢ for a normally consolidated sediment
and s for an overconsolidated sediment. Hence, on
a e —log o, diagram, C, is the slope of the normal
consolidation line (NCL) related to the virgin state,
and C, is the slope of the overconsolidation lines
(OCL), which are the branches originating from the
NCL (e.g. Lambe & Whitman, 1979).

The compressibility characteristics of Untera-
argletscher sediment were determined by a
confined consolidation test performed with an
oedometer on a sediment sample of initial void
ratio e, =0.35. Results from this test and the cor-
responding best fit NCL and OCL are shown
in Figure 4. The values of C.=0.022 for 25< 0, <
200 kPa and C_=0.033 for 200 < o, < 300 kPa were
determined by locally fitting straight lines to the
data points and C, = 0.004 is the mean of OCL, and
OCL,. These values are characteristic for sediments
of low compressiblity and typical for fine sands
(Mitchell, 1993).
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Fig. 4 Compressibility of Unteraargletscher sediment
in normally consolidated (NCL) and overconsolidated
(OCL) states derived from tests performed with the
oedometer.

Two falling head permeameter tests were com-
bined with the consolidation test at different normal
stresses to determine the hydraulic conductivity
k at the corresponding void ratios (see arrows in
Figure 4). The tests yield k=84%x10" ms™ for
e=0.33 and k=6.9x107 ms™ for e=0.32. These
values are typical for tills (107*~10° m s™'; Freeze
& Cherry, 1979).

Values of D were computed from values of C and
k following

p=K1l+e)on )
0.435p,5C

(e.g. Lambe & Whitman, 1979) where o, is the value
of the mean normal stress for which C has been
determined, p,, is the density of water and g is
the acceleration due to gravity. Values of D =1.2 x
107 to 1.9 x 10° m? s™ were found for void ratios
between ¢=0.32 and ¢=0.33. These values are
well above those previously reported for Untera-
argletscher sediment (10° m?s™; Fischer et al., 2001),
suggesting that the sediment from the forefield
has been partially winnowed by water.

Triaxial tests
Following Coulomb’s theory (e.g. Lambe & Whit-
man, 1979), the sediment shear strength at failure

T; is expressed as

T, =c+ 0 tan ¢, 3)
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where c is the cohesion, ¢’ is the effective normal
stress on the failure plane and ¢, is the angle of
internal friction. Results from two triaxial drained
tests and two triaxial undrained tests indicate
that Unteraargletscher sediment has a negligible
cohesion (c=10kPa) and an angle of internal
friction of 39°, which is characteristic of a fric-
tional sand.

PLOUGHING EXPERIMENTS

The tendency for the generation of excess pore
pressure downglacier from ploughing objects can
be assessed by considering a dimensionless para-
meter R

R= Es/ (4)

(adapted from Iverson & LaHusen, 1989; Iverson
et al., 1994; Fischer et al., 2001) where v is the velo-
city of the ploughing object (i.e. the ploughing
tip) through the sediment and ¢ is the character-
istic length of the sediment compressed in front
of the tip. This parameter relates the time-scale
for excess pore-pressure generation (§/v) to the
time-scale for diffusive pore-pressure equilibration
across 6 (6°/D). Using typical subglacial plough-
ing velocities, a compression length of one tip
diameter and the diffusivity determined above for
Unteraargletscher sediment, we find R ~ 10°, a case
where generation of excess pore pressure is unlikely
(Iverson et al., 1994). To increase the tendency to
generate excess pore pressure, ploughing experi-
ments were performed using a less diffusive sedi-
ment that was obtained by removing grains larger
than 0.25 mm from Unteraargletscher sediment
(Sample B in Figure 3). Its diffusivity and the cor-
responding value of R were estimated as outlined
below.

Experimental procedure

Prior to an experiment, water-saturated sediment
is poured into the sediment chamber with the tap
closed. Sediment lumps are crushed to achieve
an even texture. When the desired initial thickness
is reached, the sediment is covered with a few

centimeters of water. The upper platen, with all
pressure ports open, is subsequently lowered into
the sediment chamber. As soon as water sprays
out through the pressure ports, they are closed. A
maximum normal stress of 50 kPa is then imposed
by the lever arm/pulley system. The pressure ports
are connected to pressure sensors. The laser sensor
is installed and measurements of normal stress,
vertical displacement of the platen, pore-water
pressures and force on the tip are started.

The standard procedure followed for a plough-
ing experiment is illustrated in Figure 5, which
shows the general behaviour of the vertical dis-
placement of the platen, the pore pressure, the
azimuth and the drag force. In the first stage of
an experiment (Stage I), the tap to the reservoir is
opened such that water can drain from the sedi-
ment. Dead weights can be added to achieve the
desired normal consolidation stress (not done in
the experiment shown in Figure 5). This stage lasts
until the sediment is fully consolidated, i.e. when
the upper platen is stationary and the pore pres-
sure is at hydrostatic level. In the second stage of
the experiment (Stage II), the sediment is set in
motion by rotating the cylinder, while correspond-
ing changes in sediment volume, pore pressure,
amplitude and azimuth of the drag force are
recorded. After the tip has been dragged through
the sediment over the required distance, sediment
motion is stopped (Stage III). The measurements
are terminated when the pore pressure is in equi-
librium with the hydrostatic pressure, usually after
a few hours. To conclude an experiment, the lever
arm/pulley system and the instrumented platen are
removed, and deformation features in the sediment
are inspected visually.

Results

In the first stage of an experiment (Stage I), the dif-
fusivity of the sediment can be determined from
the rate at which the water is squeezed out of the
sediment. In the experiment shown in Figure 6,
the sediment is initially covered with a ~79 mm
thick water layer and a normal stress of 37 kPa is
applied to the platen. As the tap is opened (t =0
minute), water flows out of the cylinder leading
to a corresponding settling of the platen (note that
in Figure 6 an increase in the distance recorded by
the laser corresponds to a downward motion of
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Fig. 5 General behaviour of (A) downward
displacement of the platen, (B) pore pressure, (C) drag
force and (D) azimuth as a function of time during
equilibration (Stage I), sediment ploughing (Stage II)
and after ploughing (Stage III). The vertical dashed lines
correspond to the start and termination of cylinder
rotation, respectively. Parameters for this experiment
were o, =50 kPa and v=10 m day . Positions of the
pressure ports F2, F3, F4 and P2 are shown in Figure 2.

the platen). At first, the normal stress is entirely sup-
ported by the water such that the water pressure
is nearly constant and corresponds roughly to the
applied normal stress (Fig. 6b). Subsequently, as
the tip penetrates the sediment, the water pressure
drops somewhat. Sediment consolidation starts
when the platen touches the sediment after 79 mm
of platen lowering (t = 80 minutes). This time can
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Fig. 6 Records of (A) downward displacement of platen
and (B) pore-water pressure measured on the platen

as a function of time during the equilibration stage

of a ploughing experiment. The sediment is initially
covered with a ~79 mm thick water layer which starts

to drain at t =0 minutes. Sediment consolidation starts
at t =80 minutes. A 50% consolidation is reached at

t =83 minutes. See text for details.

be determined by locating the point where the
rate of platen lowering starts to decrease (Fig. 6a).
Consolidation theory indicates that

D= , 5)

(e.g. Lambe & Whitman, 1979) where d is the length
of the drainage path and T, is a dimensionless time
factor which depends on the degree of consolidation
and on the boundary conditions. In the present
case, d =19 + 0.5 cm corresponds to the initial sedi-
ment thickness and T, = 0.3 for 50% consolidation
(Lang et al., 2002). This degree of consolidation is
reached at t = 83 minutes, as indicated by the pore
pressure record (Fig. 6b). Accounting for uncer-
tainties in the thickness of the sediment and the
time when consolidation starts (+1 minute), Eq. 5
yields D=7 +2.5x 107 m®s™". By substituting this
diffusivity and v=10mday™" in Eq. 4, we find
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that R <25, indicating that at this velocity, excess
pore pressure may develop during ploughing of
Unteraargletscher sediment containing only grains
smaller than 0.25 mm.

The second stage of an experiment (Stage II)
is started by rotating the cylinder. Figure 7 shows
details of Stage II shown in Figure 5. This experi-
ment was performed using a normally consolidated
sediment with a ploughing velocity of 10 m day™
and a normal stress of 50 kPa. Other tests conducted
under these conditions displayed similar features
in the pore pressure and force records, indicating
the reproducibility of the results.

A sudden downward motion of the platen is
observed at the onset of cylinder rotation (Fig. 7A)
and may occur as friction, which is probably con-
centrated mostly in the seal, the square mounting
and the pulley system, is overcome. Further con-
tinuous downward displacement of the platen is
recorded as the sediment is ploughed. Calculations
indicate that about half of this downward dis-
placement can be accounted for by the volume of
sediment that may have escaped the sediment cham-
ber and entered into a small gap within the seal
between the two cylinder walls. Similar problems
have been described in other laboratory studies
(Iverson et al., 1997). Additional platen settling
can be explained by a decrease in sediment thick-
ness. This behaviour is characteristic of normally
consolidated sediments that tend to decrease their
volume during initial shear deformation (e.g. Lambe
& Whitman, 1979).

The drag force on the ploughing tip increases
for the first 70 cm of displacement to reach a peak
value of 3000 N and subsequently decreases rapidly
toward a nearly steady value of 2450 N, roughly
40 cm before one complete rotation of the cylinder
(Fig. 7B). The azimuth record is approximately
constant and indicates that the drag force is essen-
tially oriented in the flow direction (Fig. 7C). The
post-peak reduction in the drag force seems to
be uncorrelated with the pore pressure evolution
(Fig. 7D). Instead, we propose that a zone of com-
pressed sediment forms in front of the plough-
ing tip such that the force recorded by the tip
decreases as the compressed sediment enters the
sediment that has been ploughed before. Support
for this suggestion stems from the observation of
dense sediment packed in front of the tip when the
instrumented platen is removed from the cylinder
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Fig. 7 Detail of Stage II shown in Figure 5 with records
of (A) downward displacement of platen, (B) drag force,
(C) azimuth and (D)-(G) pore-water pressures as a
function of the distance ploughed by the tip. One
rotation corresponds to 1.1 m (vertical dashed lines). The
vertical solid line indicates rotation stop. Pore-water
pressures are initially at the hydrostatic value (horizontal
dashed lines in (D)—(G)), which corresponds to ~2.6 kPa
at the pressure ports on the platen and ~2.8 kPa at those
on the tip. The positions of the pressure ports are shown
in Fig. 2.
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at the conclusion of an experiment. As a result of
this zone of compressed sediment in front of the
tip, the zone of influence of the tip is greater than
usually assumed in other works (~1 diameter of
the ploughing object) (Iverson et al., 1994; Fischer
et al., 2001; Iverson & Hooyer, 2004) but is in agree-
ment with a modelling study of pile insertion,
which predicts zones of influence extending up to
20 pile diameters in dense sand (Ladanyi & Foriero,
1998). The small amplitude in the subsequent drag
force variations is likely to be indicative of a well-
developed, steady flow of the sediment around
the tip. At the termination of the cylinder rotation,
a small decrease in the drag force is observed,
probably caused by elastic relaxation within the
sediment and the device (Fig. 7B).

Pore-pressure gradients develop within a few
seconds in the vicinity of the tip, with values in
excess of (up to 1.7 kPa at F2) and below (down to
1.4 kPa at S4) the hydrostatic pressure (Figs. 7D-G).
In particular, excess pore pressures develop in
front of the tip (F1, F2, F3), with a maximum at
a distance of 5 cm (F2) and pore pressures below
the hydrostatic value are observed on the tip itself
(P1, P2), on the sides (54, S5) and at the back (B1,
B2) of the tip (Figs. 7D—-G). The pressures recorded
by the other sensors (F4, F5) fluctuate around the
hydrostatic value. Pore pressures in excess of the
hydrostatic value recorded by F1, F2 and F3 result
as the sediment in front of the tip is compressed
at a rate which is faster than that at which pore
pressure can diffuse. This compression of sediment
in front of the tip also causes the sediment to be
locally overconsolidated there. Under shearing,
overconsolidated sediments of low compressibility
are commonly dilatant such that increasing pore
volume leads to a local reduction in pore pressure.
For example, in studies of pile penetration in a stiff
overconsolidated clay, negative pore pressures were
observed over most of the penetration length of
the pile during driving (Bond & Jardine, 1991).
Similarly, the locally overconsolidated sediment
that flows around the tip may be sheared and the
pore pressures below the hydrostatic value recorded
at 54, S5 and P1 may therefore result from shear-
induced dilation of the sediment there. Because of
the circular geometry of the device, the shear rate,
and thus the rate of sediment dilation, is greater
at 54 than at S5 so that the pore pressure recorded
at 54 is less than that recorded at S5 (Fig. 7D).

Fig. 8 View from above into the sediment chamber
showing the wake devoid of sediment that is observed
after a ploughing experiment. The direction of ploughing
is counterclockwise.

The pore pressures below the hydrostatic level
recorded at P2, B1 and B2 at the back of the tip can
be explained by the formation of a wake devoid
of sediment immediately behind the tip as it is
dragged through the sediment, as seen after an
experiment (Fig. 8). Similar trenches extending
behind ploughing clasts have been observed in the
geological record (Iverson & Hooyer, 2004).

The sediment yield strength can be estimated
from the force record using a geotechnical model
of cone penetration (Senneset & Janbu, 1985).
This model describes the resistive force on objects
pushed vertically through sediment as a function
of the effective stress and the sediment frictional
properties. This formulation, when adapted to the
ploughing tip, yields the force per unit length on
the leading edge of the tip (Fischer et al., 2001). In
close analogy to Fischer et al. (2001), by equating
the bending moment exerted by this force on the
ploughing tip to the bending moment recorded on
the tip, we derive from the ploughing experiment
a sediment yield strength ranging from 34 to 46 kPa.
This value provides an upper estimate of the yield
strength of Unteraargletscher sediment used in
this experiment (Sample B in Figure 3) because it
was calculated using the angle of internal friction
characteristic of the Sample A sediment (Fig. 3).

The yield stress of a Coulomb sediment scales
linearly with the effective stress. Moreover, for a
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constant applied normal stress, the changes in effect-
ive stress are directly related to the pore-pressure
variations. In the present case, the pore-pressure
records indicate that the effective stress departed
from the applied normal stress by absolute values
up to 1.7 kPa, leading to maximum changes of 3.5%
in the yield strength and in the drag force. Variations
in pore pressures, therefore, did not significantly
influence the drag force in this experiment.

CONCLUDING DISCUSSION

A new laboratory device of large dimensions was
developed and constructed to systematically study
the influence of effective stress and ploughing
velocity on excess pore-pressure generation and on
sediment strength. This device enables simultane-
ous measurements of the drag force on a plough-
ing tip and the distribution of pore pressure in
the adjacent sediment. Significantly, according to
standard soil-testing convention (Head, 1989), it
is possible to conduct experiments with sediment
containing clasts up to 1 cm, which corresponds to
one-tenth of the smallest dimension of the sediment
chamber (i.e. 11 cm, distance between the cylinder
wall and the tip).

From the rate at which pore water is squeezed out
of the sediment during compression, a hydraulic
diffusivity was estimated for a glacial sediment that
was collected in the forefield of Unteraargletscher.
A difference of nearly two orders of magnitude
was obtained for the diffusivities of two samples
of the same origin but containing different frac-
tions of fine particles. On a cautionary note, we
acknowledge that the diffusivity estimates for the
two samples were obtained using different methods.
Nevertheless, since the proportion of fines in the
upper layer of the substrate may vary spatially and
temporally beneath glaciers as a consequence of
eluviation, transport and deposition by subglacial
water, this result illustrates that the hydromechan-
ical properties of a sediment bed can be highly
heterogeneous.

During sediment ploughing, pore-pressure gra-
dients developed rapidly around the tip. Values
below and in excess of the hydrostatic pressure
were due to sediment shearing and compression,
respectively. These observations suggest that, when
a dilatant sediment is ploughed, the mean pore-

pressure response may be governed by the relative
volumes of sheared and compressed sediment.
These volumes, in turn, probably depend on the
ambient effective stress and on the size and shape
of the ploughing object. If shear-induced pore
pressures below the hydrostatic pressure are
dominant, subglacial sediment may display a yield
strength that increases with the rate of shearing.
On the other hand, if excess pore pressures due
to sediment compression dominate, the sediment
yield strength may decrease with the rate of com-
pression. This issue can be tested using the rotary
ploughing device by dragging instrumented objects
of various geometries through subglacial sediment
at different velocities.

Water pressures below the hydrostatic value were
also a consequence of a wake devoid of sediment
left behind the tip. The length of such a wake may
be influenced by the effective normal stress. A sys-
tematic investigation of the wake length with the
rotary ploughing device could therefore provide a
basis for estimating the basal effective stresses of
past ice sheets from the observations of ploughing
structures in the bed (Iverson & Hooyer, 2004).

In the preliminary experiments, the drag force
was influenced by the properties of the sediment
in front of the compression zone rather than by the
pore pressures in the vicinity of the tip. Specifically,
the drag force was larger in a dense, virgin sedi-
ment than in a loose one that had been ploughed
before. Beneath glaciers, soft beds are likely to
undergo deformation, independent of ploughing,
at strains that result in the critical state and thus
in full dilation of the sediment. Future ploughing
experiments with our device will therefore be per-
formed using an already ploughed sediment.

A problem with the device is the continuous
decrease in sample thickness during an experiment,
which is probably mainly due to frictional effects
and to sediment loss in the seal. This problem can
be minimized in future experiments by first over-
consolidating the sediment, to eliminate part of the
friction and such that the gap of the seal is filled
with sediment prior to a ploughing experiment.
Despite this problem, the rotary ploughing device
proves useful for further exploring the effects of pore
pressure changes on the drag force on a ploughing
object. In particular, the results of such experiments
should help in the development of constitutive
equations describing sediment deformation and
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the corresponding basal drag during clast plough-
ing beneath glaciers.
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ABSTRACT

A standard large-scale ice-sheet model is extended by (i) adding ice stream-shelf flow using a
combined set of scaled equations for sheet and shelf flow, and (ii) coupling with a deforming
sediment model that predicts bulk sediment thickness. The combination of sheet and shelf flow
equations is heuristic, but allows horizontal shear and longitudinal stretching without a priori
assumptions about the flow regime, and a freely migrating grounding line. The sediment model
includes bulk transport under ice assuming a weakly non-linear till rheology, and generation of till
by glacial erosion. The combined model explicitly simulates off-shore sediment strata, taking one
step towards the goal of direct comparisons with Cenozoic glacimarine sediments on Antarctic
continental shelves.

Preliminary 1-D flowline simulations are described on a linearly sloping domain, with simple
prescribed spatial and temporal variations of surface ice mass balance. Each simulation is run for
[0 million years, and the various patterns of offshore sediment strata built up over the course of
each run are examined. A wide variety of sediment patterns is produced depending on uncertain
model parameters, including unforced irregular oscillations in the absence of external forcing vari-
ations. The results are not conclusive, but illustrate the variety of possible interactions that may
play a role as more definitive 3-D models become available to link Cenozoic climate variations

with the Antarctic sediment record.

Keywords Ice sheet model, ice shelf model, marine sediment, Cenozoic, Antarctica.

INTRODUCTION

A broad picture of long-term climate variations
during the Cenozoic has emerged from deep sea
core records (Zachos et al., 2001). Overall cooling
since the warm and largely ice-free early Eocene
(~50 Ma) has been punctuated by major Antarctic
ice growth around the Eocene-Oligocene boundary
(34 Ma) and significant fluctuations through the
Oligocene and Miocene. These were followed by
relatively recent Northern Hemispheric glaciation
in the Pliocene, leading to the current Quaternary
ice ages. Beyond this broad picture, some import-
ant questions remain concerning the role of ice
sheets and CO, forcing (Pekar and DeConto, 2006;
Pekar et al., 2006). Numerous large fluctuations
in 80 records, especially during the Miocene,

suggest ice volume variations of roughly 30 to
~75 m equivalent sea level over time scales of sev-
eral 10° to 10° years. On the face of it, that would
require drastic retreats and re-growth of the East
Antarctic Ice Sheet (EAIS, currently ~65 m sea-level
equivalent), and/or similar amounts of Northern
Hemispheric ice growth and decay for which
there is scant terrestrial evidence. It is important
to understand how much these 8O fluctuations
are due to other factors in the composite record,
or whether they imply drastic variations of EAIS
since the Oligocene (Oerlemans, 2004a, 2004b; Pekar
and DeConto, 2006; Pekar et al., 2006).

Once a large continental-scale EAIS is formed,
it is problematic to invoke drastic retreats at least
of the terrestrial portions (grounded on bedrock
above sea level after rebound), due to hysteresis in
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the ice-climate system stemming from ice-albedo
and height-mass-balance feedbacks (Huybrechts,
1993, 1994; Maqueda et al., 1998; Oerlemans, 2002).
Air temperatures must rise on the order of 15°C
around the Antarctic terrestrial flanks before sub-
stantial melting and retreat occurs. Depending on
model physics (orbital forcing or not, ice-albedo
feedback or not), that corresponds to a several fold
increase above present atmospheric CO,, which is
not observed in Cenozoic proxy records since the late
Oligocene (Pagani et al., 2005). However, it is more
plausible to invoke retreats and advances of marine
portions of Antarctic ice, for instance in Wilkes
Land (Miller and Mabin, 1998) or the West Antarctic
Ice Sheet itself (WAIS, Anderson and Shipp, 2001;
which may have existed since the Miocene at least,
Scherer, 1991). Whether or not these have occurred
and how much sea level they could account for
(~6 m, current WAIS) is an open question.

There is a potential wealth of information on
WAIS and EAIS variations in Cenozoic marine
sediment deposits on the Antarctic continental
shelf (Cooper et al., 1993; Hambrey and Barrett,
1993; Brancolini et al., 1995; De Santis et al., 1999,
Anderson, 1999; Escutia et al., 2005; and others).
Since the mid-Miocene at least, much of these sedi-
ments have been deposited in glacimarine or sub-
ice environments, as the ice sheet grounding line
has advanced and receded over the continental
shelf, especially in the Ross and Weddell Seas,
Prydz Bay, and off Wilkes Land and the Antarctic
Peninsula. Great efforts have been made over the
last several decades to study these deposits by
seismic profiling, coring and sampling, and pro-
gress in inferring Cenozoic ice-sheet variations is
ongoing (Anderson, 1999).

If climate and ice-sheet models can include these
sediment processes explicitly and results compared
directly with observed deposits, that would be a
valuable tool in linking the Antarctic marine sedi-
ment record to Cenozoic ice and climate history. As
a small step towards that goal, this paper extends
a standard ice-sheet model to include (i) both
grounded ice-sheet and floating ice-shelf flow,
and (ii) sub-ice sediment production and transport,
both of which are necessary to explicitly simulate
shelf deposits. Preliminary results are described for
experiments run over 10 million years with basic
1-D flowline geometries and simple prescribed
climate forcing.

COMBINED ICE SHEET-SHELF MODEL

The combination of ice sheet and shelf flow in
one efficient large-scale model is not straightfor-
ward (Vieli and Payne, 2005). Although grounded
(terrestrial) ice and floating (shelf) ice have the
same fundamental ice rheology, the large-scale flow
regimes and scaled equations are very different. Due
to basal shear stress, terrestrial ice flows mainly by
vertical shear du/dz determined locally by the
driving stress pgH oh/dx (the zero-order shallow-ice
approximation), whereas shelf ice deforms mainly
by along-flow longitudinal stretching du/dx deter-
mined non-locally by the shelf thickness distribu-
tion. In the vicinity of the grounding line and in ice
streams with very little basal stress, a combina-
tion of the two flow regimes exists. Full(er)-stress
equations are available (Blatter, 1995; Pattyn, 2002;
Payne et al., 2004) but are computationally expens-
ive, and have only recently begun to be applied in
3-D (Pattyn, 2003). Other approaches have been
(i) to add basal and side friction to the scaled shelf
equations (MacAyeal, 1989; Dupont and Alley,
2005; Vieli and Payne, 2005), (ii) to use continuum
mixtures within each grid cell (Marshall and Clarke,
1997), and (iii) to apply sets of scaled equations
(sheet/stream /shelf) in pre-determined domains,
with simple matching conditions at the interfaces
(Huybrechts, 1990, 2002; Hulbe and MacAyeal,
1999; Ritz et al., 2001; Vieli and Payne, 2005).

The approach used here is to heuristically com-
bine the scaled sheet and shelf equations, and
is close to those used by Hubbard (1999, 2006)
and Marshall et al. (2005). In these techniques, the
two sets of scaled equations (for internal shear
du/dz and for vertical-mean longitudinal stretch-
ing du/dx) are combined into one set, which is
applied at all locations with no a priori assumptions
about flow regimes. Related non-rigorous sets of
combined equations have also been used by Alley
and Whillans (1984) and van der Veen (1985). The
main difference in our approach is that the full
elliptical (non-local) stretching equation is retained,
which is needed for domains that include floating
ice with vanishing basal stress.

The flow equations are described fully in
Appendix A (page 48). A numerical iteration is per-
formed at each timestep between the shear and
stretching components that converges naturally to
the appropriate scaling or to a combination of the
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two, depending on the magnitude of the basal drag
coefficient. The combination is heuristic because
neither set of equations is accurate in the transition
region where both du/dx and du/dz are significant.
Nevertheless, our results are reasonable in ideal-
ized tests and in 3-D modern Antarctic simulations.
Work is in progress to compare them with full-stress
solutions in simple flowline situations such as
Huybrechts (1998). Our equations fall into type L1L2
of Hindmarsh’s (2004) categorization of various
approximate schemes, which is found to yield
relatively accurate results. Using a similar technique
to ours, Hubbard (2000) found that results for a
valley glacier agree well with those using a higher-
order model.

Hindmarsh (1993, 1996) and Hindmarsh and
Le Meur (2001) have investigated whether the
dynamics of the narrow transitional region near
the grounding line matter for overall equilibrium
and stability properties, but these issues remain
unresolved. The general behaviour anticipated
by Weertman (1974) (cf., van der Veen 1985;
Huybrechts, 1998), is that the grounding line can
advance relatively freely into water depths of
less than a few hundred metres, but advance is
inhibited and retreat can easily be induced by
greater grounding-line depths; this behaviour
occurs in our model with the aid of MacAyeal-
Payne thermal fluctuations (Hindmarsh and Le
Meur, 2001), and is important in interpreting the
results described below. Recently Vieli and Payne
(2005) have examined grounding-line migration
in 1-D flowline sheet/stream/shelf models using
fixed versus moving grids, and found suspect
behaviour and grid dependencies with fixed grids.
Our grid is fixed, but unlike theirs our equations
combine sheet and shelf flow continuously across
the grounding line. These issues will be addressed
in a separate paper, but we note that the results
shown here do not depend strongly on grid size
(nominally 40 km), and very similar results are
obtained for grid resolutions of 20, 40 and 80 km
(not shown).

In addition to the ice flow equations, the ice model
consists of three other standard components: (i) an
ice-mass advection equation predicting ice thick-
ness and accounting for prescribed annual surface
accumulation minus ablation, (ii) an ice temper-
ature equation including ice advection, vertical
diffusion in the ice-sediment-bedrock column, and

shear heating, and (iii) a bedrock elevation equation
with local relaxation towards isostatic equilibrium
and elastic lithospheric deformation (Huybrechts,
1990, 2002; Ritz et al., 1997, 2001).

SEDIMENT MODEL

The large-scale, long-term evolution of sediment is
simulated using a predictive model of sediment
thickness, including subglacial deformation by the
imposed basal ice shear stress, which deforms and
transports the upper few 10’s of cm to meters of
sediment. The sediment rheology is assumed to be
weakly non-linear (Boulton and Hindmarsh, 1987;
Alley, 1989; Boulton, 1996; Jenson et al., 1996), in
contrast to nearly plastic (Tulaczyk et al., 2000;
Kamb, 2001). The induced sediment velocity con-
tributes to ice motion and effectively makes the bed
much slipperier.

The deforming sediment model and equations
are described in Appendix B. The main change from
our previous applications (Clark and Pollard,
1998; Pollard and DeConto, 2003) is a simple para-
meterization of fractional exposed bedrock when
the grid-mean sediment thickness is <0.5 m. This
accounts for separate basal shear stresses over the
sediment and bare-bedrock fractions, and assumes
that the sediment patches always remain thick
enough so sediment deformation never penetrates
to bedrock. Where no (or little) sediment exists,
quarrying or abrasion by ice on exposed bedrock
erodes the bedrock profile and is a source of new
sediment. No sediment deformation, basal sliding
or bedrock erosion occurs when the base is below
the ice pressure-melting point, when presumably
there is insufficient liquid water to support most of
the ice load and prevent sediment compaction.

In the marine experiments described below
nothing happens to sediment in ice-free locations,
except for an imposed maximum slope limit of
0.3° representing marine slumping down the con-
tinental slope, and an infinite sink of sediment
to the deep ocean (i.e. no sediment allowed at
the right hand edge of the figures below). There
are no non-glacial sedimentary processes, and no
pelagic deposition. Very similar ice-sediment models
haves been applied to general Pleistocene cycles
(Boulton, 1996) and Quaternary Barents-Sea
deposits (Dowdeswell and Siegert, 1999; Howell and



40 D. Pollard and R.M. DeConto

Siegert, 2000). Other predictive ice sheet-sediment
models have been developed by ten Brink and
Schneider (1995), ten Brink et al. (1995), Tomkin and
Braun (2002), Bougamont and Tulaczyk (2003),
and Hildes et al. (2004).

BASIC RESULTS WITH CLIMATICALLY FORCED
RETREATS

As preliminary tests of the model, 1-D flowline
experiments have been run for 10 million years,
with an initial linear equilibrium bedrock slope
and constant sea level. Simple climatic patterns are
prescribed for annual mean surface temperature
T (°C)=-20-0.0051 x elevation (m), ice surface
budget B (m yr™) =0.15 x 2791 and ocean shelf-
melting M =0.1 m yr'. These are constant except
in experiments with forced ice retreats, in which a
drastic decrease of B=-1m yr is imposed every-
where for 10° years once every 10° years causing
complete wastage of all ice. As shown below,
quite a wide variety of long-term ice and sedi-
ment behaviour occurs in the model depending on
uncertain features such as sediment rheological
parameters and initial bedrock geometry. The
results are not intended to prove any particular
conclusions, but just to illustrate the variety and
uncertainty at this stage, and to suggest what may
be possible in the future as more definitive models
become available.

The most straightforward type of behaviour is
shown in Fig. 1 using the nominal ice and sediment
parameter values given in the Appendices. Ice
sheet maximum extents do not vary much during
the run, with the ice growing to nearly the same
size after each forced retreat, limited to grounding
line depths of <~500 m. Throughout the run fresh
sediment is quarried by grounded ice acting on
inland and inner-shelf bedrock, and quickly trans-
ported as deforming sediment to the grounding
line where it accumulates in a wedge. This allows
lengthy advances of grounded ice, as the sediment
wedge reduces the bathymetry and grounding-
line depths (Alley, 1991; Dahlgren et al., 2002).
After each forced retreat, a new wedge of sedi-
ment advances with the grounding line, resembling
smaller-scale grounding-zone wedges of tidewater
glaciers (Powell and Alley, 1997). The time scale
of advance is on the order of 10° years (Fig. 1C),

controlled not by ice mass balance but by grounding
line-sediment interaction. When previous deposits
are reached the new sediment is draped over
them, first by piling up on the inner slope and then
slumping down the steep outer slope, producing
the laminated strata in Fig. 1B (discussed further
below). A single large triangular deposit ~1000 m
thick is formed after 10 million years.

SENSITIVITY EXPERIMENTS WITH
CLIMATICALLY FORCED RETREATS

The simple structure of the sediment deposits in
Fig. 1 is basically due to the small amount of total
sediment transported to the shelf. There is not
enough transport to cause very rapid slumping
down the outer slopes of earlier deposits, or con-
versely to build large enough deposits that form
barriers to later sediment wedges (both of which
produce more complex patterns as seen below). One
of the more uncertain variables in the sediment
model is the viscosity 1, which can potentially affect
total transport. Our nominal model value is 1 x 10"
Pa's, and we experimented with values between
1x10” and 1 x 10". This makes little difference to
the results, and a single laminated triangular deposit
is formed after 10 Ma much like Fig. 1 (not shown).
[n.b. Although total sediment transport increases
with decreasing 1, at constant basal stress 7, (Eq. B3),
it decreases with decreasing u, at constant basal
(sediment-top) velocity 1,(0) (seen by combining (B2)
and (B3)). When p, is changed in our interactive
model, both basal stresses and velocities change as
the ice sheet reacts to the different basal slipperi-
ness, and the net effect on sediment transport is not
readily deducible from the relations in Appendix B;
in fact, it decreases slightly with decreasing p,, at
least in the range 10° to 10" Pa s.]

The basic properties of the sediment in this con-
text are (i) sediment-top velocity u,(0) (affecting
basal slipperiness and ice flow) and (ii) total sedi-
ment transport Judz (affecting shelf accumulation),
and their dependence on basal shear stress. If
this combination can be changed outside the con-
straints of the weakly non-linear model, then very
different long-term interactions between ice sheets
and sediment deposits can ensue. Given current
uncertainty in even the basic forms of sediment
rheology, hydrology and transport mechanisms
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under ice sheets, we suggest that this could be
the case, due, for instance, to ploughing of plastic
sediment by sub-ice bumps (Tulaczyk et al., 2001).
Instead of formulating completely different sedi-
ment models, here we explore different behaviours
by crudely altering sediment model values within
the weakly-non-linear framework. Specifically, we
increase total sediment transport in Eq. (B3) by
an ad hoc enhancement factor E. Further work

5

4
Time (millions of years)

3

with alternate rheologies and advection processes
is needed to confirm that such modifications are
reasonable, and to guide future choices in sub-ice
sediment models.

Setting the sediment transport factor E =10
produces quite different behaviour (Fig. 2). The
sediments deposited in each advance (after the
tirst three) form barriers to subsequent re-advances,
so that new sediment wedges pile up in front of
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the earlier deposits but do not override them. As
shown by the stratal patterns in Fig. 2B, a regular
series of retrograding sediment units is formed, one
per million years between the imposed retreats.
The structure is arguably more realistic than the
single laminated triangle in Fig. 1B, but still too
regular.

More complex behaviour is shown in Fig. 3,
with transport factor E =10 and sediment viscos-

10 Fig. 1 except with sediment transport
enhancement factor E = 10 (see text).

ity u, reduced to 1x10° Pas. The lower viscosity
produces a more slippery bed, thinner ice and
slightly less sediment transport than in Fig. 2. The
first five re-advances (Fig. 3C) override the previ-
ous sediment, forming an early distal laminated
wedge as in Fig. 1. The next readvance also over-
rides this wedge, and transports some of the earlier
sediment to the top of the shelf break where it
slumps to the deep ocean, forming an erosional
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vances do not override the previous deposits, and
an irregular retrograding sequence is formed on
the inner shelf until the end of the run. By the last
million years, bedrock erosion on the inner shelf
(not replaced by sediment) has increased ground-
ing line depths sufficiently to inhibit ice advance,
and the last “‘proximal” sediment wedge is deposited
much closer to the land.
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Another effect of the increased basal slipperiness
in Fig. 3 is that grounded ice is thinner, especially
on the steep inland bedrock slopes, so that basal
temperatures are able to reach the freezing point
in places. This allows sporadic higher frequency
fluctuations due to the MacAyeal-Payne thermal
mechanism (basal regions alternately freezing,
inhibiting sliding, thickening, then warming and
sliding again; MacAyeal, 1993). The resulting breaks
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of ice surface slope are evident in Fig. 3A, and pro-
pagate downstream to the grounding line triggering
minor retreats in the first 2 My of the run (Fig. 3C).

RESULTS WITH NO CLIMATIC VARIATIONS
If the prescribed climate is held constant (i.e. no

temporal variations in the surface budget para-
meterization and no forced retreats, otherwise same

D. Pollard and R.M. DeConto

as in Fig. 3), unforced internal oscillations of the
ice-sediment-bedrock system occur, as shown in
Fig. 4. They are mainly due to sudden groundin-
line retreats triggered by the following mechanism
(deduced from animations). When an advancing
grounding-line sediment wedge reaches and over-
tops a topographic peak in the previous deposits
(usually the outermost ‘shelf break’), the maximum
sediment slope of 0.3° is exceeded, and the wedge
begins to slump down the pre-existing outer slope.
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The slumping exceeds the supply of deforming
sediment transported under the ice, and the net loss
of sediment causes a deepening of the ground-
ing line (from ~500 to ~600 m), followed by rapid
grounding-line retreat back down the inner slope
of the peak. The largest such retreats occur at
~3.5,5.2, 6.3 and 7.2 My in Fig 4C (panel (c)), and
the associated slumping to the deep-ocean sink
at the right-hand edge of the domain produces
the steps in the ‘dumped’ curve in panel (b). This
same mechanism also occurs just before some of
the forced retreats in Fig. 3C.

Although all of the retreats in Fig. 4 are associ-
ated with the slumping mechanism, many of them
are hastened or triggered by freeze-thaw fluctu-
ations. As described above, higher-frequency basal
freeze-thaw fluctuations propagate downstream
to the grounding line and cause small transient
variations in ice thickness there. Although these
fluctuations are not required for the major retreats,
they do induce many minor retreats that would not
otherwise occur, especially in the first 3 My and after
8 My, and they affect the whole character of the
time series in Fig. 4C. If the freeze-thaw switch is
turned off (by allowing basal sliding and sedi-
ment deformation regardless of temperature), the
resulting grounding-line time series is much more
regular and smoothly oscillating (not shown).

COMPARISON OF MODEL STRATA WITH
OBSERVATIONS

The panels in Figs. 1B—4B above show isochrons
of the time of original sediment deposition, which
represent ‘strata’ created by repeated cycles of
deposition and erosion. They are plotted by track-
ing times of original deposition on an Eulerian grid
with the same horizontal spacing as the model,
and with fine (1-m) regular vertical spacing that
shifts up and down with the bedrock (i.e. with
z=0 always at the bedrock-sediment interface).
As the sediment-top surface moves upwards due
to deposition (or downwards due to erosion)
through a grid point, the value there is set to the
current time (or is reset to null for no sediment).
The resulting plots can be compared to observed
strata and long-term history inferred from seismic
profiles, in the spirit of ten Brink et al.’s (1995)
studies.

One would not expect much agreement between
these simple tests and Cenozoic Antarctic shelf
deposits (such as generalized profiles in Cooper
et al., 1993). Nevertheless, the more complex stratal
patterns in Figs. 3B and 4B do exhibit some features
reminiscent of observed seismic profiles. During
the first ~3 million years a prograding sequence of
shelf breaks is produced in the distal sediments, as
wedges are deposited in successive ice advances.
This corresponds with prograding shelf breaks
noted in the older sections of many seismic pro-
files by Barker (1995, his Fig. 8). There are some
erosional unconformities in the middle parts of
the runs, with later proximal sediment packages
resting above them. The early-distal/late-proximal
depositional sequences in the figures are suggest-
ive of Barker’s later aggrading/retrograding shelf
breaks. Compared to the initial bedrock profile, there
is a trend towards a reverse bathymetric slope with
shallower depths on the outer shelf and greater
depths on the inner shelf, as more inner-shelf bed-
rock is eroded and transported to the outer regions.
This is a unique feature of continental shelves of
glaciated land masses (Anderson, 1999) and has also
been modelled by ten Brink and Schneider (1995)
and ten Brink et al. (1995).

To emphasize the preliminary and unconstrained
nature of these results, Fig. 5 shows the sediment
isochron pattern for a very different 10 million year
run with several model features not included above:
a pre-existing continental shelf-like profile, pre-
scribed pelagic sediment deposition, and imposed
sea-level variations every 100 ka. The dominant
sediment source is pelagic, and the earlier deposits
are reworked considerably by sub-ice transport
as the grounding line advances to the shelf edge.
The resulting stratal pattern shows a pronounced
unconformity overlain by the later (9 to 10 My)
deposits, and bears little relationship to those above.

CONCLUDING REMARKS

The flowline model described here illustrates
several potentially important long-term inter-
actions between ice and sediment in the marine
marginal environment. These include thinning
and flattening of ice profiles by sediment deforma-
tion, shallowing of water depths by sediment
accumulation on the continental shelf that allows
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Fig. 5 Isochrons of time of original sediment deposition at the end of a 10 million year run with pre-existing shelf
profile, pelagic deposition, 100 kyr sea-level variations, and modified sediment properties.

extensive grounding-line advances and retreats,
initiation of drastic retreats by slumping of sedi-
ment wedges down pre-existing outer slopes, and
stochastic effects of binge-purge fluctuations. A
wide variety of sediment distributions and strata is
produced on the continental shelf after 10 million
years, with some features reminiscent of observed
Antarctic margin profiles: notably the trend towards
reverse bathymetric slope, and prograding shelf
breaks on the outer shelf.

Although the wide variety of patterns produced
by uncertain model parameter ranges precludes
any definitive conclusions, it suggests what may be
possible with more refined models in the future.
One tentative conclusion from this study is that
within the framework of the weakly non-linear
sediment model (Appendix B), relatively featureless
sediment distributions are produced (Fig. 1). The
richer patterns in Figs. 2 to 5 require modifications
that allow different combinations of sediment top
velocity and total sediment transport as functions
of basal stress, which may be indicative of very dif-
ferent basal sediment mechanisms and rheology
(Tulaczyk et al., 2001).

However, it is clear that none of the pictures
above bears much overall resemblance to observed
profiles, and serious comparisons with Antarctic
shelf deposits would be premature. To link Cenozoic
climate directly with Antarctic glacimarine deposits,
progress will be needed in many modelling areas,
including:

1 ascertaining climatic and oceanic forcing of the ice
sheet through the Cenozoic on orbital to million year
time scales;

2 including forcing factors of eustatic sea level and
tectonics;

3 applying 2-D/3-D ice and sediment models to
the geographies and histories of individual regions,
taking into account geographic distributions of sedi-
mentary sub-basins (De Santis et al., 1999), terrestrial
bed properties (Siegert ef al., 2005), and overall sedi-
ment inventories (Bougamont and Tulaczyk, 2003;
Taylor et al., 2004; Jamieson et al., 2005); the single
~1000 km-long ‘conveyor belt’ for sediment in the
flowline model above ignores any lateral sources or
sinks;

4 constraining sediment rheologies and transport
mechanisms (Tulaczyk et al., 2001) and hydrology
(MacAyeal, 1992; Breemer et al., 2002; Flowers and
Clarke, 2002);

5 including smaller-scale grounding-line wedge/
bank processes (Powell and Alley, 1997).
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APPENDIX A
COMBINED ICE SHEET-SHELF EQUATIONS

The ice flow equations are solved for ice velocities,
given the current state of the ice (ice thickness,
temperatures, bed topography, basal properties and
sea level). As outlined above, we use a heuristic
combination of two standard sets of scaled equa-
tions, individually called ‘shear” (for internal shear
ou/0z) and ‘stretching’ (for vertical-mean long-
itudinal du/dx). They are combined by including
shear-softening terms due to each type of flow in
the other’s equations, and more importantly, by (i)
using average horizontal velocity # = i, + u,, in the
stretching equation, where 1, is the vertical mean of
the internal shear flow and u, is the basal velocity,
(ii) including basal stress dependent on u, in the
stretching equation, and (iii) reducing the driving
stress in the shear equations by the gradient of the
longitudinal stress from the stretching equations
acting on the column above each level.

Symbols are listed in Table Al. Two horizontal
dimensions are included, although the paper reports
only on 1-D flowline applications. ‘Coupling’ terms
that are not usually found in purely sheet or purely
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Table A1 Ice-flow notation and nominal values

Xy Orthogonal horizontal coordinates (m)

z Vertical coordinate, increasing upwards
from a flat reference plane (m)

z, Elevation of ice base (m)

u, u, u Horizontal ice velocities in x direction.
u = total, u;=internal deformation,

u, = basal (myr™)

v, Vi vy Horizontal ice velocities in y direction.
v=total, v,=internal deformation,
v, = basal (myr™)

H Ice thickness (m)

h Ice surface elevation (m)

h, Ice base (bedrock or sediment top)
elevation (m)

S Sea level (m)

o Ice density (910 kg m™)

0. Water density (1000 kg m™)

g Gravitational acceleration
(980616 ms™)

A Ice rheological coefficient
(Ix 1077 yr™" Pa™ at melt point,
with temperature dependence as in
Ritz et al, 1997, 2001)

n Ice rheological exponent (3)

B Basal sliding coefficient between
bedrock and ice (0.5x 10" myr™' Pa 2
at melt point, ramping to 0 at —10°C)

m Basal sliding exponent (2)

k Floating versus basal sliding flag
Oorl)

E; Strain rate components (yr™')

£ Effective strain rate, 2nd invariant
(rr)

o Deviatoric stress components (Pa)

o Effective stress, 2nd invariant (Pa)

u I/2 é(l—n)/n (yr.2/3)

LHS,, LHS, Left-hand sides of Eqs. 2a, 2b (Pa)

shelf formulations are identified by a dashed
box. Writing Cartesian horizontal ice velocities as
u(x,y,z) and v(x,y,z), define the basal ice velocity
u,(x,y) =u(xy,z,), and the internal shearing ice
velocity u,(x,y,z) = u —u, so that u,(x,y,z,) = 0. Denot-
ing vertical averages through the ice column by
an overbar, then i = u, + ii; (and similarly for v,, v;
and 0). The internal shear equations for u,(x,y,z) and
v{(x,y,z) are

Bui r N n-1
_ 2 2 P2 2 2 ) el
Pl 2A[oy. + 0. +0y + 0, + Oy + o;xawj] 2 O,
(Ala)
an ( Non-1
— 2 2 i 2 2 e
P 2A[oy, + 0y, +0y + Oy + Oy, + GXXGWJ.] 2 0,
(A1b)

and the horizontal stretching equations for 7(x, y)
and 9(x, y) are

2 2 sfann,
ox| AV ox oy dyLAV" 9y ox

oh | k 1-m 1
:ng—+;—m|u2+02|Eu
ox BV b+ U hi

S ) 2 2
dyLAY" oy ox x| AV 9y ox

ah i 1-m i
= H—+' u2+'02 Uyl
pg ay EBl/ml b bl 2 b;

(A2a)

(A2a)

Equations (A2a,b) and their horizontal boundary
conditions for unconfined ice shelves are derived
for instance in Morland (1982) and MacAyeal (1996).
In the zero-order shallow ice approximation, the
vertical shear stress (o,,, 0;,) in Egs. (Alab) would
be balanced only by the hydrostatic driving force
—pg(h —z)(dh/ox, dh/dy) acting on the ice column
above level z. Here, horizontal stretching forces are
included in this force balance (Hubbard, 1999,
2006; Marshall ef al., 2005), so that

(A3)

where LHS, and LHS, are the left-hand sides of
(A2a) and (A2b) respectively. Because horizontal
stretching forces are taken to be vertically uniform
and the terms in (A2) are forces on the whole ice
thickness, their effect on the ice column above
level z is scaled by (h —z)/H in (A3).

Inclusion of the strain softening terms in (A1) and
(A2) due to each other’s flow requires manipula-
tion of the constitutive relation for ice rheology. In
(A2a,b),
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1 . 1n

w=— (& (A4)
2

and Az% fAdz is the vertical mean of the

Arrhenius temperature-dependent coefficient in
the constitutive relation

- L
81‘]‘ = A(T)(O- ) 2 G,] or
1 n-1
equivalently &; = (A(T))x(€) 21 o3
where €; are strain rates, 0; are deviatoric stresses,

and € and o are the second invariants of their
respective tensors. The latter are defined by €=

1 1
Z Eéijéij and ¢’ = 2 > 0;;0;. The relationship
ij if

i (aajz (85]2 il 99 1(851 aﬁjz
E=|l— |+ — | +——+-| —+—
ox ay ox oy 4\dy ox
(o Y 1( 90 %)
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is used to set u in (A2a,b), and follows using

2

.2 .2 .2 . . .2 .2 .
EP=EL + €, +E,E, tE, +ELTEL,

€.+€,+€.=0, and
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The corresponding expression for ¢”is used in
(Ala,b), and the purely horizontal components are
obtained in our numerical procedure from

f 2 2 2 _
g + Oyy + Oy + 0.0y =

52;12 ga (Y omdv 1(on 9oV
I I e A v R il B |
A ox dy) odxdy 4\dx dy) |

(A6)

The basal sliding relation used on the right-hand
sides of (A2a) and (A2b) for grounded ice is i, =
B|g|"™ %, or equivalently 7, = B’%lubll_Tmﬁb. Where ice
is grounded, i.e. where p,(S — ) < pH or the ocean

has no access (held back by intervening thicker
ice or higher land), then k =1 in the sliding terms,
and the ice surface elevation h = H + h,. Where ice
is floating, i.e. p,(S—h,)>pH and the ocean has
access, then k=0and h=S+H (1-p/p,)-

At each timestep an iteration is performed
between the two sets of equations (Alab) and
(A2a,b). First, the elliptical system (A2) is solved
for i1 and @ by a sparse matrix algorithm, using
the previous iteration’s i; and 7; where needed
(to obtain u via (A4) and (Ab), and to relate u;, and
v, to 7 and 7). A standard sub-iteration is used in
this step to account for the non-linear dependence
of viscosity u on @ and @ in (A4-5). Then (Ala,b)
are solved to obtain the internal deformation flow
u,(z) and vy(z) for each ice column, using LHS, and
LHS, from the previous solution of (A2) to modify
the driving stresses pgHoh/dx and pgHoh/dy in
(A3), and using horizontal gradients of the previ-
ous 7 and 7 for the strain-softening terms in (A6).
This iteration converges naturally to the appro-
priate scaling depending on the magnitude of the
basal drag coefficient. Usually the flow is either
almost all internal shear and basal drag balancing
the driving stress, with negligible stretching, or
is almost all longitudinal stretching balancing the
driving stress, with small or no basal drag and
negligible internal shear. For a narrow range of
small basal drag coefficients, significant amounts
of both flow types co-exist. The combination is
heuristic because neither set of equations is accur-
ate in the transition region where both du/dx and
du/0z are non-negligible.

APPENDIX B
SEDIMENT MODEL EQUATIONS

The model of sediment deformation under ice
follows Jenson et al. (1996), assuming a weakly
non-linear till rheology (Boulton and Hindmarsh,
1987; Alley, 1989; Boulton, 1996). The same basic
model has been applied to North American sedi-
ment distributions in the Quaternary (Clark and
Pollard, 1998) and to Cenozoic Antarctic terrestrial
sediments (Pollard and DeConto, 2003). When basal
temperatures are at the ice pressure-melting point,
the sediment is assumed saturated, and the effective
stress (ice load minus water pressure) is assumed
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Table B1 Sediment model notation and nominal
values

z Vertical coordinate, increasing downwards
(m)
Z, Depth below which u;=0 (m)

u, Horizontal sediment velocity (ms™)

h, Sediment thickness (m)

fy Fractional area of exposed bedrock (0 to 1)

(" Basal ice shear stress (Pa)

Mo Newtonian reference sediment viscosity
(1x10"Pas)

D, Newtonian reference deformation rate
(7.9x107s™)

p Sediment rheologic exponent (1.25)

c Sediment cohesion (0 Pa)

¢ Sediment angle of internal friction (22°)

E Sediment transport enhancement factor ()

Serge Quarrying or abrasion rate of exposed
bedrock (ms™)

o, Sediment density (2390 kg m™®)

0,  Bedrock density (3370 kg m™)

P,  Liquid water density (1000 kg m~)

g Gravitational acceleration (9.80616 ms™)

to be essentially zero at the ice-sediment interface
and increases downward due to the buoyant weight
of the sediment. The basal shear stress 7, applied
by the ice is assumed to be constant with depth in
the sediment. Under these conditions the sediment
stress-strain relationship is (Jenson et al., 1996):

1
-1 ou, \»
T,=c+ (P, — p,)gz tan ¢ + @Dy .Uo(_ P )” (B1)

where z increases downwards from 0 at the ice-
sediment interface (see Table B1). As discussed
below, the sediment is assumed deep enough to
always accomodate the deforming profile, so the
bottom sediment-bedrock boundary has no effect.
Neglecting sediment cohesion (c=0), Eq. (B1) is
integrated between the ice-sediment interface (z =
0) and the depth below which u,is zero [z,= 17,/
(ps — p.,) g tang], yielding the sediment top velocity

3 Tg+1 (Bz)
" (p+1)(p, - p,) g tan ¢ (2Dy)" '}

u,(0)

This velocity is imparted to the ice and produces
additional ice transport in the ice-sheet advection
equation (and is equal to u, in the ice flow model
assuming no sliding at the sediment—ice interface).
The total horizontal transport of sediment over
the deforming column is

Z4
udz =

0

ETEQ
(p+2)(p+1)[(ps — p.) § tan (2D, b
(B3)

E is an ad hoc transport enhancement factor (see
text). This expression is used for sediment trans-
port in the sediment mass continuity equation

B - [z | 2 (B4)
ot ox ) Ps

where S, is the local rate of quarrying or abra-
sion by basal ice acting on exposed bedrock (Hallet,
1996). It is taken to be proportional to the work done
by basal stress, i.e. S, = 0.6 X 107 7, u, where the
units of 7, are Pascals. For grid-mean sediment thick-
nesses h, less than 0.5 m, the fractional area of
exposed bedrock f, is parameterized as 1 - (h,/0.5),
and the patches of sediment are assumed to remain
deep enough to accomodate the deforming profile
(i.e. deeper than z,). The basal ice velocity u, (= 1,(0))
is assumed to be uniform within a grid cell, and
separate basal shear stresses are calculated over
sediment and exposed bedrock patches, which are
weighted by 1- f, and f, respectively to obtain the
grid-mean 7,. For h,>0.5m, f,=0.

No sediment deformation, basal sliding or bed-
rock erosion occurs when the base is below the ice
pressure-melting point, when presumably there is
insufficient liquid water to support most of the ice
load and prevent sediment compaction. For the
marine applications of this paper, a maximum slope
limit of 0.3° is imposed for submerged ice-free
sediment surfaces, crudely representing slumping
down the continental slope. Also, any sediment
transported or slumped to the right-hand boundary
of the domain is immediately removed, representing
an infinite sink of sediment to the continental rise.
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ABSTRACT

Although numerical ice sheet models have been used often to predict the size and dynamics of
former ice sheets, few exercises have utilised the geological record to fully constrain model out-
put. Geological evidence can be used to build detailed hypotheses regarding ice sheet and climate
history, which can be tested by computer models provided ice flow is coupled to sediment erosion,
transport and deposition. Here three examples of how geological data have been used in con-
junction with coupled ice-sheet/sediment modelling to comprehend large-scale glacial history are
discussed. The first describes how numerical reconstructions of the late glacial Eurasian Ice Sheet
have benefited from marine geophysical surveys quantifying sediment fans along the former ice
margin. The second reviews how models have been used to determine the likely accumulations
of sediments from the initiation and growth of the Antarctic Ice Sheet. The third discusses develop-
ments in modelling techniques that allow detailed predictions of sediment deposits and their
evolution through time. In addition, a note is provided on how modelling can be used to provide
process information concerning former ice sheet instabilities, which can lead to marine sedimentary

records such as Heinrich layers.

Keywords Ice sheet, numerical modelling, sediment, subglacial, erosion.

INTRODUCTION

Glaciers and ice sheets have long been recogn-
ised as important agents of erosion and deposition.
Much of our understanding of ice sheet behavi-
our comes from the study of glacial geology (e.g.
Hambrey, 1994). While quantification of glacial
geologic processes has been considered for some
time (Drewry, 1986), the ability to fully comprehend
large-scale glacial sedimentary systems and, from
this, glacial history was restricted until the advent
of numerical modelling techniques (and recent
advances in computer technology that make mod-
elling of large systems possible).

Ice sheet modelling has progressed over the
last decade into a sub-discipline of glaciology with
considerable cross-disciplinary importance (e.g.
with contributions to the IPCC reports on climate
change and to integrated models of the Earth
system). During the 1990s, the European Science

Foundation (ESF) European Ice Sheet Modelling
Initiative (EISMINT) programme allowed inter-
comparison between ice sheet models and set up
a series of ‘benchmarks’ to which models can be
tested (Huybrechts et al., 1996). The outcome of
EISMINT is an appropriate level of regulation in
ice sheet modelling activity. This service to the
scientific community has been developed further
with the generation of freely available ice-sheet
modelling software, such as GLIMMER (GENIE
Land Ice Model with Multiply Enabled Regions,
http:// glimmer.forge nesc.ac.uk).

Many ice sheet models incorporate calcula-
tions of basal temperature and water production.
Such models, when coupled with models of sedi-
ment erosion and transfer beneath ice sheets, are
capable of testing glaciological hypotheses regard-
ing ice sheet history, derived from geological data.
In this review some of the recent advances in our
knowledge of ice sheet dynamics and histories,
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made possible through coupled ice-sheet/sediment
models, are highlighted. The aim of the paper is
to collate and compare previous research and to
identify ways forward for future activities.

BACKGROUND TO SEDIMENT MODELLING
IN ICE SHEETS

Ice sheets are capable of eroding, transporting
and depositing huge quantities of sediment. For
example, marine geological evidence shows that
the Bear Island Fan, on the continental shelf break
west of the Barents Sea, received material at a rate
of over 1 m per 1000 years during the last glacia-
tion as a consequence of sediment delivery by the
Eurasian Ice Sheet (Laberg & Vorren, 1996). The
mechanism by which the material was transported
is likely to be through the deformation (and there-
fore motion) of the glacier bed as other processes,
such as entrainment within basal ice, are difficult
to reconcile with the volumes and rates measured.
The process of subglacial bed deformation as a
means by which ice sheets may flow has been
studied for around thirty years, since this ‘paradigm
shift” was first detailed by Boulton and Jones (1979),
and later quantified by Boulton & Hindmarsh
(1987). The notion that large ice sheets can grow
on sedimentary material which, if water saturated,
has little strength caused many glaciologists to
consider the very stability of such ice masses (e.g.
MacAyeal, 1992; Clark, 1994). These studies made
the link between glacial process and the geological
record critical to evaluating quantitative ice sheet
histories. The following is a simple method, used
in several ice sheet models (and as a basis for
more sophisticated approaches), by which ice sheet
motion is linked with basal sediment transport.

Most ice sheet models are centred on the con-
tinuity equation for ice (Mahaffy, 1976), where the
time-dependent change in ice thickness is associated
with the specific net mass budget:

dH
— = b )= V., H) 1)

where F(u,H) is the net flux of ice (m* yr™") (the flux
of ice being the product of ice velocity, 1, and ice
thickness, H). The depth-averaged ice velocity, u
(m s™), is calculated by the sum of depth-averaged

internal ice deformation and basal motion (sliding
and/or bed deformation). The specific mass bud-
get term b,, is usually a function of a number of
processes including ice sheet surface mass balance
(accumulation and ablation) and, where necessary,
iceberg calving and ice shelf basal melting. The con-
tinuity equation can be applied to a grid of cells
(in the case of finite difference schemes) or a net of
nodes (in the case of finite elements). In either case,
the equation is used to calculate the net change
in ice thickness about an ice sheet through under-
standing ice flow between cells or nodes.

Alley (1990), in one of the first modelling studies
of ice-sediment interaction and from which many
subsequent models have been based, described the
velocity due to the deformation of water-saturated
basal sediments, 1, (m s™), as:

(5,— 7%)

U, = thbT )

where K, is a till deformation softness, h, is the
deforming till thickness (m), and N is the effective
pressure (Pa). The till yield strength, 7*, is:

7%= N tan(¢) + C 3)

where C is a till cohesion coefficient, and tan(¢)
is a dimensionless glacier-bed friction parameter.
Equation 3 assumes that subglacial sediment be-
haves as a plastic substance (Boulton & Hindmarsh
(1987) refer to it as a nonlinear Bingham fluid). Field
observations of sediment deformation have rein-
forced the opinion that basal sediments deform
plastically (e.g. Clarke, 2005), but incorporating
such flow effectively into ice flow models is prob-
lematic, due to the nonlinearity between stress
and strain rates. Choosing an appropriate rheo-
logy for subglacial sediments is, clearly, critical to
coupled ice-sheet/sediment models, however, and
Bougamont & Tulaczyk (2003) and Bougamont
et al. (2003) have produced ice-sheet models in
which a plastic rheology is used. Such modelling
may well mark a way forward for future work.
Sediment can be eroded as well as transported,
and Alley (1990) considered this to be controlled by:

t=K 2N @)

b
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where t is the thickness of till produced in a year
and K, an abrasion softness (3 x 10 m Pa™'). One key
element to the calculation is the effective pressure,
which can be assumed as the difference between ice
overburden pressure and the basal water pressure
(i.e. as water pressures increase, the effective pressure
decreases, increasing sediment deformation).

The strength of subglacial deforming sediment
needs to be known for two reasons. First, it dictates
the rate of flow of material and, second, it controls
the depth to which deformation can occur. This
information is needed to understand the transport
of sediment. Provided the sediment has at least
some integral strength, its deformation will lead to
a flux of material in the direction of ice flow. There
are two ways in which this flux can be calculated.
The simplest is to assume a Eulerian system (Press
et al., 1989), in which sediment flow can be calcu-
lated by a continuity equation applied to the same
grid as used to determine ice flow. Such a system
is easy to comprehend and simple to implement
(e.g. Dowdeswell & Siegert, 1999). A more sophis-
ticated system involves a Lagrangian approach
(Press et al., 1989), where the ice flow model is
used to establish sediment flow vectors, which are
then used independently to the ice flow model to
predict sediment movement. This technique has
an advantage of ensuring mass conservation and
avoiding numerical diffusion (e.g. Hagdorn &
Boulton, 2004), and can be used to track individual
packets of material through time and space.

Ice sheets can also erode and transport sediment
by entrainment of material into their basal layers.
The processes controlling sediment entrainment are
complex, however, and not easily quantified. Con-
sequently, very few numerical modelling studies
have attempted to build a comprehensive under-
standing of glacial sedimentary processes (e.g. Tully,
1995; Hildes et al., 2004). One way forward on this
issue has been established by Christoffersen et al.
(2006), who have shown how ice accretion at Ice
Stream C, West Antarctica, is a dominant mechan-
ism by which sediment is incorporated into the ice
sheet and, subsequent, transported.

MODELLING SUBGLACIAL SEDIMENTS

Coupled ice-sheet/sediment models have been
used to help understand the connection between

ice sheet history and the geological record in sev-
eral regions. Three examples of how ice-sediment
models have been used to study former ice sheets
are described below: the first investigation provides
an assessment of how the geological record can be
used to constrain ice sheet history (Dowdeswell &
Siegert, 1999); the second shows how modelling can
be used to determine where sediment build up may
be expected (Pollard & DeConto, 2003); and the third
demonstrates a way in which the practice can be
developed in future (Hildes et al., 2004).

Eurasian Ice Sheet

Since the Late Cenozoic (2.5 million years ago), a
series of submarine sedimentary fans has developed
along the continental margins of the Norwegian-
Greenland Sea (Dowdeswell et al., 1996; Vorren
et al., 1998). The fans are distinct depocentres, being
located at the mouths of bathymetric troughs and
separated from each other by essentially sediment-
free zones (Fig. 1). They are also very large; the
Bear Island Fan (the largest) being in excess of
280,000 km? in area. The major source of sedi-
ments to the fans is from large continental ice sheets
that exist during periods of glaciation. Marine
geophysics has demonstrated that sediment is
delivered to the tops of the fans, from where they
are distributed across the wider fan surface by
gravity-driven sliding and slumping processes (e.g.
Dowdeswell et al., 1996). The rate of sedimenta-
tion is restricted to periods when the ice sheet
terminates at the shelf break (about 10% of each
100,000 year glacial cycle). Rates of sediment
supply are thought to be very high during these
active phases (Laberg & Vorren, 1996, estimate over
100 cm per 1000 years across the entire Bear Island
Fan). There is an order of magnitude less sedi-
mentation when the ice sheets are either restricted
to the continental shelf interior or, as is the case dur-
ing interglacials such as now, absent.
Dowdeswell & Siegert (1999) adapted Alley’s
(1990) simple ice-sheet/sediment model to predict
ice sheet history by ‘matching” model results to
geophysical data from the continental margin fans
on the eastern side of the Norwegian-Greenland
Sea. In this case, the ‘match’ between model results
and observations was undertaken qualitatively.
Model output was generated and compared against
known records of ice sheet size (such as moraine
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Fig. 1 Measurement and modelling of sediment supply to the western Eurasian margin. (A) The Eurasian Ice Sheet at
the LGM. Contours are ice thickness (in m) and arrows denote flow directions, with ice margin velocities noted (in
metres per year). Taken from Siegert et al. (1999). (B) The positions of major bathymetric trough mouth fans as measured
by side-scan sonar, chirp sonar and seismic methods. (C) Rates of sediment supply as calculated by numerical modelling
and as measured from geophysical data. The location of (D) the Bear Island Trough Mouth Fan and (E) the North Sea
Fan are provided on page 57, in relation to enhanced ice flow as calculated by the ice sheet model illustrated in (A).



A brief review on modelling sediment erosion, transport and deposition by former large ice sheets 57

Fig. 1 (cont'd)

positions and uplift data). Once the results showed
some agreement with these records (gauged through
a sensitivity analysis of climate input parameters)
a comparison between output and independent
geological data (e.g. sediment fans) could then be
made. The model calculated the spatial distribu-
tion of subglacial sediment over the Eurasian High
Arctic, the volume of sediment which accumulates
at the shelf edge at the mouths of bathymetric
troughs, and the time-dependent variations in the
rate of sediment supply to the continental shelf
and margin.

The modelling revealed that the most recent
glaciation of the Eurasian High Arctic occurred after
28,000 years ago, and that ice streams within bathy-
metric troughs were active by around 25,000 years
ago. The maximum ice thickness over the Barents
Sea exceeded 1400 m at around the LGM. At this
time, ice extended to the shelf break along both the
western Barents Sea margin and the Arctic Ocean
margin north of the Barents and Kara seas. Ice
streams draining the Barents and Kara seas were
present within most major bathymetric troughs
during full-glacial conditions. A sedimentation rate
of 2-4 cm yr™' was predicted along the mouth of the
Bear Island Trough between 27,000 and 14,000 years
ago (Fig. 1). This is equivalent to 0.07 to 0.13 cm
yr ' averaged over the entire fan. Similarly, high
delivery rates of 2—-6 cm yr' of glacial sediments
(equivalent to 0.2-0.6 cm yr™' averaged over the fan)
were predicted between 27,000 and 12,000 years
ago at the mouth of the Storfjorden Trough south
of Spitsbergen. The modelled volumes of sedi-
ment that accumulate at the continental margin of

(E)

the Bear Island and Storfjorden troughs (4,600 km’
and 900 km®) are similar to the volumes of Late
Weichselian sediment measured over the respect-
ive fans using seismic methods (4,200 km’ and
700 km’) (Fig. 1). The model also predicted that
major glacierfed fan systems would have built
up on the northern, Arctic Ocean margin of the
Barents and Kara seas, particularly on the contin-
ental slope adjacent to the St. Anna and Franz-
Victoria troughs.

Ice-sheet decay affected the marine portions
of the ice sheet after 15,000 years ago, leaving
a northern ice mass between Svalbard and Franz
Josef Land which decayed after 13,000 years ago.
The transition from a continental-wide ice sheet to
one restricted to the northern Barents Sea resulted
in a series of sea-floor sediment deposits, that
have been measured by marine geophysical surveys
around the northwestern shallows.

The modelling demonstrated that ice streams in
the Eurasian Arctic were influenced by basal motion
(in this case a deforming sediment layer, but it is
acknowledged that sliding may also be important
to ice stream development), and that the process of
sediment deformation led to the delivery of huge
quantities of material to the shelf break (Fig. 1).
Given the similarity between the Eurasian Ice Sheet
and the West Antarctic Ice Sheet, and that deform-
ing sediment is thought to control ice stream
dynamics, one might also expect large volumes
of sediment to be sent to ice stream mouths and,
when the ice sheet expanded during full glacials,
to the shelf break. Such analogy may be import-
ant when attempting to understand glacial history
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from the marine geological record in the Ross Sea,
such as in the forthcoming Antarctic drilling pro-
gramme (ANDRILL, http://andrill.org/). Clearly,
ice-sheet/sediment modelling, of the type under-
taken in the Eurasian Arctic, can provide valuable
insights into marine ice sheet dynamics respons-
ible for the accumulation of continental shelf and
shelf break sedimentary records.

In recent years, Hagdorn & Boulton (2004) have
developed a semi-Lagrangian model in which
sediment erosion, transport and deposition in
Scandinavia can be tracked over consecutive glacial
episodes. The modelling is particularly powerful
as sediments from individual glaciations can
be monitored through initial transportation and
deposition, to reworking and redistribution. The
results from such work can be used to understand
the glacial history within complex glacial geologic
sequences involving sedimentary material from
multiple origins.

Antarctic Ice Sheet

The formation of the Antarctic Ice Sheet represents
a key episode in the climate history of the Earth.
DeConto & Pollard (2003) used a numerical ice-
flow model, semi-coupled with a GCM climate
model, to demonstrate that the onset of the ice sheet,
known to be around 34 million years ago, was
an inevitable consequence of atmospheric CO,
lowering. This result is in contrast to the tradi-
tional view of ice sheet initiation in conjunction
with the opening of the Drake Passage, so isolat-
ing the Antarctic continent climatically with the
development of the circumpolar current. While this
opening provided a ‘trigger” for ice sheet build-up,
according the model subsequent CO, decline meant
that Antarctic Ice Sheet formation was inevitable.
Modelling the early glacial history of Antarctica
was continued by Pollard & DeConto (2003),
through the incorporation of an Alley (1990) type
sediment model to their existing ice-climate model,
so allowing the erosion, transport and deposition of
glacigenic material to be predicted. As the infant
Antarctic Ice Sheet would have had an ablating
margin, their model also included algorithms to
describe fluvial transport and deposition to the con-
tinent margin. The results of the model reveal how
the presence of deforming basal sediments cause
the glacial-interglacial signal of ice sheet initiation,

growth and retreat, to be amplified due to the reduc-
tion in basal drag and consequent increases in ice
flow velocities (so resulting in more rapid and
complete decay). The sediment component of the
model allowed a determination of where to expect
major deposits of material (Fig. 2), which might
be useful in planning future data acquisition pro-
grammes. Most material collects at just a few loca-
tions, at the mouths of topographic and bathymetric
troughs. Consequently, the development of large
fans, similar to those observed and modelled in the
Eurasian Arctic, should be expected in Antarctica
(Fig. 2). Given the period of Antarctic glaciation,
and the rates of sedimentation predicted (in some
cases over 10 m per 1000 years) such depocentres
may be considerable in size.

One place where Pollard and DeConto predict
significant build-up of material is around Prydz
Bay (offshore of the Lambert-Amery system). To
investigate the sedimentological and ice sheet his-
tory of this region further, Taylor et al. (2004) used
an ice-sheet model to evaluate the glaciological
and topographical requirements for the formation
of this sedimentary fan. The Lambert-Amery sys-
tem is the largest drainage pathway of the East
Antarctic Ice Sheet, from which a large amount
of onshore and offshore geological evidence is
available. The records show that an ice stream was
established in Prydz Bay during late Miocene-
early Pliocene time, in association with the major
offshore depocenter. The ice sheet subsequently
withdrew to its present position, leaving the Amery
Ice Shelf to cover much of the trough. Taylor et al.
(2004) revealed, using numerical modelling, that
bed morphology change was probably responsible
for driving changes in both ice-sheet extent and
dynamics in the Lambert-Amery system at Prydz
Bay. Changes in bathymetry, caused by sediment
erosion is required for shelf-edge glaciation and
correlates well with the Prydz Channel fan sedi-
mentation history inferred by geophysical methods.
This association suggests a feedback between sedi-
ment erosion and glaciation, whereby the current
graben is cut to encourage an ice stream responsible
for the point-sourced fan development.

Laurentide Ice Sheet

The Late Quaternary ice sheets of North America
have been investigated for many decades because
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(2003).

of the well preserved glacial landforms and pro-
glacial lake sequences that now litter the land sur-
face. A comprehensive analysis of these geological
data allowed Dyke & Prest (1987) to form a con-
ceptual model of Late Quaternary ice sheet history,
involving maps of ice sheet extent through time, and
an appreciation of ice flow direction. Subsequent

analysis of satellite imagery of glacial landforms
has added to the identification of former flow
directions and their development in time (Boulton
& Clark, 1990; Stokes & Clark, 2001). The acknow-
ledgement that much of these former ice sheets lay
over unconsolidated sediment (Alley, 1991) led to
the finding that much of the southern margin of the
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ice sheet was subject to unstable flow (e.g. Clark,
1994). In addition, discrete layers of ice rafted debris
discovered in the North Atlantic by Heinrich (1988)
have been interpreted by many scientists to be
evidence for periodic fast flow of the Laurentide
ice sheet in the Hudson Bay region (Bond et al., 1992;
Alley & MacAyeal, 1994; Dowdeswell et al., 1995).
Each of these insights to the history and dynamics
of the Laurentide ice sheet, gained from analysis of
glacial geology, has been supplemented by numer-
ical modelling investigations.

Much has been learnt about the dynamics of the
Laurentide and Cordilleran ice sheets from numer-
ical modelling. Marshall et al. (2002) produced the
most comprehensive series of model experiments,
which allowed an appreciation of ice sheet volume
through time (with a conclusion that as much a
80 m worth of global sea-level change was stored
in the Laurentide ice sheet, making it the world’s
largest ice sheet at the LGM), the production and
distribution of meltwater (supraglacial, englacial
and subglacial) and the potential influence of basal
water on ice sheet dynamics (Marshall & Clarke,
1999). These ice sheet modelling studies formed the
background to Hildes et al.’s (2004) highly detailed
numerical investigation into glacial sediment trans-
port and distribution in glacial North America.
Rather than simply relating the erosion of sedi-
mentary material to basal motion, and the transfer
of this material through a deforming basal layer
(as in most previous models of sediment transfer
in ice sheets), Hildes et al. (2004) designed a model
to account for a full variety of glacial sediment-
ary processes. They included erosion of sediment
by following and developing the model of Tully
(1995), which accounts for the process of ice sheet
abrasion (englacial basal clasts scratching the sub-
glacial bed) over a variety of lithologies and by the
excavation of blocks through the quantification
of crack propagation in basal rock. Supraglacial
sedimentary processes were ignored in the model,
but this is justifiable given the fact that large ice
sheets have very little exposures of rock above
their surface from which material may fall. As in
Marshall et al. (2002) the model included a ther-
modynamic ice flow component, which allowed
coupling between the ice sheet and hydrology
(including sheet basal flow and groundwater
movement). An important input to the model was
a depiction of the surface geology (both hard rock

and loose material), from which the model was able
to predict the development of sediment sources
and sinks, and their effect on ice dynamics (Fig. 3).
While the model of Hildes et al. (2004) is certainly
the most comprehensive attempt to quantify glacial
erosion, transport and deposition, the results failed
to correspond well with the known distribution of
glacial material. Nonetheless, the model represents
a benchmark in attempts to fully quantify glacial
sedimentary processes, and is a new base from
which further studies can be developed.

MODELLING THE SEDIMENTOLOGICAL
CONSEQUENCES OF UNSTABLE ICE FLOW

Marine sedimentological investigations have re-
vealed a series of ice rafted debris deposits across
the North Atlantic corresponding to the 7000 year
periodic production of huge volumes of icebergs,
named Heinrich layers (Heinrich, 1988; Bond et al.,
1992). Heinrich layers are thought to have formed
by the periodic unstable flow of the Laurentide Ice
Sheet during the last glaciation (MacAyeal, 1993),
as follows. From a relatively stable configuration,
the ice sheet slowly builds up over an essentially
frozen base. The ice sheet becomes larger and
subglacial temperatures rise as a consequence of
extra insulation from the cold air on the ice sur-
face and extra heating induced by the deformation
of ice. Eventually the basal temperatures reach the
pressure melting. As the ice base becomes wet,
subglacial sliding and the deformation of subglacial
sediments can occur, which for the Laurentide
Ice Sheet means enhanced rates of ice flow to the
margin. Much of the ice is drained through a
single outlet, the Hudson Strait, which becomes
the focal point for iceberg release to the North
Atlantic. The drainage of so much ice depletes the
reserves in the parent ice sheet and it becomes
thinner. As it does so, heat is lost from the ice sheet
base and, eventually, the ice becomes refrozen to
the bed, so reducing the flux of ice to the margin.
Once enhanced ice velocities have been curtailed
ice-sheet re-growth occurs.

Payne (1995) and Payne & Donglemans (1997)
showed, using numerical modelling, how the
build-up and decay of large ice sheets has a strong
control on the subglacial thermal regime. Under
relatively stable external forcing conditions, an ice
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Fig. 3 Numerical modelling of
glacial sediment erosion in North
America between 60,000 and 10,000
years ago. (A) Sediment distribution
prior to ice sheet growth (in metres).
(B) Distribution of basal water at the
LGM (the figure denotes normalized
water pressure). (C) Total amount of
sediment erosion after glaciation

(in metres). The approximate position
of modelled ice thickness contours
(given in metres) are superimposed
on each panel. Adapted from Hildes
et al. (2004).
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sheet may oscillate between periods of ice growth
when the ice is cold-based, and ice decay caused by
the attainment of warm-based thermal conditions
and the consequent initiation of rapid basal motion.
By utilising a thermo-coupled time-dependent ice
sheet model, Payne (1995) highlighted the import-
ance of basal sliding to the oscillatory behaviour
of ice sheets. In his model, Payne showed how the
accumulation rate of ice governed the periodicity
of ice sheet oscillations. For low accumulation rates,
such as those experienced over the Laurentide ice
sheet, periods of between 6000 and 7000 years
were predicted.

One problem associated with the notion of
unstable oscillations being responsible for forma-
tion of Heinrich Layers is the method of sediment
entrainment of material within the ice sheet dur-
ing the enhanced flow phase, when most icebergs
are produced. The problem is that a surge-type
situation will involve the ice sheet effectively
decoupled from the glacier bed, which may not
allow the take-up of material into the basal ice
layers. However, Alley & MacAyeal (1994) estab-
lished a model that allows both entrainment and
surging to take place, which results in the produc-
tion of sediment-laden icebergs. The model assumes
that the start of the purge phase involves enough
frictional heat to melt the ice base, lubricating the
sediments and causing them to deform. As this
happens the ice stream begins to thin, which results
in colder temperatures at the ice base and so
water and sediment freeze onto the base of the ice
stream. Beneath the refrozen basal ice the sediment
is still warm and water-saturated, however, and
so the ice stream remains active and fast flowing.
When all the water-soaked sediment has frozen
onto the ice stream base it becomes ‘cold-based’
and the purge phase ends. This soft-bed model pro-
duces a volume of sediment within the ice sheet
that is larger than required to account for the
Heinrich layers. However, a hard-bed model would
produce far less. So, the presence of both hard
and soft bed conditions would seem to make the
model fit the measurements. Although this model
remains unproven, Alley and MacAyeal (1994)
suggest a number of good reasons as to why
alternative entrainment mechanisms are less likely.
For example, if the process of sediment entrain-
ment was through ice-tectonics such as folding
and cavitation, a rate of uptake of material far in

excess of that calculated and measured in modern
ice sheets and glaciers would be required to form
the Heinrich Layers. Further, a pressure induced
basal freezing process results in two orders of
magnitude less sediment than is required.

SUMMARY AND FUTURE DEVELOPMENTS

Coupled ice-sheet/sediment models have been
used to understand the glacial history of several
former ice sheets, both during the last glaciation
and in deeper time. The results of these exercises
have been compared, with differing success, with the
geological record of past glaciation. The simplest
models, in which subglacial sediment transfer is
related to basal motion, applied to marine settings,
predict the build-up of large volumes of material
in front of former ice streams. On the margin of the
Barents Sea, there is good geological evidence in
support of such deposition. When the sophistica-
tion of the model increases, and is applied to a ter-
restrial setting, the success in matching the known
glacial geology is reduced. The problem of such
an approach may be that the processes by which
material is entrained and moved by ice sheets is
complex and not easily transferred to traditional
ice sheet models. Nevertheless, as pointed out by
Hildes et al. (2004), the objective of comparing com-
puter model results with the sedimentary record
is essential for ‘advancing Quaternary science’.

One area in which this advance may take place
involves investigations into glacial sedimentary
landform development. By comprehending glacio-
logical requirements for the formation and pre-
servation of known landforms, information on past
ice sheets, at a local scale, could be formed. Much
work has been undertaken on the identification and
measurement of glacial landforms, and qualitative
assessment of their implications for ice sheet his-
tory (e.g. Stokes & Clark, 2001). Furthermore, some
attempts have been made to model the small-scale
process responsible for landform development (e.g.
Hindmarsh, 1999). Future work may involve using
this relatively small-scale evidence, in combination
with other data, to form detailed appreciation of
large-scale glacial history.

In addition, models capable of a time-dependent
analysis of sediment erosion, transport and deposi-
tion, over more than one glacial cycle, provide
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a valuable means by which geological features,
formed and influenced by more than one glacial
event, can be assessed. The work of Magnus
Hagdorn in the development of such models has
been particular important on this issue (e.g. Boulton
et al., 2003).

Several new scientific programmes are con-
figured to assist the development of these models
and to maximise their potential in understand-
ing ice-sheet processes. For example, the Antarctic
Climate Evolution (ACE, www.ace.scar.org) pro-
gramme of the Scientific Committee on Antarctic
Research (SCAR) aims to use the predictive ability
of numerical models to test hypotheses developed
from the geological record. In doing so, ACE will
link the numerical modelling community with geo-
logists. Clearly model development is required
in conjunction with data collection. The next few
years, which will see the International Polar Year
and well-established scientific programmes (such
as the Antarctic drilling programme, ANDRILL, and
the integrated ocean drilling programme, IODP) is
likely to witness this dual phase advance. Finally,
as a follow up to EISMINT, a new ‘ice sheet model
intercomparison project’ (ISMIP) has been estab-
lished. One of ISMIP’s three themes concerns the
incorporation of sediments models, and the role of
sediment on unstable ice flow. Results from this
project are expected over the next few years.
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Stratified, cross-bedded and faulted glaciofluvial sediments of Late Devensian age, Banc-y-Warren, Cardigan,
SW Wales. The faulting is believed to have resulted from the melting of a glacier that constrained the deposit.
(Photograph by M.J. Hambrey)
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ABSTRACT

Four sediment cores were collected along the Gerlache Strait, Western Antarctic Peninsula, over
two extremely thick, sedimentary accumulations: the Andvord and the Schollaert drifts. The four
cores present a sediment facies succession from couplets of laminated diatom ooze and sandy-
mud alternating with massive, bioturbated, terrigenous silt/clay unit to a predominantly massive,
bioturbated, silty-clay unit. Seismic profiles across the Schollaert Drift show an internal structure
defined by wavy stratified reflectors onlapping the northern slope of the strait. We suggest that the
formation of the Schollaert Drift was strongly related to the persistence of estuarine conditions
during the Middle Holocene along the Gerlache Strait, arising from blockage of the southern entrance
by increased glaciation. Such a blockage would have resulted in a retention of fresh water input from
melting ice margins and melting sea ice, increased surface temperatures, and reduced exchange
with waters originating from the Antarctic Circumpolar Current. In that context, the increase in
suspended sediment would have been redistributed by tidal currents leading to enhanced deposition

of sediment across the Schollaert Drift.

Keywords Holocene cores, Gerlache Strait, Antarctic Peninsula, sediment drifts.

INTRODUCTION

Present-day glacial-marine sedimentation mechan-
isms are the main terrigenous sediment suppliers
(Anderson et al., 1980; Domack et al., 1994; Isla et al.,
2001; McGinnis et al., 1997). During the austral
summer, biogenic material input increases due to
the high primary production (Gilbert et al., 2003;
Nelson, 1988; Palanques et al., 2002; Wefer et al.,
1988; Yoon et al., 1994). The fine material settled at
depths shallower than 250 m is intensely scoured
by currents; thus, in these areas, mainly coarse
ice-rafted debris and volcanic clasts remain in the
seabed. Sediment accumulation rates have been
identified via 210 Pb and 14C radiometric analysis.
These rates ranged between 0.02 and 0.5 cm/yr and
between 0.01 and 0.3 cm/yr along the Bransfield and
Gerlache Straits, respectively (Harden et al., 1992;
Isla et al., 2002; Masque et al., 2002; Nelson, 1988).

Sediment drifts are accumulations of hemipelagic
sediment contained within a depositional geo-
metry showing evidence of remobilization of foci
of accumulation and/or erosion by currents. Based
upon models for deep sea deposits, sediment drifts
have been related to the interaction of periodic
sediment supply from expanded glaciation, contour
currents, thermohaline circulation, and dilute sed-
iment gravity flows (Faugeres et al., 1999; Rebesco
and Stow, 2002). Although sediment drifts have long
been recognized as significant large-scale features
of the continental slopes along and near glaciated
continental margins, the extent and palaeoenviron-
mental importance of similar accumulations on
the continental shelf of Antarctica remain poorly
defined.

Drift deposits were first recognized from the
over-deepened inner shelf and fjords of Antarctica
in 1998 (Harris et al., 1999) and have since provided
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important regional palaeoenvironmental archives.
Within these shelf drifts, depositional processes
and mechanisms (other than ice rafting) differ
significantly from their deep-sea counterparts,
which include bottom-water formation (Harris and
Beaman, 2003) and decelerating coastal/tidal flows
(Backman and Domack, 2003; Camerlenghi et al.,
2001; Harris and O’Brien, 1998). The sediment archi-
tecture has been defined by geophysical surveys that
delineate the extent and multi-sourced origin for
many of these deposits (Backman and Domack,
2003; Harris and Beaman, 2003; Harris et al., 1999;
McMullen et al., 2006). These accumulations of
pelagic, hemipelagic, and ice-rafted material are
much closer to their glacial sources than are deep
water sediment drifts, implying that they may
provide superior records of glacial history such
as the glacier fluctuations during the Holocene
(Cook et al., 2005; Hansom and Flint, 1989); how-
ever, their sedimentological character has yet to
be investigated in detail.

Leventer et al. (Leventer et al., 2002) and
Maddison ef al. (2005) examined the detailed biotic
and laminated character of a unique deglacial
facies from shelf drifts, which are recognized by
rhythmic, laminated couplets of diatom ooze and
sandy mud. This distinctive, varved association has
not yet been recognized in any modern analogue
from the Antarctic or elsewhere. The development
of laminations in both siliciclastic and biosiliceous
facies in the Antarctic has been related to both the
interaction of tidal and estuarine processes in the
Antarctic (Domack et al., 2003) and the damping
effect of semi-permanent sea ice or ice shelves in
glacio-marine settings in general (Dowdeswell et al.,
2000) and in the Antarctic (Domack, 1990; Evans
et al., 2005). This latter mechanism relates permanent
floating ice cover to limitations in infaunal benthic
habitation, ice rafting and/or oxygenation, thus
favouring the development of laminated facies.

The intent of this paper is to explore the millenial
scale variation in sediment lithofacies that is so
prominently recorded in the laminated to structure-
less (bioturbated) siliceous muds of the Gerlache
Strait. Traditional models for hemipelagic lamin-
ated facies in the marine realm (Pike and Kemp,
1996) call upon bottom water anoxia and the con-
sequent exclusion of infaunal organisms to preserve
annual and/or subannual laminations (marine
varves). Today, bottom water anoxia within shelf

basins of the Antarctic margin rarely takes place
because annual sea ice formation densifies surface
water which sinks and ventilates basin waters
(Jacobs, 1989). Such winter water displaces local
bottom water but also replenishes bottom water
oxygen levels, thus maintaining conditions con-
ducive for bioturbation (Pike et al., 2001). Hence the
preservation of extensive and continuous intervals
of well laminated sediment in the Middle Holocene
presents a problem for interpreting Antarctic glacial
marine palaeoenvironments. We use the physical
characteristics of the sediment to develop a model of
enhanced estuarine and restricted circulation which,
in combination with regional climates, must have
allowed annual laminations to be preserved. The
spatial and temporal variation in the transition out
of the laminated unit into bioturbated unit of the late
Holocene must reflect local (sub-basin to sub-basin)
changes towards more oxygenated conditions.

MATERIALS AND METHODS

The data in this paper are from sediment cores,
oceanographic and geophysical data collected on
cruises NBP 99-03, NBP 01-07 and GEBRAP’96
in the western margin of the Antarctic Peninsula.
Four jumbo piston cores (JPC) were selected along
the length of the Gerlache Strait, between 64° 47" S
and 64° 18’ S (Fig. 1 and Table 1). The jumbo piston
cores were shipped to the Antarctic Research
Facility, Florida, USA, were they were opened,
described, sampled, core-logged and x-rayed. The
core chronologies were based on AMS 14C-dated
bivalves ((Domack et al., 2003) and Table 2).

Age calibration was performed following methods
in Stuiver et al. (1988) and Domack et al. (1999; 2001)
with the software CALIB 5.0 (Stuiver ef al. 2005).

Digital images, P-wave velocity, Gamma-ray
attenuation and magnetic susceptibility (MS) records
at 1 cm resolution were obtained with a GEOTEK
multi-sensor core logger. Grain-size analysis was per-
formed every 5 cm using a Malvern MasterSizer E®
at Hamilton College, NY, in all cores except in
JPC-30 where a Coulter® LS 100 was used at the
University of Barcelona. The clay and fine to
medium silt percentages were chosen as being
indicative of terrigenous meltwater plumes and
biogenic productivity, respectively (Warner and
Domack, 2002). Gravel abundance was determined
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Fig. 1 Location and bathymetry map for the study area. White squares indicate the location of the sediment cores
JPC-18, JPC-28, JPC-29 and JPC-30.
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Table 1 Location, core length and water depth of the sediment cores studied along the Gerlache Strait

Cruise Core Location Latitude S Longitude W Core length Water depth
NBP99-03 JPC 18 Andvord Drift 64°46.366 62°49.722’ 19.90 m 426 m
NBP99-03 JPC 18 Schollaert Drift 64°38.647’ 62°52.407 20.10m 673 m
NBPO[-07 JPC 29 Avicenna Bay 64°27.499 62°14.584 22.25m 720 m
NBPO[-07 JPC 30 Kayak Bay 64°19.058’ 62°2.099 2226 m 1010 m

Table 2 Uncorrected radiocarbon ages for sediment core JPC-30 as determined at the University of Arizona

Laboratory number Core depth (m) 0"*C Uncorrected age yr BP Carbon source
0S-43774 8.8 -9.17 3960 + 35 Mollusc
0S-43775 12.6 —-0.06 4800 * 30 Mollusc
0S-43777 19.6 -5.92 6520 * 35 Mollusc
0S-43778 20.6 —-6.72 6760 £ 50 Mollusc

from X-radiographs at 10 cm intervals following
the method of Grobe (Grobe, 1987). The results are
expressed as the number of grains per 10 cm depth
interval. Lamination index was determined from
X-radiographs at 10 cm intervals and the results are
expressed as the number of laminations per 10 cm
depth interval.

Seafloor bathymetry was recorded with a hull-
mounted Sea Beam 2112 multibeam sonar system.

The high-resolution seismic profiles were obtained
with two different systems; one, obtained on board
the Nathaniel B. Palmer used the Bathy-2000W
system, with CHIRP pulse. The acoustic signal was
a multi-frequency ping transmission with an aver-
age frequency of 3.5 kHz. The other was obtained
with the TOPAS system, a topographic-parametric
system with two primary beams at 21.5 and 18 kHz,
and a secondary beam at 3.5 kHz. The interference
of the secondary and primary beams generates an
acoustic wave which is ideal for resolving detailed
sedimentary structures, leading to a resolution
greater than 1 m and a typical penetration between
50 and 200 ms in deep sea, unconsolidated marine
muds (Canals et al., 1997).

Water mass characteristics were obtained at four
stations across the Gerlache Strait (including over the
Schollaert sediment drift) during the cruise NBP
0107, using a SeaBird 911 and a CTD (conductiv-

ity, temperature and depth) profiler. Upper-ocean
currents were measured with a hull-mounted
150 kHz RD Instruments acoustic Doppler current
profiler (ADCP) during the NBP 01-07 cruise. The
ADCP records two orthogonal components of water
velocity between ~50 and ~350 m depth along the
ship track. Data were post-processed by Eric Firing
and Jules Hummon at the University of Hawaii.

REGIONAL SETTING

Gerlache Strait is 300 m deep in the southwest,
deepening progressively to 1200 m towards the
northeast end of the strait and between Brabant
Island and Two Hummock Island (Fig. 1). Water
depth ranges between 600 m and 850 m in the
region where the Schollaert Channel opens into
Gerlache Strait (Fig. 2). The flanks of the strait are
typically 300-400 m deep with a fault-bounded
western margin (Evans et al., 2004). The tributary
bays and fjords feeding into Gerlache Strait reach
maximum water depths of 500 m (e.g. Domack and
Ishman, 1993; Domack and Williams, 1990; Griffith
and Anderson, 1989).

A persistent surface current along the Gerlache
Strait (nutrient-rich 10-30 cm s™') (Fig. 3), transports
warm, Upper Circumpolar Deep Water (UCDW)
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Average ADCP currents 40m-200m
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Fig. 3 ADCP measured currents averaged from 40 m to 200 m depth. Contour interval is 1000 m.

northeastward to the Bransfield Strait (Niiler et al.,
1990; Zhou et al., 2002). The UCDW is ultimately
derived from the Antarctic Circumpolar Current,
whose upper level water masses intermittently
intrude across the western Antarctic Peninsula con-
tinental shelf. The UCDW enters Gerlache Strait
through Bismarck Strait in the south, and is seen as
subsurface water warmer than 0.5°C above about
200 m in the cross-strait CTD transect (Fig. 4).

The terrain surrounding the strait is heavily
glaciated by valley glaciers and ice caps that ter-
minate as tidewater fronts in bays and fjords.
The climate regime is dominantly subpolar with
contrasts in sedimentation controlled primarily
by basin physiography and seasonal estuarine
circulation (Domack and Ishman, 1993), and sec-
ondarily by sea ice extent and the regional climate
gradient from north (subpolar) to south (polar)
(Smith et al., 1999).

The two mapped sediment drifts occupying the
Gerlache Strait are the Andvord Drift and the
Schollaert Drift. The Andvord Drift is located in,
and adjacent to, Andvord Bay (Fig. 2A), at water
depths ranging from 300 to 500 m. The drift covers
45km* and has a maximum thickness of 40 m
(Harris et al., 1999) with a sedimentation rate of
2.4-5mm/a (Domack et al., 2003). This deposit
is a multi-lobate feature, extending into outer
Andvord Bay, into Gerlache Strait and toward the
Errera Channel. The thickest depositional centre
of the drift is not within the fjord, but rather is
seaward of the entrance between the Aguirre and
Errera Channels, responding to a local deceleration
of current flow over the drift site (Harris et al., 1999).
The pattern of deposition in the Andvord Drift
is consistent with sediments being eroded (or not
deposited) at shallow depths and transported into
deeper waters.
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Fig. 4 Temperature cross section from four CTD casts obtained during the cruise NBP 01-07 across the Gerlache Strait
at the Schollaert Drift. Circles with inner cross and dot indicate, respectively, northward and southward current along

the strait. Location of CTD casts are shown in Fig. 2B.

The Schollaert Drift is located within the Gerlache
Strait, between Anvers Island and Danco Coast,
and comprises in seismically stratified 70 m-thick
deposit that lies outside and mostly south of the
Schollaert Channel (Canals ef al., 1998). The thick-
est depositional centre lies in the middle of the
Gerlache Strait. The outer limits of the Schollaert
drift are not well constrained due to a lack of a com-
plete seismic survey in the area, but its major axis
is at least 6 km long (Fig. 2).

The internal structure of the drift is defined
by wavy stratified reflectors onlapping the
northern slope of the strait. The southern margin
contains evidence of semitransparent to chaotic
lenses representing debris flow deposits originated

from slumping on the steep side wall of Gerlache
Strait (Fig. 5). There is also some evidence of
internal gas formation which interrupts reflector
continuity.

TIDE MODEL

The ocean current, including the contribution from
tides, is the most important factor to consider in
sediment drift formation; however, few data other
than the NBP 0107 ADCP records are available
from the Gerlache Strait. To mitigate this deficiency,
we employ a numerical tidal model. Modern tidal
conditions were evaluated using the Antarctic
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Fig. 5 High resolution seismic profiles obtained across the Schollaert Drift (location is shown in Figure 2B). The
projected location of JPC-28 over the profiles is indicated. Circles with inner dot and cross indicate near-bottom current
direction as in Fig. 4. (A) Chirp profile obtained during NBP 0107. (B) Topas profile obtained during cruise Gebrap’96.

Peninsula model version 04.01 (AntPen04.01). This
model is constructed on a 1/30°x1/60° (~2 km)
grid, and calculates the tides as the solution to
the shallow-water wave equations (Robertson et al.,
1998) forced at the open boundaries by the circum-
Antarctic CATS02.01 tide model (Padman et al.,
2002). While AntPen04.01 is a high-resolution
model relative to other available Antarctic and

global models covering this region, it still fails to
resolve tides in many of the smaller channels in
the complex topography along the western side
of the Antarctic Peninsula.

The model allows us to determine the contribu-
tion of tides to the current velocities measured with
the hull-mounted ADCP, thus revealing currents
due to other causes including wind forcing. By
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making minor changes to the model configuration,
we can also assess whether past changes in basin
structure might have led to first-order alterations in
sedimentation patterns. Tidal conditions for the ice
retreat stage in Gerlache Strait at around 7000 years
B.P. were evaluated by rerunning AntPen04.01 with
a solid wall across the southern end of Gerlache
Strait between Anvers Island and Danco Coast,
south of Andvord Bay (hence closing the Neumayer
Channel and the strait between Wiencke Island
and Danco Coast). We consider this scenario to be
realistic since the two connecting channels are very
narrow and shallow and thus could easily be choked
off by advancing glaciers, and remain choked off
for some time as the Strait deglaciated. Our simple
approach to modelling of tides for distinct glacial
stages assumes that the effect of the modified topo-
graphy does not extend to the open boundaries of the
model, which is confirmed by looking at the details
of specific tidal constituents in the two model runs.
Furthermore, no other modifications were made to
the topography to account for other variations in
ice shelf extent elsewhere, or sea level variability.
We also assume that global tides for this time are
not significantly different from modern tides.

RESULTS
Core descriptions
Andvord Drift (JPC-18)

The 20 m long JPC 18 was recovered from outer
Andvord Bay at 428 m water depth in a sediment
drift deposit (Harris et al., 1999) (Fig. 2). The core
stratigraphy (Fig. 6) is characterized by thicker
bioturbated intervals (high MS sections) and
thinner laminated beds that consist of diatom
ooze with minimal silt and clay (low MS sections).
The top interval of JPC-18 is composed of 7 meters
of bioturbated silty-clay with high MS. Below
this interval the core is characterized by an inter-
laminated diatom ooze and terrigenous silt/clay
from 7 m to 20 m core depth (Carlson, 2001). These
laminated horizons alternate at a decimetre scale
with bioturbated and disrupted laminations, which
are indicative of slower rates of deposition and bio-
logical disturbance of primary physical structures
(Domack et al., 2003). This transition in sediment-

ary structures is paralleled by changes in particle
size-distribution and ice-rafted debris concentration.
The age model (Fig. 6B) for this core was based on
8 Accelerator Mass Spectrometric (AMS) radio-
carbon dates based on in-situ pelecypod shells
(Domack et al., 2003).

Schollaert Drift (JPC-28)

The 20 m long JPC-28 was taken at a water depth
of 672m to sample the deepest portion of the
Schollaert Drift (Fig. 2). The sediment in JPC-28
(Fig. 6A) is characterized from core top to
~11 m by laminated diatom muds with intermitt-
ent bioturbation below which are rhythmically
laminated diatom muds and oozes, with very few
instances of bioturbation (Kirkwood et al., 2004;
Wright, 2000). The age model for this core was
constructed on 10 AMS radiocarbon dates based
on in-situ pelecypod shells (Domack et al., 2003;
Kirkwood et al., 2004).

Avicenna Bay (JPC-29)

The 22 m long JPC 29 was obtained in Gerlache
Strait at 720 m depth (Fig. 1) at 36.5 km distance
from JPC-28. This core consists predominantly of
bioturbated diatom mud alternating with disrupted
clayey silt laminations (Fig. 6). Well-defined thick
laminations occur from ~10 m to core bottom. A
subtle change in sediment colour occurs between
18.6 m and 20 m core depth, where laminations
change from an alternation between grey and olive
grey to dark grey and black.

Kayak Bay (JPC-30)

The sediment core JPC-30 recovered 22 m of sediment
from the Gerlache Strait at 1010 m depth (Fig. 1),
18.5km from JPC-28 and ~8.5km from Kayak
Bay. JPC-30 consists predominantly of bioturbated
diatom mud, with silt/clay and ooze interbedded
laminations, which are more frequent and more
marked from ~10 m to the core bottom (Fig. 6A).
Those clayey silts consist of alternating light and
dark lamination, each millimetres to centimetres
thick. The limits between different facies are transi-
tional and no sharp contacts were observed.

The age model was constructed with four AMS
radiocarbon dates based on in situ shells (Table 2).
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The core top was correlated with the jumbo trigger
core and a Kasten core obtained in the same loca-
tion to identify the water-sediment interface. Age—
depth correlations show that the core covers the
last 7700 years during which the sedimentation rate
averaged ~3 mm/a.

A NEP 0107

Sediment facies and sedimentary units

The composition of the four cores along the strait
is dominated by three sediment facies: homo-
geneous bioturbated diatom silty mud, laminated
diatom ooze and sandy mud. The combination of

NEP 0107

JPC-30 402-448 cm JPC-30 BO7-942 cm

B NBP 0107

NEP 0107

JPC-30 1163-1207 cm JPC-30 1924-1969 cm

Fig. 7 Pictures, X-radiographs and
schematic lithological log from

selected sections in JPC-30 showing @ Diatom mud, silty, gravelly, bisturbated
the two units described in the text. E Laminabad digtom oozs and mud
(A) Unit L. (B) Unit II.
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these three sediment facies in different propor-
tions lead to two main sedimentary units which are
widely recognized in nearby areas (Domack et al.,
2003; Kirby et al., 1998; Leventer et al., 2002;
Maddison et al., 2005).

Unit I consists of a predominantly massive, bio-
turbated, silty-clay (Fig. 7A) rarely interrupted by
laminated, mud-bearing diatom oozes. Although silt
is the dominant size fraction, clay percent tends to
reach values over the median, while fine to medium
silt percent reaches minimum values (Fig. 8). Ice-
rafted debris (IRD) content is variable (Fig. 8)
and sand-size particles are present throughout
the sequence in low amounts (<10%). This unit
extends from 6 to 10 m below the sediment surface.
Magnetic susceptibility in this unit ranges from 50
to 400 SI.

Unit II consists of couplets of laminated diatom
ooze and sandy-mud alternating with massive,
bioturbated, terrigenous silt/clay (Fig. 7B). The
occurrence with respect to depth of massive (bio-
turbated) and laminated sediments is shown in the
lithological column (Fig. 6A). The percentage of clay
tends to be lower while silt increases consider-
ably. Ice-rafted debris and sand-size particles are
present throughout the sequence in low amounts
(<10%) (Fig. 8). Magnetic susceptibility in this unit
ranges from 0 to 100 SI units.

Age of deposits and sedimentation rates

The age model for cores JPC-18, JPC-28 and JPC-30
was constructed using the corrected and calibrated
ages. A second order polynomial equation was used
to relate time with core depth using least squares
regression. Sedimentation rate positively increases
with time, reaching at least an average of 0.8 cm/yr
in the case of JPC-28. Sedimentation rate is always
higher in the laminated interval (Unit II). The
shift from Unit II to Unit I occurs at sedimentation
rate values lower than 0.3 cm/yr in JPC-18 and
JPC-30, while the same shift in JPC-28 takes place
at sedimentation rates below 0.65 cm/yr.

Correlation

The correlation between adjacent core sites was
achieved using a combination of physical prop-
erties, particle size, ice-rafted debris, sedimentary
structures and radiocarbon data, allowing the con-

struction of a composite stratigraphic correlation
over 70 km distance (Fig. 6A).

Currents

The tidal component of the velocities from the
underway ADCP during cruise NBP 0107 (Fig. 3)
is consistent with predicted currents from our tide
model. Roughly half of the near-surface current
in Fig. 3 can be ascribed to tides: the remainder is
associated with the persistent, wind-forced north-
ward drift through Gerlache Strait. We anticipate
that tides comprise a much greater fraction of total
currents in the deep water of the Strait, but lack the
data at this time to confirm this. Modelled modern
tidal current speeds display the well-known fort-
nightly spring/neap variability in strength (Fig. 9A),
which arises from the superposition of the lunar
and solar gravitational potentials and changes of
the declination of the moon’s orbit relative to the
equator. Semi-annual periodicity in currents also
occurs (Fig. 9B), arising from the difference between
tidal forcing at equinoxes and solstices.

Blocking the southern entrance to the Gerlache
Strait, representing glacial conditions near 7000
years B.P, significantly changes tidal current speeds
(Fig. 9). The blockage forces the tidal energy flux,
which propagates southward into Gerlache Strait
along the west coast of the Antarctic Peninsula, into
the Schollaert Channel. Tidal currents through-
out much of the Gerlache Strait are affected, with
stronger currents in the centre (where the Schollaert
Drift lies) and weaker currents in Andvord Bay and
Croker Passage (Fig. 9). There is almost no tidal flow
just north of the model wall.

Beyond modifying tidal flow, blocking the south-
ern entrance to Gerlache Strait will also influence the
net wind-forced ocean and sea-ice transport through-
out the Strait. We anticipate that the blockage would
reduce the supply of nutrient-rich UCDW water to
the region (the relatively warm subsurface layer seen
in CTD profiles (Fig. 4) in the modern Strait.

DISCUSSION

Harris et al. (1999) proposed a model in which the
formation of Andvord Drift was the response of
decelerating currents flowing out from Andvord Bay
into the Gerlache Strait. This deceleration allowed
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A. Spring-neap cycles
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Fig. 9 Modelled tidal current speeds for modern (blue) and Middle Holocene (red) glaciation conditions (i.e. with open
or ice-blocked southern entrance to the Gerlache Strait). (A) Spring/neap (fortnightly) variability. (B) Seasonal
variability, showing semi-annual cycle superimposed on spring/neap cycles. See Fig. 1 for geographic reference.

the suspended sediment to accumulate on the sea
floor. In this paper, we suggest that the formation
of the Schollaert Drift was strongly influenced by
the presence of estuarine conditions in the Gerlache
Strait area during the Middle Holocene, and the
role of mean and tidal currents in distributing the
sediments along the Gerlache Strait.

Although the outer limits of the sediment drift
are not well determined, the coherency and integrity
of sediment and acoustic facies along the Gerlache
Strait support the continuity (or at least the appear-
ance of similar extremely thick contourite-drifts)
to the north of the strait, at least to Kayak Bay in
Brabant Island, where the sediment cores JPC-29
and JPC-30 are located.

Variability of oceanic conditions

Blocking the southernmost part of the Gerlache
Strait creates a more estuarine circulation regime,
by reducing net ocean and sea-ice transport through
the Strait and enhancing the relative importance
of tidal currents. During the melt season, glacial
meltwater and meltwater from sea ice would be
retained more effectively in the inner reaches of the
fjord complex, where both mean and tidal flows
are expected to be reduced. Thus, surface salinities
would be decreased and suspended sediment con-
centration increased, a fundamental change that
could take place independently of a climate shift
toward greater melting and runoff. In addition, a
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comparison of the modelled tidal flows near the
Schollaert drift for modern and glaciated condi-
tions indicates a much larger range in energy
between neap (minima in current velocities) and
spring (maxima) tides for the glaciated state; see
the Gerlache Strait time series in Fig. 9A. Wider
ranges of spring/neap variability in currents would
have enhanced the overall efficiency of deposition,
and higher sedimentation rates across the Schollaert
drift would be expected when the southern entrance
to the Strait was blocked.

Origin of sedimentary units

Sediments from Gerlache Strait show the existence
of two sedimentary units originated by different
depositional processes. Unit I, massive biotur-
bated silt/clay, corresponds to the sediment settling
through melt water plumes, vertical flux of siliceous
organisms, ice rafting, and reworked by bottom
currents and strong bioturbation activity. Unit II
corresponds to the alternation of sediment settling
from meltwater plumes and the vertical flux of
siliceous organisms. The preservation of a well
defined layered pattern in Unit II is associated with
the absence of bioturbation. Reduced bioturba-
tion in contourites can be related to high-energy
conditions at the sea bottom (Yoon and Chough,
1993), high sedimentation rate (Laberg and Vorren,
2004) or periodic stagnation of near-bottom waters,
generating anoxic conditions at the sea bottom
(Sivkov et al., 2002). Although tidal currents of up
to ~50 cm s™ are inferred to have occurred through
sections of the Gerlache Strait (Fig. 9) when the
southernmost end of the strait was blocked with
ice, this velocity is not extremely high for such envir-
onments. At present sediment accumulation rates
identified by 210Pb and 14C radiometric analysis
ranges from 0.01 to 0.3 cm/yr over the Gerlache
Strait, and has been constant in the last 100 yr
(Isla et al., 2002; Masque et al., 2002); however,
during the sedimentation of Unit II sedimenta-
tion rates ranged from 0.25 to 1 cm/yr (Fig. 6B).
Bulk density obtained with GRAPE (gamma-ray
attenuation porosity evaluation) every 1 cm shows
that variations in density are minor (ranging from
115to 1.6 g/ cm?). In that context, mass flux vari-
ations are overwhelmingly related to changes in
sedimentation rate, and not to variations in sedi-
ment density. More likely, the primary cause of
formation and preservation of these inter-layered

sediments is greater water stratification under en-
hanced estuarine conditions in combination with
greater sedimentation rates.

The drop in magnetic susceptibility is paralleled
by an increase of the laminated index, as shown
in Fig. 6. The magnetic susceptibility parameter
cumulates all iron mineral concentration with pro-
nounced emphasis on ferromagnetic species. This
drop in magnetic susceptibility can be related to
dilution of magnetic minerals, different source of
terrigenous input, or diagenesis of the magnetic
minerals. A more detailed study of the sediment
geochemistry in JPC-30 reveals a combination of
the two latter factors as the cause of this drop
in magnetic susceptibility (Willmott et al., 2006).

The change between laminated diatom ooze and
sandy mud (facies II) and bioturbated silt/clay
(Unit I) is not synchronous in distinct locations
within the Gerlache Strait and other locations such
as Palmer Deep (Leventer et al., 2002; Leventer et al.,
1996), indicating that the presence of well-defined
laminations of diatom ooze and terrigenous silt/clay
is due mostly to local rather than to regional factors.

In Unit II the diatom ooze and sandy mud
laminations alternate with massive, bioturbated,
terrigenous silt/clay (Fig. 7B). This alternation prob-
ably reflects the inter-annual variability of the three
main processes affecting the WAIS climate: the El
Nifio Southern Oscillation (ENSO) (Stammerjohn
and Smith, 1996; Turner, 2004), the Antarctic Oscilla-
tion (AO) also referred to as Southern Annular
Mode (SAM) (Thompson and Solomon, 2002) and
the position of the axis of the circumpolar low-
pressure trough or Atmospheric Convergence Line
(ACL) (Enomoto and Ohmura, 1990).

We consider that the combination of enhanced
estuarine conditions associated with increased
glaciation during the Middle Holocene, together
with the differences between the spring and neap
tidal conditions in the Gerlache Strait during that
epoch, was the triggering mechanism of the forma-
tion of laminated sediments in this environment.
In spring, the melting of sea ice would cause
intense blooms that would lead to a spring biogenic
deposition (Leventer, 1991; Maddison et al., 2005).
At the beginning of the summer, the sand silt
and clay transported by ice, are suspended in the
water column following ice melt and deposited in
the sediment (Domack et al., 2005; Leventer et al.,
2002). During the summer the water masses of the
Gerlache Strait would be more stratified, as a
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result of the strong estuarine conditions produced
by large fresh water input from melting ice margins,
melting sea ice, warmer surface temperatures, and
no exchange with the nutrient-rich UCDW water
originating from the Antarctic Circumpolar Current.
The resulting open water conditions throughout
the strait and the lower ice melting rate would
have reduced the formation of estuarine condi-
tions, initiating the definitive shift from laminated
diatoms ooze couplets (Unit II) to the massive,
bioturbated, silty clay (Unit I).

CONCLUSIONS

The analysis of sedimentary and acoustic facies
support a contourite origin for the sediment
accumulations in Gerlache Strait. The stratigraphy
of the sediment drift reveals the succession of two
sedimentary facies. Unit I consists of a predomin-
antly massive, bioturbated, silty-clay; while Unit I
consists of couplets of laminated diatom ooze and
sandy-mud alternating with massive, bioturbated,
terrigenous silt/clay. The substitution of Unit II
by Unit I appears to be a response to a change in
the estuarine conditions that may have persisted
during the Middle Holocene in the Gerlache Strait
area. The fluctuating estuarine conditions may have
acted as a controlling mechanism for the formation
of laminated diatoms ooze couplets vs massive, bio-
turbated silt/clay, controlling the stratification of
water masses and the volume of suspended sedi-
ment. The difference between spring (maxima in
current velocities) to neap (minima) in tidal flow
velocity would have led to enhanced deposition
of sediment across the Schollaert Drift when the
southern entrance to the Strait was blocked by ice.
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ABSTRACT

The Waterloo Moraine is a stratified moraine with an area of ~400 km” and thickness of 60 m.
Its sedimentary record contains evidence of high-magnitude meltwater discharge and rapid sedi-
mentation. Sedimentary structures and sediment architecture are presented from several sites
that record depositional events of subcritical flows, supercritical flows and hydraulic jumps. The
sedimentological signature of these events is: (i) a variety of large scale cross-strata, (ii) climbing
cross-stratification, (iii) antidune cross-stratification and (iv) steep-walled scours with diffusely graded
fills. These depositional signatures can be attributed to two depositional environments. A conduit
or esker setting is interpreted for the observed large-scale cross-beds with bimodal and openwork
gravel, whereas a subaqueous fan setting is inferred for the remainder of the studied deposits. The
subaqueous fan setting is interpreted in terms of the jet-efflux model where rapid streamwise
deceleration of the inertia-dominated jet is recorded by antidunes produced by supercritical flow;
steep-walled scours and diffusely graded fills formed beneath hydraulic jump processes; and climb-
ing dunes record subcritical flow. The paper demonstrates that stratified deposits of the Waterloo
Moraine consist of organized deposits that can be interpreted within the current understanding of
flow dynamics and depositional sedimentary facies models. This provides a step toward improved
understanding of the spatial heterogeneity of the moraine sediment and development of predictive
models for improved understanding of the hydrogeological character of the Waterloo Moraine.

Keywords Glaciofluvial, moraine, esker, subaqueous fan, antidune, hydraulic jump,

southern Ontario

INTRODUCTION

Moraines form a prominent element of the south-
ern Ontario landscape that were first mapped by
Taylor (1913) in the early 20th century. Subsequent
work has refined both the extent and form of these
landforms (see Barnett, 1992), and classified them
as either till moraines or kame moraines (Chapman
and Putnam, 1943; Fig. 1B). Kame moraines have
been inferred to be deposited at the margin of
inactive ice, whereas till moraines are inferred to
be thrust into position by advancing ice and thus
mark the extent of ice advance (Chapman and
Putnam, 1943). Comparatively few studies of the
sedimentology of moraines have been completed
in southern Ontario (e.g. Karrow and Paloschi,

1996). Consequently, 60 years after Chapman and
Putnam’s work, understanding of many moraines
in southern Ontario is incomplete. One exception
is the Oak Ridges Moraine (ORM), which has
been the focus of significant sedimentological and
stratigraphic studies (e.g. Barnett et al., 1998; Sharpe
et al., 2002).

Inferences about how moraines form can only be
made from a combination of landform and detailed
sedimentological analysis (e.g. Warren and Ashley,
1994). To reconstruct the origin of moraines in
southern Ontario requires improved description of
moraine sediment. Previous analyses of bedforms,
eskers, and moraines in southern Ontario have
provided significant constraints and insights into
the processes active during deposition of these
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landforms (e.g. Saunderson, 1976; Shaw and Gorrell,
1991; Brennand, 1994; Benvenuti and Martini, 2002;
Russell and Arnott, 2003). These processes include
fluidal or hyperconcentrated meltwater flows that

may be subcritical or supercritical depending upon
flow depth, velocity, and density. Inferences about
the depositional flow are possible from the style
and texture of sedimentary deposits, stratigraphic
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architecture, and streamwise sediment facies transi-
tions. For example, Shaw and Gorrell (1991) interpret
large, metre-scale foresets to represent deposition
of large dunes within tunnel channels from deep,
turbulent subcritical meltwater flows. Brennand and
Shaw (1996) interpret diffusely graded sandy anti-
dune stratification to represent critical-supercritical
flow conditions within an esker. The flow trans-
formation between supercritical and subcritical
flows is marked by a hydraulic jump. Using sedi-
ment stratification and sedimentary architecture,
Russell and Arnott (2003) constrained steep-walled
scour deposits in the Oak Ridges Moraine to an
origin by hydraulicjumps. Consequently, it is likely
that detailed sedimentological studies of moraines,
in this case the Waterloo Moraine, can yield signific-
ant insight into depositional controls on moraine
formation and hence ice sheet events.

An improved understanding of moraines in
southern Ontario is of particular interest due to
increased concern over source water protection for
potable groundwater supplies (TEC, 2004). Routing
of water from the surface to groundwater, and
subsequently to discharge points is controlled by
moraine topography and three-dimensional sedi-
ment facies architecture. Studies that emphasize
geological controls on the groundwater system,
such as those in the ORM (Howard et al., 1995;
Sharpe et al., 2002; Meriano and Eyles, 2003; Holysh
et al., 2004), north of Lake Ontario (Fig. 1), are thus
required to understand watershed flow systems.
Such studies provide an important contribution to
understanding areas of watershed recharge and
advance understanding for the protection of source
water in Ontario watersheds.

Paper objective

Sedimentary deposits of stratified moraines in
southern Ontario have commonly been dismissed as
chaotic; lacking any stratigraphic and sedimentary
structure organization that could provide insights
into the origin of the landforms. This paper demon-
strates that much of the stratified material of the
Waterloo Moraine can be described within the well-
developed framework of sedimentary analysis
developed during the past forty years (e.g. Simons
et al., 1965; Miall, 1996). A number of sedimentary
structures and textures are described and are
attributed to depositional processes within a flow

dynamics framework. The intent of the paper is to
draw attention to the range of processes recorded
in the Waterloo Moraine and, consequently, the
potential of the moraine to provide insight into
meltwater processes in southern Ontario during
moraine formation. Additionally, the hydrogeo-
logical significance of improved understanding of
the moraine sedimentology is indicated.

Geological setting and previous work

Southern Ontario is an area that is covered, almost
completely, by surficial sediment (e.g. Barnett,
1992). Bedrock crops out along escarpments, the
largest being the Niagara Escarpment, and in
river valleys. Surficial deposits extend back to
lllinoian age, with Lake Ontario bluffs forming the
type section for much of the pre Late-Wisconsinan
stratigraphy (Coleman, 1932; Karrow, 1974). A not-
able part of the Quaternary landscape and deposits
are moraines, which form a subparallel network of
ridges around the margin of the Niagara cuesta
(Fig. 1b). These moraines were first mapped by
Taylor and classified as either till moraines or kame
moraines (Chapman and Putnam, 1943). Geological
knowledge of many of these moraines is limited
to surficial geological mapping at a 1:50,000 scale
(e.g. Karrow, 1993).

The Waterloo Moraine is a prominent topo-
graphic feature with an elevation range of 330 to
400 masl. Local topographic highs can rise above
420 m and have relief of ~50 m, for example the
Baden Hills and Crosshill Spur (Figs. 1C, 2). The
moraine consists of a main southeast-northwest
elongate ridge and a number of associated ridges
that are orientated radial to the main moraine (e.g.
Crosshill, Hawkesville; Karrow, 1993). The Waterloo
Moraine sediment stratigraphically overlies Catfish
Creek and lower till (Fig. 3, Bajc and Karrow,
2004). The moraine consists of sand, gravel, and
minor amounts of muddy diamicton and associated
fine-textured glacilacustrine deposits (Duckworth,
1983; Bajc and Karrow, 2004). Detailed descrip-
tions of the Hawkesville Spur indicate that it is
predominantly gravel (Bowes, 1976). Depending
upon the stratigraphic position of the diamicton, it
has been correlated on the basis of matrix texture,
clast lithology and matrix chemistry with upper
and middle Maryhill, Tavistock, Mornington and
Port Stanley tills (Karrow, 1993).
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On the basis of terrain analysis and till stratig-
raphy, the Waterloo Moraine has been interpreted
as an interlobate moraine deposited between con-
verging flow of the Georgian Bay — Lake Huron ice
lobes from the north and west, Lake Ontario lobe
from the east, and the Lake Erie lobe from the south
( Karrow, 1973; Chapman and Putnam, 1984). A pro-
posed interlobe re-entrant and meltwater flux in this
re-construction was attributed to climatic warming
(Karrow, 1974). On the basis of surficial geological
mapping and sedimentary facies analysis, the
moraine has been interpreted to consist of esker,
subaqueous fan and deltaic deposits (Harris, 1970;
Bowes, 1976; Karrow and Paloschi, 1996; Bajc and
Karrow, 2004).

Study sites

Mapping of the Waterloo Moraine indicates that it
is commonly <60 m thick (Fig. 3, Bajc and Karrow,
2004). Analysis of sediment textures indicates that
the moraine is coarsest in the southeast, where it
is predominantly sand and gravel and that it fines
westward. West of St Agatha the moraine is pre-
dominantly fine sand, silt, and muddy diamicton
(Karrow, 1993). The moraine also fines laterally
to the northeast and southwest from a gravel rich

core, beneath the high ground between Manhiem
and St. Agatha, to mud. A cored borehole located
at the Top-of-the-Hill site encountered bedrock at
91 m depth. This hole was drilled from the pit
floor and intercepted sand and gravel to a depth
of 60 m, below which 28 m of diamicton overlies
Palaeozoic bedrock (Fig. 3). Core recovery for the
Waterloo Moraine unit was 88%, with a mud-
sand-gravel composition of 17-62-21 %. From this
one borehole, 98% of the mud occurs in the basal
10 m of the moraine (Fig. 3). Average bed thick-
ness in the core is 60 and 30 cm respectively for
25 sand and 6 gravel beds, excluding 7 outlier
beds 2-8 m thick.

The sedimentary features presented in this paper
were observed at three sites, Hawkesville Spur, Top-
of-the-Hill and A-1 aggregate pits (Fig. 1). The
Hawkesville Spur is located to the north of the main
Waterloo Moraine deposit and south of the Elmira
Moraine. The Top-of-the-Hill and A1 sites are ~14 km
to the southeast of the Hawkesville Spur, in the main
body of the Waterloo Moraine

Hawkesville Spur

The Hawkesville Spur occurs in the northern part
of the area. It is truncated by the Conestoga River
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Fig. 3 Log of borehole that penetrated to bedrock at the
Top-of-the-Hill site. Note the sand and gravel character
of the moraine succession with a basal mud rich interval
at 60 m depth. (Borehole from Regional Municipality of
Waterloo.)

to the north and extends southward for 3 km as
a well-defined ridge. Ridge relief is <50 m, with a
maximum elevation of ~400 m, decreasing toward
the south. It has a width of <500 m in the north,
and broadens southward to 1.2 km (Fig. 4; Bajc
and Karrow, 2004). Much of the original ridge
morphology has been destroyed by the extens-
ive, long-term aggregate operations. The northern
two-thirds of the ridge is mapped as glaciofluvial
sand and gravel with flanking glaciofluvial sand
that completely crosses the southern, lower relief
portion of the ridge (Karrow, 1993). The sediment-
ary deposits of the ridge are predominantly gravel
with large tabular gravel cross-sets exposed in
sections up to 25m high (Fig. 5; Bowes, 1976).
Bowes studied three pits in the ridge, examined
23 sections, and presented 10 measured sections.
Tabular cross-bedded gravel beds were measured
in 8 of the sections, with up to 7 stacked and
nested beds recorded in an individual section.
Maximum bed-thickness was 9 m and the average
thickness of 33 beds was 4 m. The mean palaeo-
flow direction varied both up-section and along
the length of the ridge; however, there was a
strong trend toward the south (Bowes, 1976). The
deposits fine from cobble gravel in the north to more
sand-rich deposits in the south. Boulder sizes of
45 cm were reported from the north with average
maximum clast sizes of 19 to 23 cm (Bowes, 1976).
At the south end of the landform a coarsening
upward succession is present, consisting of ripple
and plane laminated silts and silty very fine sand
grading up to pebble gravel. The entire sequence
is capped by a fine-grained diamicton.

The ridge flanks have been interpreted as ice-
contact slopes (Karrow, 1993), and internally drained
depressions along the flanks of the ridge are
interpreted as kettles (Bowes, 1976, Karrow, 1993).
Within the excavated part of the ridge there is a
silt filled depression with diamicton at the base.
This diamicton unconformably overlies glacio-
fluvial sand and gravel of the Hawkesville spur.
Wood fragments collected from silts immediately
overlying the diamicton have a C-14 age of 12,
135+ 75yrs BP (OGS 2478). The depression is
interpreted to be a lacustrine kettle fill (Bajc and
Karrow, 2004). Based on sediment facies and scale
of gravel cross-beds, the ridge sediment has been
interpreted as gravel bar deposits (Kuehl, 1975) and
ice-contact deltaic deposits (Bowes, 1976).
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Top-of-the-Hill and A-1

The Top-of-the-Hill and A-1 sites are located in the
main body of the Waterloo Moraine, 4-5 km north
of the Baden Hills, a northeast trending glacio-
fluvial ridge with a maximum elevation of 425 m
(Fig. 4; Karrow, 1993). The sites are 1.5 km apart,
have surface elevations of 390 m, and occur within
a relatively large area mapped as ice-contact glacio-
fluvial sand (Bajc and Karrow, 2004). One hundred
to five hundred metres to the north, the sand is
overlain by a muddy diamicton, the Maryhill Till.
The topography is generally hummocky to gently
rolling (Bajc and Karrow, 2004). The two pits are
15-20 m deep and contain a tripartite succession of
gravel, mud and sand (Fig. 5). The A-1 site is the
coarser deposit and consists of a lower gravel unit
that is being mined, an overlying mud unit, and
an upper unit that fines upward from medium sand
to laminated silt and massive mud. The Top-of-the-
Hill site is a shallower broader excavation with
a similar tripartite stratigraphy but overall finer
sediment calibre (Fig. 5). Palaeoflow measurements
at the two sites place the A-1 site up-flow of the
Top-of-the-Hill site (Bajc and Karrow, 2004). The
A-1 and Top-of-the-Hill sites have been interpreted
to be esker-subaqueous fan deposits (Bajc and
Karrow, 2004).

SEDIMENTOLOGY

Data presented in this paper were collected in
2004 during a series of multi-day trips and a
week of focused fieldwork. Four notable styles of
stratification observed in three active aggregate
pits are discussed and attributed to subcritical
and supercritical flows; i) medium and large-scale
cross-stratification, ii) climbing dune-scale cross-
stratification, iii) antidune stratification, and iv)
steep-walled scours and associated fills.

Medium- and large-scale cross-stratification

Cross-stratification is observed in sediment from
centimetre to metre scale and as non-climbing
and climbing forms. Individual cross-strata within
beds may consist of a single sediment facies or a
number of distinct sediment facies. On the basis of
bed thickness, dip of cross-strata, sediment facies

association, and nature of basal contact, four styles
of medium- and large-scale cross-strata are reviewed:
i) medium-scale, planar-tabular cross-beds; ii) large-
scale cross-stratified beds; iii) cross-beds of bimodal
and openwork gravel; and iv) large-scale low-angle
clinoforms. Descriptions are based on individual
examples rather than representing a composite
of many beds from different locations, which is
common in sediment facies descriptions. Few
observations and an absence of physical measure-
ments lessen the extent and reliability to which
styles i and ii can be described.

Grading in cross-sets is described following the
nomenclature of Allen (1984, in Kleinhans, 2004).
Tangential grading refers to grading parallel to
the direction of sediment transport. Consequently,
tangential grading in cross-strata is normal when
the largest particles are deposited toward the top
of the cross-strata. Perpendicular grading is upward,
normal to the plane of flow. In this case, the grad-
ing is normal when the largest particles occur at
the base of the unit.

(i) Medium-scale planar-tabular cross-strata

Medium-scale, tabular, cross-strata are common
in the Hawkesville Spur, a northwest extension of
the moraine (Figs. 1, 4, 5). Tabular beds of 1-2m
thickness have been observed with near to angle-
of-repose, normally graded cross-strata (Fig. 6A).
The base of the cross-set is abrupt, sub-horizontal,
with infrequent cobble-sized clasts. Individual cross-
strata are ~0.4 m thick and consist of: i) normally
graded polymodal gravel, ii) bimodal gravel and
iii) openwork gravel. The polymodal and bimodal
gravel are predominantly clast supported. The
apparent palaeoflow direction is southeast, para-
llel to the landform orientation. Similar cross-beds
are observed at the top of the large-scale cross-strata
(Fig. 6C).

Interpretation: On the basis of the tabular geo-
metry, planar bedding, cross-strata dip-angle,
and sediment facies this bedding style is inter-
preted as the product of bedload transport and
deposition within dunes (Harms et al., 1975).
The scale of bedding described here, along with
the stratigraphic setting is similar to the smaller
tabular gravel cross-beds described by Bowes
(1976) in a more extensive study of the Hawkesville
Spur.
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(i) Large-scale cross-strata

In contrast to the simple planar-tabular geometry
described above, style ii consists of a succession of
cross-stratified beds that have an estimated, stacked
thickness of 10-15 m (Fig. 6C). No measurements
of this face were completed due to access restric-
tions. Consequently, the following description is
based on photos of this face (Fig. 6A, C). Sedi-
ment facies and dip angle are variable and the
succession can be divided into a number of
beds separated by high-angle and subhorizontal
disconformities (Fig. 6C, D). The thickest beds
have an estimated height of 6-8 m, and may be
significantly thicker depending upon continuity
beneath the extensive slump along the basal half
of the face. Within beds the bedding includes sub-
horizontal (e.g. bed 1), steeply dipping (e.g. beds 2,
6, 7), and backset beds (e.g. bed 4). In at least one
bed (bed 2) the cross-strata exhibit a down-dip
transition from steeply dipping to subhorizontal.
Sediment facies consist of sand, sandy gravel, poly-
modal framework and matrix supported gravel,
bimodal framework gravel, and minor openwork
gravel. These sediment facies are preferentially
concentrated in various beds. For example, bed 2
is predominantly sandy gravel. The largest over-
sized clasts are boulders. Palaeoflow direction is
southeast, slightly oblique to the landform trend.
Apparent backset beds in the middle of the section
appear to onlap steeper southward dipping fore-
sets and dip up-flow (Fig. 6C). These strata are esti-
mated to be 1-2 m thick and appear to consist of
polymodal gravel.

Interpretation: Large gravel cross-strata can be
interpreted as the signature of processes that result
in one of three products, i) deltas, ii) barforms, and
iii) dunes. The assignment of large cross-strata as
the product of either of these is complicated by
the fact that sorting in the lee of all three settings
can be similar (Kleinhans, 2005). It is expected,
however, that the toesets will differ due to the dif-
ferent scales of the separation zone and strength
of return flow (Kleinhans, 2005). The large-scale
cross-strata of the Hawkesville Spur have previ-
ously been interpreted as the product of barform
migration (Kuehl, 1975 in Bowes, 1976) and delta
progradation (Bowes, 1976, Karrow, 1993). Tradi-
tionally it has been assumed that dunes could not
form in gravel sediment (e.g. Carling, 1999), con-

sequently interpretation of gravel cross-strata has
been biased to barform and delta interpretations.
It is apparent, however, that there is no reason
to believe that dunes are restricted from forming
in gravel (Carling, 1999; Lunt et al., 2004). Thus,
the following interpretation considers evidence
supporting each of the three possibilities.

The large scale of the cross-strata, the composite
nature of the stratification, the onlapping backset
beds, and the overlying planar-tabular cross-set all
suggest delta foreset bedding (e.g. Nemec, 1990).
Visually the foreset bedding and faint backset beds
are similar to bed features described by Colella
as deltaic (in Nemec, 1990). In that publication,
the delta foreset beds with chute-fill backsets are
interpreted to be deposited beneath a granular
hydraulic-jump (e.g. Nemec, 1990). At odds with
a deltaic interpretation is the lateral relationship
with stacked beds (see below, Bowes, 1976) and
the absence of texturally distinct toeset beds.
Texturally distinct toesets in a gravel dominated
glaciogenic delta is a feature clearly detailed by
Kostic et al. (2005).

Observations of this study and a re-assessment
of Bowes (1976) sections suggest that an alternat-
ive to the delta interpretation is probable. Bowes
describes 1-3 m thick tabular gravel cross-sets
stacked to cumulative thickness of 14 m and adja-
cent to very thick gravel cross-sets (~8 m). This
indicates that the deposit is composed of aggraded
gravel units. The stacked nature of the cross-sets
and the lateral relations of medium and large scale
cross-strata are similar to relationships observed in
modern braided fluvial settings (Lunt et al., 2004)
and from esker deposits (Brennand and Shaw,
1996). It is not the type of lateral relationship that
is expected in delta foreset beds that should gener-
ally be continuous from topset to toeset (e.g.
Massari, 1996; Kostic et al., 2005). Consequently,
the larger gravel cross-strata may be the product
of barform migration; composite barforms of up
to 10 m height have been observed in eskers (e.g.
Shaw and Gorrell, 1991; Brennand and Shaw, 1996;)
and ice-walled conduit deposits (Russell et al.,
2003). In the model of Brennand and Shaw (1996),
large foreset beds progressively backstep over the
stacked, medium-scale foreset beds. No such rela-
tionship is observed directly in the Hawkesville
Spur deposits; however, this could be the result
of inadequate lateral continuity of the exposure.
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Nevertheless, the foreset dip, bed texture and
grading, and toeset texture are consistent with a
barform foreset interpretation.

Where both the morphology (landform) and
stratal architecture are observed, relatively con-
fident interpretations of a dune versus delta or
bar origin for large cross-strata is possible (Shaw
and Gorrell, 1991). Depositional facies described
by Shaw and Gorrell (1991) have similarities to
the Hawkesville Spur deposits; however, the
Hawkesville Spur cross-strata are better graded,
show more gradational facies changes, and have less
evidence of reactivation surfaces. Large variations
in sandy dune-scale foreset dimensions are known
to be the product of trough scour (Leclair, 2002).
Similar processes may explain the variation in
foreset dimension in the Hawkesville Spur. It is
generally believed, however, that bed armouring

would preclude or reduce the extent of trough
scour in a gravel system (Leclair, personal commun.
2006).

(iii) Medium-scale cross-sets of bimodal and openwork gravel

A hierarchal series of bedding surfaces are iden-
tified in the lower gravel unit of the tripartite
stratigraphic succession at the A-1 site (Fig. 5).
In the lower gravel unit, a stacked succession of
cross-sets is bounded by subhorizontal erosional
surfaces (Fig. 7A). The highest, <1.5 m high bed
occur immediately above the slump and are over-
lain by more sand rich and finer gravel beds. A
mud rich unit that locally contains gravel overlies
the lower gravel unit disconformably. This mud
unit is disconformably overlain by cross-stratified
sand and local gravel horizons (Fig. 7A).
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Fig. 7 Gravel, medium-scale lateral-accretion cross-stratification at the A-1 site. (A) Line drawing of the stratigraphic
architecture and bedding relationships in sand and gravel. Note middle mud package separates basal gravel rich unit
from overlying sand rich succession (see Fig. 5). (B) Details of bedding style and composition of many of the 1-2 m high
cross-stratified bedsets at the A-1 site. Note presence of (i) bimodal matrix supported sand gravel, (ii) framework
bimodal gravel, (iii) openwork gravel, and (iv) polymodal gravel. (Palaeoflow is from left to right.)
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Cross-strata <1.5 m high at the base of the section
dip at up to 20° to the west for most of the section.
In the western part of the section the beds dip at
a similar angle toward the east, forming a large
trough cross-set (Fig. 7A). The bed is composed of
three distinct cross-strata facies, a) bimodal gravel,
B) openwork gravel, C) polymodal gravel. Open-
work gravel systematically overlies bimodal gravel
and is, in turn, overlain by polymodal gravel. These
three facies compose variable proportions of indi-
vidual cross-strata (Fig. 7B). Individual cross-beds
are <0.75m thick, and pinch and swell laterally.
Bimodal, sand-cobble gravel occurs at the base of
cross-strata and can form the lower three quarters
of the cross-strata. This unit is matrix-supported,
with a few cobbles or boulders ‘floating” in the sand
matrix. It becomes better sorted upward and with
increasing gravel content is framework supported.
The matrix grain-size is commonly medium sand,
however, finer and coarser sand occurs locally.
The predominant clast size is cobble; boulders are
less common, and pebbles form local concentrations.
Boulders occur randomly within the cross-strata.
Clasts are poorly imbricated with their a-axis trans-
verse to flow a(t) and their b-axis imbricated b(i)
to flow. Beds are tangentially reverse and norm-
ally graded. Perpendicular grading of the clasts is
predominantly normal.

Cross-beds of openwork pebble and cobble gravel
overlies the bimodal gravel with both gradational
and abrupt basal contacts. Openwork gravel cross-
beds are generally thinner, have better sorting,
and have less extensive lateral continuity than the
other facies. Thickness can be limited to only a
few clasts up to a maximum thickness of 0.5 m.
Openwork cross-beds can pinch and swell laterally
as the extent of matrix fill changes. The thinnest
cross-beds are commonly discontinuous, have the
poorest sorting, and are generally formed of pebble
to boulder sized clasts. In places openwork gravel
clasts have a coating of mud. Tangential sorting is
predominantly reverse; however, normal sorting is
observed. Perpendicular sorting is predominantly
normal with minor occurrences of reverse grading
observed.

Polymodal gravel cross-beds can overlie both
of the previous units with either gradational or
abrupt lower contacts. The gravel can be well-
sorted pebble to poorly sorted pebble and cobble.
Beds may be >1 m thick, but most are <0.5 m thick.

Interpretation: Style (iii) cross-beds of bimodal and
openwork gravel is interpreted on the basis of
facies transitions and geometry as barform foresets.
The multimodal sediment facies of the foresets and
stacked nature of cross-strata all suggest a com-
pound barform. The geometry, bedding succession
and facies associations of barforms are well docu-
mented from fluvial settings (Miall, 1996; Allen,
1983a) and in glaciofluvial tunnel channel and esker
deposits (Shaw and Gorrell, 1991; Benvenuti and
Martini, 2002; Brennand and Shaw, 1996). The origin
of openwork and framework gravel is uncertain
and include: primary sorting (e.g. Carling, 1990;
Shaw and Gorrell, 1991), infiltration; (Kleinhans,
2005), and post-deposition removal by ground-
water (Browne, 2002). Similar bimodal-openwork
gravel couplets have been described from glacio-
fluvial deposits of the Rhine (Sigenthaler and
Huggenberger, 1993). In this study the variations
in bedding style, basal contact, grading, and clast
concentration are used to support an interpreta-
tion of primary deposition due to sediment over-
passing and pulsation in sediment delivery. The
graded transition from matrix support to framework
support of the bimodal gravel suggests that per-
colation is not the primary mechanism responsible
for the origin of the bimodal texture. For the most
part, the matrix supported bimodal gravel is not
reversely graded, suggesting that kinematic siev-
ing is of limited importance.

(iv) Large-scale low-angle clinoforms

Low-angle clinoforms from the Top-of-the-Hill pit
are the fourth style of cross-stratification illustrated
(Fig. 8). The section extends for ~30 m subparallel
to palaeoflow and is ~7 m high. Five-metre high
clinoforms of sand and gravel are overlain by
massive, horizontal and cross-bedded polymodal
gravel that is in turn overlain by medium to fine
sand. The proximal-clinoform dip is ~10° (Fig. 8)
and is sub-horizontal distally (westward). The clino-
forms consist of medium-scale cross-bedded sand
and sandy gravel. Individual beds are stratified
parallel to clinoform dip, or alternatively, have
angle-of-repose dips (>26°), and contain multiple
divergent and truncated dipping beds. The dune-
scale cross-strata down climb locally within the
clinoform sets. Distally the gravel beds fine and
diminish in extent. Gravel is predominantly matrix-
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Fig. 8 Large-scale low-angle clinoforms from the Top-of-the-Hill site. (A) Line drawing illustrates the lateral continuity
of low-angle clinoforms and intervening dune-scale cross-strata. Sediment calibre fines from proximal (right) to distal
with a commensurate change in bedding style from cross-stratified gravel to plane bedded and low-angle cross-stratified
medium sand. Sediment facies codes are: G gravel, Gs sandy gravel, Sd diffusely graded sand, Sr small-scale cross-
laminated sand. (B) Close up of distal plane-bedded medium sand. (C) Proximal medium-scale cross-bedded sand and
gravel. Location of (B) and (C) are indicated by rectangle and respective letters. (Palaeoflow is from left to right.)

supported pebble and cobble with weak clast
imbrication. Boulder size clasts are rare. Frame-
work cobble gravel is present as thin <0.3 m thick
beds, contains clast clusters, and has weak im-
brication. Where observed, clast imbrication is
predominantly a (t), b (i). Sand units contain angle
of repose, low-angle cross-bedding, and diffusely
graded structures in medium sand.

Interpretation: On the basis of the clinoform
scale, dip angle and lateral continuity, the low-angle
clinoformes, style (iv), is interpreted to be a barform.
The down climbing nature of the gravel cross-beds,
and uniformity of dip direction indicate that there
was strong flow attachment along the bar foresets.
The distal and stratigraphically upward fining
of the beds suggests a possible mouth-bar form
deposited under conditions of waning flow (e.g.
Wright, 1977). The style of the barform bedding sup-
ports an interpretation for a friction- dominated,
sediment-laden jet discharge as is common to a
number of settings, including: fluvial channels
(Allen, 1983a; Haszeldine, 1983), crevasse-splays
and tidal deltas (Wright, 1977), and subaqueous
fans (Russell and Arnott, 2003). The clinoforms in
the Waterloo Moraine are more diverse than the

examples cited, consisting of at least three sediment
facies with a variety of bedding styles: i) steep, cross-
stratified sand and gravel, ii) low-angle, cross-
stratified sand, and iii) diffusely graded sand. This
suggests that, in the Waterloo Moraine example, the
flow regime was more variable than in the examples
cited above.

Medium-scale climbing cross-stratification

Climbing cross-stratification is observed at a num-
ber of different scales and textures ranging from
fine sand to pebble and cobble gravel throughout
the Waterloo Moraine; however, coarser climbing
bedforms were only observed in the Top-of-the-
Hill, and A-1 sites (Fig. 1). The most common
scale of climbing cross-strata is ripple-scale, cross-
laminated fine sand. This small-scale, climbing
cross-stratification is virtually ubiquitous through-
out sandy Waterloo Moraine deposits. The cross-sets
can be either stoss-erosional or stoss-depositional
with variable angles of climb. The cross-strata can
form tabular sets overlying a broad range of sedi-
ment textures. Much less common are 0.25 to 2 m
thick climbing cross-strata of sand, gravelly sand,



98 H.AJ. Russell et al.

and gravel. Cross-strata of this scale and texture In a rare example of climbing dunes, a transition
occur in bed-sets that are up to 4 m thick, and within from stoss-erosional, sandy, cross-stratification to
steep-walled scours associated with diffusely large-scale, stoss-depositional sandy gravel cross-
graded sand. stratification occurs (Fig. 9). The underlying stoss-

Fig. 9 Climbing dune-scale cross-stratification from the Top-of-the-Hill site. (A) Photomosaic and (B) line drawing
approximately parallel to flow direction. Flow was from left to right. Note the sand dominated stoss-beds compared

to the gravel concentrated on the foreset beds. Angle of climb of the cross-strata is ~40°, indicated by arrow in (B).

(C) Photo of proximal part of climbing cross-strata showing subhorizontal stoss beds, and underlying truncated stoss-
erosional climbing beds. (D) Close-up of gravel rich foresets and underlying stoss-erosional beds. Dashed lines illustrate
the approximate trend of stratification. Location of (C) and (D) are indicated by rectangle and letters in (A). Scale in
photos is a metre stick with 0.5 m increments.
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erosional sets are gravelly coarse sand, 20 to 40 cm
thick. These cross-sets are overlain by a 1 m thick
set of stoss-depositional climbing cross-beds of
coarse sand and gravel dipping toward the south-
west, with foreset beds dipping at 12-26°. Toward
the top of the cross-strata they are sand-rich with
a shallow dip (<15°), and in the lower-part they
are more gravel rich and steeper dipping (>20°).
The angle of climb is ~40°. The stoss beds are
predominantly coarse sand with minor pebbles.
The brink-point or transition from the stoss side to
foreset bed is poorly defined due to the very faint
bedding. The cross-strata display well-developed,
tangential, normal grading with rare reverse grad-
ing. Gravel concentration does not always reach a
peak at the base of the cross-strata, some cross-strata
are predominantly sand at the toeset. The largest
cobble clasts are ~18 by 6 cm, however, most of the
gravel is pebble calibre.

Interpretation: Climbing cross-stratification is a
characteristic of flows experiencing rapid loss of
transport capacity and consequently deposition
from both bedload and suspended load (e.g. Ashley
et al., 1982; Hiscott, 1994). The stratification here
is very similar to cross-stratification attributed to
humpback dunes (Allen, 1983b). Allen attributed
the gravel sand sorting along the foresets to an
overpassing mechanism. A similar interpretation
is likely here, the gravel travelled preferentially
on the sand bed until it entered the zone of flow
separation on the foreset, and a zone of low shear
stress. In this case, the transport of gravel down the
foreset by secondary processes such as avalanch-
ing or grain flows was limited by the rapid rate of
bed-aggradation.

Some of the best known examples of climbing,
ripple-scale, cross-stratification are described from
glaciolacustrine deposits (e.g. Jopling and Walker,
1968). Description of climbing dune-scale cross-
stratification is less common, particularly dune-
scale, stoss-depositional cross-stratification; however,
in eskers and subaqueous fan deposits it is not
uncommon (e.g. Gorrell and Shaw, 1991; Brennand
and Shaw, 1996). Climbing dune-scale cross-
stratification is less common as dunes have strong
flow separation and associated flow reattachment
that produces extensive downflow erosion. Addi-
tionally, under equilibrium conditions dunes scale
to the flow depth. Consequently, in settings with
limited flow depth, local bed aggradation reduces

flow depth and increases flow velocities, and in
turn, the climbing bedforms are eroded. Flow depth
or thickness is not similarly constrained in sub-
aqueous fans where the flow occurs as a density
underflow and bed aggradation does not necessarily
reduce the flow depth.

Antidune stratification

Two distinct styles of stratification observed in
the Top-of-the-Hill site are discussed: i) sand-
dominated, low-angle cross-stratification, ii) low-
angle, concave-up erosional surfaces with a single
clast thickness cobble layer, and diverse associa-
tion of cross-stratification. The first style consists
of low-angle cross-stratification with inclined strata
in both upflow and downflow directions, divergent
strata, and erosional truncations. The cross-strata
increase in dip downward along the bed up to
18°. Cross-strata exhibit both downlapping and
offlapping relationships with the basal contact.
Locally, pebbles and cobbles are concentrated in the
lower part of backset beds (Fig. 10A). Individual
cross-strata become thinner up dip. Stacked beds
are up to 4 metres thick and continue laterally for
tens of metres.

The second style of cross stratification occurs in
coarse sand, gravelly sand and gravel with multiple
scales of scour surfaces and cross-stratification.
This pit face is located lateral to extensive steep-
walled scours documented in the next section of the
paper. The largest scours may have an undulating
and broad asymmetric scallop shape, extending
>8 m longitudinally, and with relief of <0.40 m
(Fig. 10B). Smaller less continuous scours commonly
lack a gravel concentration. The stacked succes-
sion of scours forms an overlapping network of
asymmetric concave-up surfaces. The largest scour
surfaces commonly have a discontinuous single
layer of cobble clasts that may have clast clusters
and an a(t) b(i) imbrication. Where pebbles pre-
dominate the clast layer may be up to 10 cm thick.
Gravel along largest scour surfaces does not exhibit
any association with gravel in overlying cross-
stratified units, where the gravel is commonly of
finer calibre. In addition, the largest scour surfaces
are overlain by fill with predominantly low-angle,
undulating cross-stratification. Smaller scours
commonly have pebble clasts that can be associated
with the toe-set of cross-bedding in the scour fill.
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Fig. 10 Antidune cross-stratification from the Top-of-the-Hill site. (A) Antidune cross-stratification in sand with gravel
concentration on lower backset. (B) Antidune scour and cross-stratification in sandy gravel. Largest scour surfaces are
inferred to be the product of antidune erosion. (C) Line drawing of (B) highlighting the hierarchy bedding surfaces

(indicated by numbers). Note single grain armour of imbricate clasts along scour surface. Palaecoflow was from left to
right in (A) and was away from the viewer in (B).
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Fig. 11 Stacked and nested scour fills from the Top-of-the-Hill site. Orientation of the face is unknown. (A) Photograph
of stacked and nested scours filled with diffusely graded sand eroded into cross-laminated fine sand and cross-bedded
medium sand. (B) Trace of the stacked and nested nature of scours. Numbers refer only to the sequence of the stacked
scours. Orientation of this section is unknown. Palaeoflow was perpendicular to the page, sense up.

The dip angle of near-planar cross-beds are <20°.
Additional stratification in the succession includes
diffusely graded coarse sand, trough and tabular
cross-stratified medium sand with isolated pebbles,
and horizontal laminated medium sand.
Interpretation: On the basis of bedding style, cross-
strata dip-angle, and direction of dip the low-angle
stratification is interpreted to be the product of
antidunes or in-phase waves. Antidunes form when
the water surface or a rheological surface within
the flow and bed surface are in-phase. Antidune
deposits consist of a variety of sediment facies and
low-angle cross-stratification (Alexander et al., 2001).
Under depositional conditions gravel concentra-
tion on the backset-bed has been documented,
and attributed to decrease in flow velocity and trans-
port competence. Erosional antidune structures
consist of low-amplitude undulating surfaces that
truncate underlying stratification (Brennand and

Shaw, 1996). In the example presented (Fig. 10B),
the scour surfaces form part of a complex succes-
sion of various bedding styles and sediment facies.
The interpretation of antidune erosional surfaces is
based on the lateral continuity of the scour, and the
association of a thin, commonly single clast horizon
directly on the scour surface with clast clusters.
Furthermore, there appears to be no connection
between the clast horizon and the clast distribu-
tion in the overlying cross-stratified gravelly sand.
The size of the largest clasts distributed along the
scour surface also shows no similarity. The majority
of literature on antidunes describes sand or gravel
structures from shallow water flows (e.g. Shaw
and Kellerhals, 1977; Alexander and Fielding, 1997;
Blair, 2000). It is apparent from the literature that
the style of antidune cross-stratification is vari-
able and is controlled, in part, not only by flow
dynamics (depth, velocity) but also sediment calibre.
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For example, sand rich deposits appear to com-
monly generate low-angle dipping stratification (e.g.
Alexander et al., 2001), whereas gravel rich sediment
forms graded openwork to matrix rich couplets
and clast clusters (e.g. Blair, 2000). Admittedly, the
antidune interpretation for the broad scours is spe-
culative; however, within the stratigraphic context,
and for the reason outlined above, it is reasonable.
As noted by Carling and Shvidchenko (2002), the
interpretation of deposits and structures produced
by supercritical flows and hydraulic jumps continue
to be limited by the paucity of experimental data
on sediment deposits of this flow regime.

Steep-walled scours and associated fill

Steep-walled scour and fill structures are observed
in the Top-of-the-Hill and A-1 sites. The scours
are predominantly cut within sand and filled with
fine sand. Scours have a broad range of geometries
from steep-walled to shallow margins. Maximum
scour margin slopes of ~50 degrees are recorded
from photographs; however, such steep-sided
margins are relatively uncommon and near angle-
of-repose slopes (28°) or shallower predominate.
Scour margins rarely have evidence of deforma-
tion within the flanking sediment, and faulting or
slumping of the margin is extremely rare. Scours
may be up to 3 m deep and 20 m wide. Cross-section
geometry is variable, with both broad, circular
transverse profiles and narrower V-notched cross-
sections. Nested scours occur where the fill of one
scour contains additional scour and fill features.
Scours can be stacked to form sets 5-6 m thick.
Where scours are underlain by gravel they are
generally shallower with little incision into the
substrate. Internal fill of the scours is predomin-
antly diffusely graded fine to medium sand. In
rare cases fills contain climbing small-scale cross-
lamination, dune-scale cross-stratification that can
be climbing, and plane-bed sand. In some sections,
multiple stacked or nested scours have a complex
fill succession of all or many of these structures
(Fig. 12). Occasionally, silty sand intraclasts up to
50 cm in length were observed. Gravel is a rare
component of the scour fills.

Interpretation: Steep-walled scours and associated
fills have been interpreted as the product of slump-
ing (e.g. Cheel and Rust, 1982), erosion beneath
a hydraulic jump (Gorrell and Shaw, 1991; Russell

and Arnott, 2003) and iceberg scour (Winsemann
et al., 2003). The nested and stacked arrangement
of scours, the diverse suite of sediment structures
within the fill, and the lack of deformation associ-
ated with scour margins, indicate erosion and rapid
fill beneath turbulent flows. This interpretation
is further supported by the lack of evidence for
water escape structures within the fills that might
be expected in slump deposits experiencing retro-
gressive failure and liquefaction. Gorrell and Shaw
(1991) and Russell and Arnott (2003) both invoked
a single erosional mechanism involving hydraulic-
jump scour triggered by rapid flow thickening.
Hydraulic jumps can also form as an autocyclic pro-
cess within chute and pool flows. Chute and pools
are an element of supercritical flow. Hydraulic
jumps form in chute and pools as the flow enters the
pool from the chute and experience rapid deceler-
ation and flow thickening (Alexander et al., 2001).
The downflow and lateral extent of scour fill facies,
and variability of scour fill structures of supercrit-
ical and subcritical bedforms suggest that some
scours are generated under chute and pool condi-
tions. Flume studies of chute and pool processes
(Alexander et al., 2001) indicate that chute and
pool development can produce a range of scour and
fills that are similar to elements observed here.

DISCUSSION
Depositional environments of the Waterloo Moraine

The Waterloo Moraine has been interpreted previ-
ously to be an ice-marginal glaciofluvial — glacio-
lacustrine depositional system composed of either
deltaic outwash (Harris, 1970) or esker-subaqueous
fan deposits (Bajc and Karrow, 2004). The bedforms
and sediment facies presented in this paper are not
individually diagnostic of any single environment.
Interpretation of depositional settings commonly
requires integration of individual sediment facies
with observations from the broader site setting
and landform analysis. Fortunately, detailed sur-
ficial sediment mapping completed by previous
authors (Karrow, 1993) allows the integration of
isolated observations into a broader landform con-
text that permits improved depositional inferences.
Key observations presented in this paper that
support the esker — subaqueous fan depositional
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Fig. 12 Scour-fill characteristics from the Top-of-the-Hill site. (A) Stacked scours with various styles of fill, (i) diffusely
graded fill, (ii) diffusely graded antidune stratification, (iii) dune-scale scour-fill cross-stratification, (iv) climbing dune-
scale cross-stratified sand. Scale bar is one metre long. (B) Steep-walled scour eroded into small-scale cross-laminated
fine sand and filled with diffusely graded fine sand, stick is 1.10 m long. (C) Rare ‘floating” oversized clast in a diffusely
graded scour-fill, coin diameter is 2.7 cm.
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model include: i) scale of cross beds, ii) evidence
of supercritical flow deposits, iii) transformation
from supercritical to subcritical flow, iv) climbing
cross-strata, and v) inter-stratification with glacio-
lacustrine mud.

Conduit — esker setting

The Hawkesville Spur and A-1 sites (Fig. 1) occur
within landforms that have been interpreted pre-
viously to have an ice-supported origin (Bowes,
1976; Karrow, 1996; Bajc and Karrow, 2004). At
Hawkesville, large-scale cross-strata indicate flow
from the north-northwest toward the south-south-
east. The palaeoflow direction, and coarse sediment
at the Hawkesville site record subcritical flow and
bedload transport within either confined or open
conduits. The presence of diamicton overlying the
gravel deposits supports an interpretation of deposi-
tion in an ice-roofed conduit setting. The scale of
cross-beds at the Hawkesville site is comparable
to barforms described from esker deposits of the
Laurentide Ice Sheet (Brennand, 1994; Brennand and
Shaw, 1996) and ice-walled conduits of Icelandic
jokulhlaup events (Russell et al., 2001). The well
documented development and evolution of the ice-
walled conduit during the 1996 Icelandic jokulhlaup
provides a modern analogue for the Hawkesville
Spur. A major difference, however, is the likely
presence of ice cover of the Hawkesville Spur.
The diamicton provides additional support for the
interpretation that the large-scale planar cross-beds
of the Hawkesville Spur represent barform foresets
rather than deltaic foresets. A similar reinterpretation
of medium to large-scale foresets in the Oak Ridges
Moraine was suggested by Brennand (1994).

The depositional setting and interpretation of
the cross-stratification at the A-1 site is less clear
as the deposit is within a much larger part of the
Waterloo Moraine. Surficial geological mapping
suggests an ice-contact position was located to the
south-southwest and the latest stage of sedimenta-
tion was of a lacustrine ice-marginal character
(Bajc and Karrow, 2004). The gravel described
here form part of a unit at ~10 m depth within the
moraine stratigraphy. The style of foresets, and
texture suggest deposition by bedload processes of
a glaciofluvial system flowing from the southeast
to northwest. More specifically, the deposits are
interpreted as conduit barforms of either a closed,
or open ice-walled conduit.

Subaqueous fan setting

Previous work in the area interpreted the Top-of-
the-Hill deposits to be of subaqueous fan origin
(Karrow, 1996; Bajc and Karrow, 2004). The mud
horizon within the tripartite stratigraphic succes-
sion at the site is interpreted as a lacustrine basin
event (Fig. 5). Climbing dunes, antidunes, and
scours with diffusely graded fills beneath the mud
unit, record sedimentation and erosion by a flow
experiencing rapid transformation as happens at
a zone of flow expansion. This is characteristic of
subaqueous fan settings (e.g. Rust and Romanelli,
1975; Gorrell and Shaw, 1991; Brennand, 1994;
Brennand and Shaw, 1996; Russell and Arnott,
2003). The conduit mouth-bar clinoforms are similar
to low-angle delta clinoforms and are interpreted
to record rapid deposition and progradation at an
ice-marginal conduit mouth (Russell and Arnott,
2003). The upflow continuation of the foresets is not
exposed and consequently evidence for subglacial
or englacial discharge is not available. Sediment
downflow and lateral to the conduit mouth-bar
clinoforms indicate rapid bed aggradation and trans-
formation from supercritical to subcritical flows.
Climbing bedforms record a rapid loss of flow
capacity and simultaneous traction and suspen-
sion sedimentation. Rapid bed aggradation is also
indicated by antidune cross-stratification and scour
fills. These types of stratification are rare in envir-
onments with limited accommodation space, low
depositional rates and bed reworking. In contrast
to glacigenic subaqueous fans, few depositional
settings preserve a spectrum of supercritical flow
deposits, and consequently the understanding of the
fluid dynamics and depositional record of super-
critical bedforms are poorly developed compared
to that of subcritical bedforms (e.g. Bridge, 2003).

The suite of bedforms attributed to the subaque-
ous fan setting in this paper provides a continuum
of forms deposited under a regime of diminishing
flow energy and transport competence, and capacity.
Supercritical flows are recorded by steep-walled
scours, and antidune stratification in diffusely
graded beds interpreted as the record of chute and
pool regime (Simons et al., 1965; Alexander et al.,
2001). For some scours, erosion beneath a hydraulic
jump at a transition of rapid flow thickening may
be an alternative interpretation (Gorrell and Shaw,
1991; Russell and Arnott, 2003). The climbing, dune-
scale cross-beds record a rapid loss of transport
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capacity by a flow overloaded with suspension
sediment. In this case, the gravel content of the cross-
stratification indicates continued bedload trans-
port, whereas the climbing dune-form indicates a
contemporary phase of suspension sedimentation.

Waterloo — Oak Ridges Moraine comparison

Stratified moraines in southern Ontario have a
record of anomalously thick deposits of sand
and gravel. The sedimentary architecture of these
deposits is poorly understood (Cowan et al., 1978)
and consequently, comparison of the Waterloo
Moraine is only possible with the Oak Ridges
Moraine (ORM) (Barnett et al., 1998). The ORM is
the most extensively studied landform in southern
Ontario, and along with the Brampton and Guelph
eskers (Saunderson, 1976; Benvenuti and Martini,
2002), and eskers north of Kingston (Brennand,
1994) is the only one whose sedimentology has
been described in bed-scale detail (Barnett et al.,
1998; Sharpe et al., 2002; Russell and Arnott, 2003;
Russell ef al., 2003).

Similar bedform styles and scour scales are
documented from both moraines. The largest cross-
beds of the Hawkesville Spur are comparable in
scale to large cross-beds described from channel fills
north of the ORM (Shaw and Gorrell, 1991), from
buried tunnel-channel fills beneath the moraine
(Sharpe et al., 2003), and from the Brighton area
(Sharpe et al., 2003). Bimodal cross-bedding has
received less prominence in ORM descriptions but
are known from the eastern ORM near Brighton
and from tunnel-channel fill sediment north of
the moraine (Shaw and Gorrell, 1991; Sharpe et al.,
2003). Climbing bedforms, antidunes, and scour
fills are all well documented in the ORM and
occur in similar subaqueous fan settings (Russell
and Arnott, 2003). The similarity of bedding styles
between the two moraines provides a preliminary
indication that similar meltwater processes are
responsible for the origin of both landforms. It
requires additional palaeohydraulic work on the
Waterloo Moraine to better constrain the nature of
the meltwater flux.

Groundwater implications
The hydrogeological characteristics of aquifers are

closely linked to sediment texture and depositional
processes and environments (e.g. Fogg, 1998). Based

on the limited data presented here, a number of
considerations on the scale, probable distribution,
thickness, and spatial variability of aquifer prop-
erties of the Waterloo Moraine can be made. Data
have been presented from three sites, Hawkesville
Spur, A-1, and Top-of-the-Hill, which illustrate
contrasting depositional controls on the spatial
arrangement and scales of structures in the moraine
that are closely related with the principal ice-
conduit or subaqueous-fan environments.

The two sites (A-1 and Top-of-the-Hill) in the
southeast part of the Waterloo Moraine have palaeo-
flow orientations that indicate a proximal to distal
transition from the southeast to northwest with a
corresponding decrease in sediment calibre and bed
thickness. Transverse to the palaeoflow there is a
distinct shift in depositional settings from conduit
to subaqueous fan. For example the Top-of-the-Hill
site is located lateral to the main ridge axis that the
A-1 site is located in. Consequently, the most prolific
aquifer targets are likely associated with ridge areas
in the southeast part of the moraine. This relation-
ship is supported by the location of the Manheim
well field, a major municipal well field (Duckworth,
1983), near the crest of the moraine ridge in the
southeast part of the landform (Fig. 1).

A number of hydrogeological characteristics can
be associated with the conduit and subaqueous
fan depositional environments. Conduit deposits
(sites A-1 and Hawkesville) are commonly an
order of magnitude coarser than the subaqueous
fan sediment. Gravel within the conduit setting is
cobble calibre with boulders being common, and
are more frequently framework in character. Within
foresets, particularly in the lower half of the foreset,
openwork gravel is common. In contrast, framework
and bimodal gravel have not been documented
from the fan deposits of the Waterloo Moraine.
Consequently, conduit deposits are much more
likely to have high hydraulic conductivities that will
form preferential flow paths. Openwork gravel beds
are the most extensively developed example of high
conductivity beds. Similar facies documented in
Germany have measured hydraulic-conductivities
of 107" to 102 m s™ (Kostic et al., 2005). The open-
work gravel occurs in a similar facies association
overlying bimodal sand-cobble gravel in both
settings. In the Waterloo Moraine, the openwork
gravel forms beds up to 0.75 m thick in cross-sets
1-1.5 m thick and longitudinal cross-set continuity
of tens of metres. The larger channel scale that hosts
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these cross-sets remains to be assessed but is greater
than 1 km longitudinally and 300 m in width.
Subaqueous-fan deposits are finer grained and
are locally characterized by steep-walled scours that
form nested and stacked arrangements that trun-
cate underlying, more tabular strata (Fig. 11). In this
setting the upper-medium sand calibre of scour fills
may provide good vertical connectivity through
silt and fine-sand rich beds that are less permeable.
Subaqueous fans are also characterized by extens-
ive downflow extension with strong longitudinal
sorting. The proximal subaqueous fan, from which
examples are illustrated in this paper, form only a
small fraction of the total fan area. Improved deposi-
tional models may allow prediction of aquifer
properties in those areas. The remainder of the fan
setting is characterized by fine sand of intermedi-
ate hydraulic conductivity that provides extensive
reservoirs for the high-yield proximal sediment.

CONCLUSION

The Waterloo Moraine with an area of ~400 km? is
one of a number of stratified moraines in southern
Ontario. These moraines form important recharge
areas in many of the principal watersheds of
southern Ontario (e.g. Howard et al., 1995). Con-
sequently, improved understanding of their sedi-
mentology and their role in groundwater recharge
is warranted. This improved understanding is
particularly important in light of present source
water initiatives within Ontario that emphasizes
well field protection using time-of-travel modell-
ing estimates (e.g. TEC, 2004).

The recognition of high-energy deposits further
refines the existing depositional model for the
Waterloo Moraine (Bajc and Karrow, 2004). The sub-
aqueous fan deposits have elements that are similar
to published models for the ORM (Russell and
Arnott, 2003). This emerging model of the Waterloo
Moraine suggests that the ORM is not unique, but
that high-energy, voluminous sedimentation events
were perhaps a common element of stratified
moraine formation in southern Ontario. Further,
previous recognition of the Waterloo Moraine as an
esker — subaqueous fan system is supported and
expanded upon. This work indicates that sedimento-
logical analysis of stratified moraines can yield
improved understanding of the deglacial events of
the Laurentide Ice Sheet in southern Ontario.

This initial assessment of sedimentary structures
and facies of the Waterloo Moraine indicate that
additional sedimentological study can answer a
number of questions on aquifer architecture, hetero-
geneity, and character key to improved hydro-
geological modelling of the Waterloo Moraine
aquifers (e.g. Poeter and McKenna, 1999). Improved
input of this type of data will be critical to devel-
opment of robust groundwater models required by
the provincial source water protection legislation
(TEC, 2004).
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ABSTRACT

Climate variations in central Europe during the Weichselian can be retraced with reasonably good
confidence on the basis of proxy data such as botanical macrofossils and pollen content in Weichselian
sediments, for which good age control is available. The availability of proxy data from pre-Eemian
subaerial deposits tends to be too erratic in space and time to enable us to reconstruct from
them, with confidence, a continuous record of northern Germany’s regional climate for the whole
Pleistocene, in particular prior to the times of major glacial advances from the north. The likely
duration and maximum depth of the occurrence of permafrost in northern Germany throughout
the Pleistocene, however, can be estimated. This assumes that the Pleistocene climate trend archived
in oxygen isotope records from marine sites (such as e.g. ODP-sites 659 and 677) can be considered
in broad terms to reflect the global climatic variations. Here we discuss the approach of using a
previously presented reconstruction of the mean annual ground temperatures (MAGT) of the last
120 ky for northern Germany as a calibration tool to reconstruct, from marine proxy data, MAGT-
estimates for northern Germany during the Pleistocene. These MAGT-data are the basis of calcula-
tions to estimate permafrost depth fluctuations in northern Germany. Calculations for the growth
and decay of permafrost are presented for a vertical sediment column and a 75 km long profile
modelled after a seismic line that crosses in an east-west direction several salt domes in the sub-
surface of the German North Sea sector. The latter model intends to demonstrate the interplay
between variations in terrestrial heat flow caused by the presence of salt structures and changing
climatic conditions over time on the development and decay of permafrost. Depending on the applied
climate curve, the maximum vertical extent of permafrost during the Pleistocene is estimated to
be c. 130 m (MAGT gppes-reconstruction) or 170 m (MAGT gppeso-reconstruction). VWe favour the
MAGT gppess-reconstruction, since its results correlate well with available geological evidence for
cold stages with indications of permafrost development during the Pleistocene.

Keywords northern Germany, permafrost, oxygen isotope records, ODP-659, ODP-677, heat
flow, climate.

INTRODUCTION

The presence of permafrost in northern Germany
during various glacial stages of the Pleistocene is
beyond doubt. Evidence of relict ice-wedge struc-
tures within Elsterian- Saalian- and Weichselian-
stage deposits has been repeatedly observed in

excavations of the lignite mining districts of East
Germany (e.g. Eissmann, 1997). Figure 1 shows
a vegetation pattern observable today, which
mimics the pattern of relict ice-wedge polygons
near Wolfsburg (Lower Saxony). The vegetation
pattern was formed when open space, produced by
the melt-out of former ice wedges was filled with

Glacial Sedimentary Processes and Products Edited by Michael J. Hambrey, Poul Christoffersen, Neil F. Glasser and Bryn Hubbard
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Fig. 1 Relict ice-wedges mimicked by vegetation pattern
today near Wolfsburg/northern Germany. Finer soil
material collected in former ice-wedges results in denser
vegetation along the outline of the former ice wedges
(photo courtesy of J. Merkt).

finer grained material in comparison with the
surrounding material. The resulting soil contrast
favoured new growth of denser vegetation along
the outline of the former ice wedges.

Such relict permafrost features point to palaeo-
climatic conditions in northern Germany, which
are typical for Svalbard or Central Siberia today.
However, it appears that no direct indication of
the former vertical extent of permafrost during
cold stages has been imprinted into the sub-surface
sedimentary record. It seems that the only viable
approach available to us, to derive realistic estimates
of the probable former depth extent of permafrost,
is to estimate this parameter with numerical simula-
tion of the freezing process in soils as a function
of the presumed climatic changes in the past.
Climate is the controlling factor of soil surface
temperatures and, if a region remains exposed to
mean annual sub-zero temperatures, serves as the
‘engine’ triggering permafrost growth and decay.
Recent advances in climate research, primarily
based on marine proxy records, have established
a clear understanding of the sequence of glacial
and interglacial stages globally (e.g. Thiedemann
et al., 1989; Shackleton ef al., 1990; Thiedemann
et al., 1994). On land, disregarding the special case
of proxies from ice sheets, no comparable climate
archives are available. Details of climatic conditions
on land can only be reconstructed on a regional scale
for some segments of the geological past, wherever
favourable fossil and pollen records are available
in the sedimentary record.

PAST CLIMATE IN NORTHERN GERMANY

Climatic variations in central Europe during the
Weichselian can be retraced with reasonable con-
fidence on the basis of proxy data such as botanical
macrofossils and pollen content in Weichselian
sediments, for which good age control is avail-
able. Such a reconstruction has been presented by
Caspers and Freund (1997) for north-central Europe
on the basis of the palaeo-botanic and palaeo-
faunistic investigations of lake deposits, drill cores
and sediment exposures. Their findings were trans-
formed into a ‘first attempt’-reconstruction of the
mean annual ground temperatures (MAGT) dur-
ing the Weichselian, which also served as the
basis for an attempt to assess the depth extent of
permafrost in northern Germany during that time
(Delisle et al., 2003). The reader is referred to this
paper for a discussion of the ambiguities inherent
in this type of approach.

The availability of proxy data from pre-Eemian
sub-aerial deposits, however, tends to be too sparse
to enable us to reconstruct with confidence a
continuous record of the regional climate for the
entire Pleistocene, in particular prior to the times
of the major advances of the Fennoscandian ice-
sheets from the north. This paper explains our
approach chosen to develop, on the basis of two
available marine proxy records (ODP-sites 659
and 677), MAGT-curves for northern Germany
throughout the Pleistocene period.

CONTROLLING PARAMETERS OF PERMAFROST
DEVELOPMENT

Several factors control soil surface temperatures.
Air temperatures at the air/soil-interface, the
type of vegetation, snow cover, surface slope and
material properties of the surface material (albedo
properties) are the controlling factors. Permafrost
typically includes an annual ‘active layer” on top,
which is the surface layer exposed to the annual
freeze/thaw process. Our numerical model does
not deal with such short term effects. Rather it
calculates the depth extent of former permafrost.
At the top of the permafrost, a MAGT-curve is
presumed, based on the soil temperature at 10 m
depth, i.e. immediately below the annual thermal
disturbance caused by the seasons. MAGT is in a
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complex way interconnected with the mean annual
air temperature (MAAT). A thorough discussion of
this interrelation can be found in Brown and Péwé
(1973), which shows that the southern boundary
of permafrost occurrences roughly coincides with
the —1°C mean annual air isotherm of Canada.
They also note that a temperature difference of
+3.5°C between MAGT and MAAT is common
in Canada in terrain with a MAAT of —4°C. The
MAGT-approximation, as discussed in Delisle et al.
(2003), is in close agreement with these findings.
Therefore, we consider this MAGT correction to be
realistic in general, but recognize at the same time
that under specific land-surface conditions vastly
different relationships might occur.

In addition, various soil parameters influence per-
mafrost growth and decay. Of major importance is
the overall content of fluid in the soil, which at the
freezing point will freeze (melt) after the latent heat
content has been released (taken up). The amount
of latent heat released or being taken up is a key
component that controls the rate of permafrost
growth or decay. The freezing/melting point of
ice in permafrost is also dependent on soil type.
The depression of the freezing point in particular
in fine-grained soils is a well known effect (see
e.g. Tsytovich, 1957; Washburn, 1979). However,
for most clayey to sandy soils, more than 85%
to 97% of the pore water is frozen when the soil
temperature falls below —0.6°C. To account for
this effect, we have chosen in our calculations as
an approximation a mean value of —0.6°C as the
effective freezing point, where all latent heat has
been released (upon freezing) or will start to be
taken up (upon melting). An extensive summary
of the dependence of the depression of the freez-
ing point on soil type is given in Figure 4.1 of
Washburn (1979). Finally, the thermal conductivity
of soils and the heat-flow density from the Earth’s
interior are additional controlling factors.

CONSTRUCTING THE MAGT RECORD

We use two types of data-sets to derive estimates
of the former MAGT for northern Germany: (i) the
previously presented MAGT-curve for northern
Germany (Figure 2; Delisle et al., 2003), and (ii) the
climatic variations for the Pleistocene as derived
from benthic foraminifera collected from cores of

the boreholes ODP-659 and ODP-677 (Figs 3, 4).
ODP-659 was drilled offshore from West Africa
(Thiedemann et al., 1989), and ODP-677 in the
eastern Pacific (Shackleton et al., 1990; Shackleton,
1996). Both foraminiferal records represent the
climatic trend at their drilling sites during the
Pleistocene. For comparison, we have used both
records to translate these into MAGT-temperatures
for northern Germany. We have fixed the recorded
maximum 8O values during the peak of the
Weichselian with the minimum value of the pre-
viously reconstructed MAGT curve for northern
Germany. Likewise, the minimum values of the §"°O
reached during the Eemian stage with the maximum
Eemian ground temperature of the MAGT-record
are also fixed. Using these two end points, a linear
relationship between §®O-values and MAGT-
values is developed. The resulting ‘reconstructions’
of the MAGT in northern Germany during the
Pleistocene are shown in Figures 3 and 4. The pre-
viously published MAGT-record for Eemian times
to the present has been inserted into the overall
reconstructions. Details of the climate variability of
the Holocene have not been included in this curve.
Instead, a constant ground-surface temperature of
9°C is assumed.

The amplitudes and time extent of Holocene
climatic optima and minima are yet not fully
understood and are controversially discussed in the
literature (see e.g. Mann et al., 1999; Moberg et al.,
2005). Attempts to invert borehole temperatures
to identify climatic signals are typically successful
in the identification of the climatic signals of the
‘Little Ice Age’, but not so effective for earlier
climatic changes.

RECONSTRUCTION OF PERMAFROST IN
NORTHERN GERMANY

As a first step, sediment columns with an upper
surface exposed to the MAGT-curves derived from
ODP-659 and ODP-677 are considered (Figs 3, 4).
The average porosity of the sediments is taken
as 20%, the average thermal conductivity as
20 Wm™ K™ In the case of MAGTqppg;, only the
time span of the last 1.15 million years is con-
sidered, since the MAGTgpp-reconstruction for
the Pleistocene (Fig. 4) does not suggest episodes
of prolonged sub-zero temperatures at earlier
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times. However, a time span of 2 million years
is considered in the case of MAGTqppe, Since
this reconstruction shows prolonged episodes of
sub-zero temperatures throughout the whole time
period.

In addition to the thermal surface conditions, per-
mafrost aggradation and decay is also controlled
at the base by the heat flow from the interior of the
Earth. The climatic cooling trend throughout the
Quaternary has resulted in a transient subsurface
temperature field in the upper crust. Detailed
thermal measurements in super-deep boreholes,
such as the KTB-drilling site in southeast Germany,
have provided evidence for a ‘Quaternary climate
signal” in the crust down to depths of about 4 km
(Clauser et al., 1997; Kohl, 1998). The same studies
show that, as a consequence, present-day measured
heat-flow density values tend to be too low in the
depth range of 0 m-1500 m. We have adopted
at the base of our numerical model, the lowermost
grid points represent a depth of 11,200 m below
surface, a heat-flow density of 75 mW m™. As a
consequence of the climatic deterioration contained
in both of our MAGT-curves, a ‘Quaternary climatic
signal’ is automatically produced in the subsurface,
and the calculated heat-flow density values for the
uppermost 1 km of the crust are reduced to values
around 50 to 60 mW m™ This is in agreement
with measured values for northern Germany, in par-
ticular for the German North Sea sector (Haenel,
1988). We use a numerical model described earlier
(Delisle, 1998a) for the calculation of permafrost
aggradation and decay. In particular, the model
includes the effect of release or uptake of latent
heat during freezing or melting of permafrost,
but which otherwise limits itself to a purely heat-
conductive approach of the problem. The two

20 Fig. 2 Reconstruction of mean annual

ground temperature (MAGT)
according to Delisle et al., 2003).

presented models calculate the time-dependent
vertical extent of the permafrost zone during each
cold stage (Figs 3C, 4C). It should be noted that
the base of the permafrost zone is not a sharply
defined boundary in reality since, as discussed
above, partial melting will occur in the boundary
zone wherever near-zero ground temperatures are
approached. In the context of the numerical model
presented, the boundary defines the level, where
release (freezing) or uptake (melting) of latent heat
has been completed.

Both MAGT-reconstructions for northern Ger-
many predict permafrost in northern Germany
during the glacial/interglacial cycles in Central
Europe during the last 1 million years. The perma-
frost reconstruction based on the MAGT gppgs0-curve
predicts a maximum permafrost depth of about
170 m during the late Pleistocene (Fig. 3C), while
MAGTgpps;; predicts only about 130 m (Fig. 4C).
The MAGTpps; reconstruction suggests that cli-
matic conditions were too warm for the formation
of permafrost during the period of 2-1.2 million
years ago. However, the MAGT ppes0 reconstruction
hind casts prolonged sub-zero ground temperature
episodes and phases of permafrost development
during the early Pleistocene. This is in good agree-
ment with geological evidence for permafrost devel-
opment in the Menapian, Eburonian and Tiglian
stages, as has been reported by various workers.
A summary of the available evidence was pres-
ented by Vandenberghe (2001). It appears reason-
able that the MAGTppese reconstruction offers a
superior result in comparison to MAGTppg;;. The
climate in Europe is strongly influenced by the
circulation pattern of the Atlantic water masses,
which should be reflected by the oxygen isotope
record from the ODP-site 659. The timing of climatic
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Fig. 3 (A) 8"®O-record from the ODP 659 drill hole reflects the climatic changes during the Pleistocene. (B)
Reconstruction of the MAGT for northern Germany based on a comparison with the record from ODP 659. The
previously published MAGT-record from Eemian times to the present (Fig. 2) has been inserted into the overall
reconstruction. (C) Calculated vertical extent of permafrost during the Pleistocene based on the MAGT qppgs0 curve.

fluctuations recorded by the Pacific-based ODP-
site 677 is comparable to the ODP-659-record.
However, the amplitudes of the climatic fluctuations
recorded by the Atlantic-based ODP-659 are more
pronounced in comparison with ODP-677.

The model calculates, in addition, the variation
of heat-flow density at various depths in response
to changes in MAGT’s induced by the climatic
forcing. A decrease in MAGT increases the tem-
perature gradient in the vertical direction, since the
temperature adjustment at depth is slowed down
by the low thermal conductivity of sediments. In

consequence, the near-surface heat-flow density
is increased. The opposite is true if the MAGT’s
warm up.

An intriguing result of the models is the appar-
ent strong modulation of the heat-flow density in the
uppermost 1 km of the sediment column through-
out time. Strong positive heat-flow excursions up
to +220 mW m™ are observed at times of rapid
cooling and the opposite (up to —175 mW m™)
during episodes of climatic rebound (Fig. 5). A
detailed examination of the situation for the last
25,000 years demonstrates this strong dependence.
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(bottom).
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Fig. 6 Heat-flow density distribution near the ground surface (diamonds), at 250 m depth (triangles) and at 1 km depth
(boxes) based on the sediment column model for (a) MAGTppgs curve, and (b) the MAGTgppgr, curve. The calculated
heat-flow value of c. 50 mW m™ near the ground surface compares with model results.

Figure 6 show the calculated heat-flow densities,
g, at the air/ground interface at 250 m and 1 km
depth. Within this period, q varies for both models
between —163 and +143 mW m™ near the surface and
between 41 and 86 mW m™ at 1 km depth. Clearly,
the initial background heat flow of 75 mW m™ is
perturbed most of the time. Today, in consequence
of the series of glacial stages in the past, the heat-
flow density near the surface according to both
models is near 53 mW m™ and at 63 mW m™ at
1 km depth, which is in agreement with field data
(Haenel, 1988). Additional effects such as con-
vective heat transport by ground-water are likely
to modify the subsurface temperature and the
heat-flow density distribution on a local, sometimes
regional scale. Ground-water flow under ice sheets
and in the foreland of ice sheets may have a sub-
stantial impact on lateral heat transfer (Boulton
et al., 1995). A special study of the groundwater
regime over the Gorleben salt dome in northern
Germany, a proposed site for a nuclear waste
repository, has revealed evidence of short-term
enhanced ground-water flow under permafrost in
the foreland of glaciers (Boulton et al., 2001).

MODELLING OF EPISODIC PERMAFROST ALONG
A 75 KM LONG E-W PROFILE ACROSS A SHELF
REGION, GERMAN NORTH SEA SECTOR

The presence of salt domes in the subsurface leads
to a redistribution of heat flow (Delisle, 1998Db).
Higher thermal conductivity of rock salt results
in enhanced heat flow through the salt structures
at the expense of the surrounding country rock.

Enhanced heat flow over salt domes impedes the
development of permafrost. Reduced heat flow in
the adjacent country rock favours deeper penetra-
tion of the lower permafrost boundary. To illustrate
this relationship, we have chosen a 75 km long east-
west profile across the shelf area of the German
North Sea Sector, which crosses four salt diapirs
(Fig. 7). Using the same reconstructions of the
Pleistocene MAGT for northern Germany as above,
we calculated the episodic permafrost develop-
ment for these profiles. However, the thermal
effects of short term glaciation of this area during
the Elsterian- and Saalian-glacial periods were spe-
cifically excluded, since such a treatment would
have required a coupled glacier/climate model,
which is beyond the scope of this paper. Based
on a geological interpretation for the vertical sec-
tion of this profile developed from seismic data
(Baldschuhn et al., 2001), we have subdivided
the subsurface into a multitude of elements, to
which we have attributed the pertinent thermal con-
ductivity value based on sediment type present
(Table 1). Thermal conductivity values were taken
from Zoth and Haenel, 1988.

The resulting images of permafrost distribu-
tion for both MAGT-reconstructions are shown in
Figures 8a and 8b. Both results appear to reflect
well our perception of the sequence of cold stages
in northern Germany for the last 1 million years.
The Weichselian, Saalian and Elsterian stages are
clearly represented as well as the Cromer and
Bavel stages. The maximum attained permafrost
thickness is the same as in the previously discussed
sediment column. The presence of salt domes
tends to reduce the maximum depth of overlying
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Fig. 7 Location of east-west profile across the shelf area
of the German sector of the North Sea for which we
present estimates of the vertical extent of permafrost
during cold stages of the Pleistocene Epoch.

permafrost by as much as 40 m (Figs 8A, B). On
the basis of the MAGTppy;, curve, again little to
no permafrost is expected for earlier Pleistocene
Periods. However, the MAGTppese curve results
in additional prolonged permafrost episodes in
the period between 2 and 1 million years ago, in
agreement with the available geologic evidence
(Vandenberghe, 2001).

Salty groundwater is common in the vicinity of
salt domes. The typical depth extent of saltwater
deposits depends on a number of factors and can-
not be easily generalized for the sedimentary basins
in northern Germany in space and time. Depending
on their depth and the salt content, which results
in a depression of the freezing point, they may have
further impeded permafrost aggradation in the past,
particularly at depth and on a local scale. Never-
theless, fresh-water occurrences today frequently
extend below the 150 m level, and probably have
done so in the past. The limitation induced by

Table 1 Thermal conductivity values for the
numerical model

Sediment'  Thermal conductivity value in W m™ K™
Clay 1.7

Sand 2.2

Limestone 3.1

Rock salt  3.6394-0.007*T(°C)

! The chosen value for rock salt is temperature-
dependent.

current or palaeo-saltwater occurrences to our
model predictions should be kept in mind.

CONCLUSIONS

Both MAGT-reconstructions for northern Germany
result in climate curves, from which reconstruc-
tions of the vertical extent of permafrost in northern
Germany during cold stages can be derived. These
curves are in broad agreement with earlier pub-
lished concepts for the glacial/interglacial cycles
of Central Europe during the last 1 million years.
MAGT ppgso predicts a maximum permafrost depth
of about 170 m and MAGTppg7 a value of about
130 m during short time periods during the late
Pleistocene. The MAGT pp;; reconstruction suggests
that climatic conditions were too warm for the
formation of permafrost for the period of 2—1.2 mil-
lion years ago. However, the MAGTppgs9 recon-
struction hindcasts for the whole Pleistocene
prolonged sub-zero ground temperature episodes
and phases of permafrost development, which
are in good temporal agreement with dated per-
mafrost phases based on geological work. Thus, the
MAGTppesy reconstruction represents the more
realistic approximation, which appears reasonable
considering the significantly shorter lateral distance
of the ODP-site 659 to Germany in comparison with
the ODP-site 677. The increased heat flow over
salt domes, present in large numbers in northern
Germany, impedes the downward aggradation of
permafrost. Our profile suggests reduction of the
maximum vertical extent of permafrost over salt
domes by up to 40 m in comparison with the neigh-
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bouring host rock. The repeated phases of drastic
climatic changes in Central Europe and the result-
ing ‘Quaternary climate signal” in the upper crust
are reproduced by our model. In tune with climatic
changes, heat-flow density measurable near the
surface fluctuated significantly in the past. Our
model confirms earlier predictions that the climatic
warming during the Holocene Epoch resulted in a
reduced heat-flow density at the surface in com-
parison with the heat-flow density at depth.

OUTLOOK

Advances of the Scandinavian ice sheets during
Pleistocene times greatly influenced the near-surface

Permafrost
thickness [m]

_-190 A

Salt diapirs

geology of Schleswig-Holstein. Glacial processes
related to the advances of ice sheets include addi-
tional loading, changes of the sediment-surface
temperature, convective heat transport induced by
outflow of subglacial melt-water and the formation
of permafrost in the foreland. For example, on the
Norwegian continental margin Johansen et al.
(1996) and Solheim et al. (1996) showed that these
processes have a significant effect on the develop-
ment of the subsurface temperature and pressure
fields, and furthermore alter the hydrodynamic
conditions in the sedimentary basins. We are now
in the process of investigating how glacial processes
have acted on the physicochemical habitat and the
petroleum system of the Northwest German Basin
in Schleswig-Holstein. Despite the fact that glacial

Permafrost
thickness [m]

Fig. 8 Calculated variations in depth extent of permafrost based on (A) the MAGTqppeso curve, and (B) the MAGToppgr,

curve. The right-hand axes represent a 75 km long profile crossing several salt structures (see Fig. 6). The axis on the left
denotes time. Visible in both figures are reductions of permafrost thickness by up to 40 m at positions where the profile
crosses four salt domes. Only the model based on the MAGTqppgs0 curve (A) reproduces permafrost episodes during the

early Pleistocene in agreement with field evidence.
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processes are not an integral part of Petroleum
Systems Modelling, we suggest that glaciations
have a strong effect on the timing, rates of gener-
ation and migration of hydrocarbons, depending
on the absolute temperature history. The next step
of this work will be the integration of the base-
line data of glacial effects presented here into the
current 2D petroleum system model.
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ABSTRACT

During the maximum advance of the Early Saalian Scandinavian Ice Sheet ice-dammed lakes developed
within valleys of the Northwest German Mountain ranges. The blocking of the River Weser valley
led to the formation of glacial Lake Rinteln where most of the sediment was deposited by melt-
water. Two subaqueous fan complexes have been identified, which formed lakeward of retreating
ice-lobes during an overall lake-level rise. The sediment transport on the fans has been dominated
by sustained gravity-flows, mainly cohesionless debris flows or high- and low-density turbidity currents,
reflecting discharge of semi-continuous meltwater flows. Intercalations of surge-type high- and low-
density turbidites increase towards the mid- and lower-fan slopes, indicating more ice-distal and
periodic deposition. Individual fan bodies commonly have a coarse-grained proximal core of steeply
dipping gravel, overlain by gently to steeply dipping mid- to outer fan deposits. During glacier retreat
commonly fine-grained sediments, rich in ice-rafted debris, were deposited on the ice-distal
and ice-proximal slopes of the abandoned fans. Climbing-ripple cross-laminated sand may onlap
coarse-grained upper fan gravel and in some cases overtop the older fan deposits. Phases of glacier
still-stands are characterised by fan systems that display an upward flattening of fan clinoforms and
minor vertical facies changes. The position of ice marginal fans was controlled by the combination
of bedrock topography and water depth. At the eastern lake margin topographic highs served as
pinning points for the retreating glacier and facilitated ice margin stabilisation. A strong lake-level
fall probably triggered a major drainage event that tapped previously unconnected reservoirs of
englacial and subglacial meltwater.

Keywords Subaqueous ice-contact fans, facies architecture, depositional processes, melt-

water outburst, Pleistocene, Germany.

INTRODUCTION

Ice-contact deposits provide important palaeo-
environmental information because they are a
record of the physical environment immediately
before and during deglaciation. The understanding
of the specific depositional processes, the resultant
facies, and their spatial distribution within glaci-
ally influenced subaqueous environments has been
developed from various glaciolacustrine settings
(e.g. Clemmensen & Houmark-Nielsen, 1981; Teller
& Clayton, 1983; Thomas, 1984; Smith & Ashley,
1985; Eyles & Clark, 1988; Fyfe, 1990; Martini, 1990;
Mastalerz, 1990; Sharpe & Cowan, 1990; Gorrell &
Shaw, 1991; Martini & Brookfield, 1995; Ashley, 1995;

Teller, 1995; Brookfield & Martini, 1999; Bennett
et al., 2002; Knudsen & Marren, 2002; Lajeunesse
& Michel, 2002; Richards, 2002; Russell & Arnott,
2003; Johnsen & Brennand, 2006). Depositional
processes and the resulting facies architecture are
highly variable because the margins of ice-contact
lakes continually change as glaciers advance or
retreat and as ice melts and sediment is released.
Glacier-fed lakes exist both during the advancing
and retreating phases of a glacier but, during ice
advance, proglacial deposits are commonly over-
ridden and incorporated into the base of the ice.
Consequently most glacial lake records are of
deglaciation (e.g. Ashley, 1995). The spatial dis-
tribution of sediments in glacier-fed lakes is a
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function of the mechanisms of sediment distribu-
tion and lake level. Where glaciers terminate on land
the sediment injection point in the basin is directly
related to water level. Unblocking of outlets may
cause catastrophic drainage and almost instant-
aneous and very large irregular drops in lake level
(e.g. Ashley, 1995; Brookfield & Martini, 1999).

Rising lake levels often correspond with glacial
advances into a basin, as the glacier isostatically
depresses the land and blocks drainage outlets. This
causes a shift in the locus of proglacial sedimenta-
tion to deeper waters. During high water levels,
the glacier injection point may be underwater at
the base of the slope. During low water levels, the
injection point of the glacier may be on land.
Since the lake level is controlled by the position of
drainage outlets, water levels may change dramat-
ically, abruptly and independently of the glacial
input point. The basin can empty or fill with water
rapidly, with only slight changes in glacier position.
In this case accomodation space has no relation to
the glacier injection point. (Martini & Brookfield,
1995; Brookfield & Martini, 1999). Where glaciers
terminate underwater, sediment input points can
fluctuate independently of lake level. Sediment
may be supplied by subglacial, englacial or supra-
glacial meltwater flows at the ice front and by
rainout from a floating glacier. Keeping the lake
level at highstand, input points of the glacier sys-
tem vary according to the position and nature of
the ice front. As a glacier retreats out of the basin,
a series of retreating fining-upwards subaqueous
fans form and depending on the regional topo-
graphy, the deposits consist of a series of laterally
stacked bodies which stratigraphically onlap and
become younger in the direction of ice retreat.
When the glacier readvances into the basin it may
deposit a coarsening-upwards subaqueous outwash
section capped by an erosion surface. Further-
more local fluctuating ice fronts through ice-front
calving may produce successive subaqueous fans,
overlain by thin mud drapes (e.g. Ashley, 1995;
Brookfield & Martini, 1999).

Ice cliffs or floating ice tongues form where ice
terminates at the grounding line or zone at which
ice entering a water body comes afloat. Ice cliffs
develop when lake water is relatively deep adjacent
to the ice. Frequently, calving icebergs maintain the
cliff face and thus ice-cliffted margins are likely to
occur only on active glacier termini where ice is

replenished. As the ratio of melting to calving
increases a more parabolic surface profile is pro-
duced. Under these later circumstances a cliff will
remain grounded unless the conditions required
for floating are met (Powell & Domack, 1995). Ice-
ramps occur only at lake margins of stagnating
glaciers where water partially covers melting ice
(Ashley, 1995).

The relationship between calving rates and water
depth means that glaciers terminating in deep
water are potentially unstable and vulnerable to
catastrophic retreat by rapid calving. Ice margin
stability is therefore favoured by the presence of
pinning points or constrictions in the enclosing
lake basin. Such constrictions in the valley occu-
pied by a glacier reduce losses by calving and if
the calving rate is less than the ice flux, the glacier
will thicken and stabilize. However, if the glacier
pulls back from a pinning point into deeper water,
the calving rate may exceed the ice flux, and rapid
retreat will result (e.g. Benn & Evans, 1998).

Glaciers occupying a widening basin should be
relatively stable, because calving rates will increase
if the glacier advances and decreases if the glacier
retreats. On the other hand, glaciers occupying
narrowing basins tend to be unstable. An advance
of the glacier will reduce the calving rate, encour-
aging further advance, whereas retreat will increase
the calving rate, leading to accelerating deglaciation
result (e.g. Benn & Evans, 1998). Bottom topography
has a similar influence on ice margin stability
(Thomas, 1979). Where the bed slopes away from
the ice margin, a small increase in ice thickness will
result in the advance of the grounding line into
deeper water where calving rates are higher. On
the other hand, where the bed slopes towards the
ice-margin, a small increase in ice thickness will
initiate unstable advance into shallowing water, and
a decrease in ice thickness will cause accelerating
retreat into deeper water (Benn & Evans, 1998).

Sedimentation at the grounding line zone varies
with glacial thermal regime. Under polar conditions
sediment supply is low because glacial erosion
is less effective and meltwater is scarce or absent;
groundling line sediment is derived only from the
base of the ice. The groundling line of temperate
glaciers is the one where the largest volume of sedi-
ment is deposited and large quantities of fluvial
bedload and suspended load can be transported
and deposited by jets (Powell & Domack, 1995). In
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glaciolacustrine environments, sediment-laden melt-
water is generally denser than the surrounding
lake water, and will tend to produce underflows.
Deposition on grounding line fans is therefore likely
to be dominated by mass flows, with comparatively
minor inputs from high-level suspended sediment
(Benn & Evans, 1998). If the ice terminus remains
stable for a long period of time, a grounding line
fan may aggrade to lake level and form an ice-
contact delta (Lonne, 1995). Alternatively, if the
grounding line migrates rapidly, sheet-like deposits
form. Larger conduits systems may be destabilised,
if the glacier advances into the lake basin and
water depth is sufficiently high and may be con-
verted into a linked cavity system (Fowler, 1987;
Fyfe, 1990). Smaller conduits or cavities are more
unstable and have smaller effluxes, which more
easily mix with lake water, so constraining the
distance of sediment dispersal. Therefore smaller
fans will be deposited which tend to overlap to form
sediment aprons. The areal extent of these smaller
conduits or cavity system depends on the size of
the zone in which lake water pressure influences
conduit water pressures, and is determined by
lake water depth, the subglacial discharge, ice sur-
face profiles and bedrock topography (Fyfe, 1990;
Sharpe & Cowan, 1990).

The study reported here focuses on subaqueous
fan systems occurring on the northern and eastern
margin of glacial Lake Rinteln. Depositional pro-
cesses, principal architectural elements and fan
stacking patterns will be discussed and related to
lake-level changes, topography and glacier termini
dynamics.

STUDY AREA AND PREVIOUS RESEACH

The study area is located south of the North German
Lowlands, mainly built-up by Mesozoic sediment-
ary rocks and characterized by several mountain
ridges up to 400 m high and broad valleys. The
blocking of the River Weser Valley by the Middle
Pleistocene (Older Saalian) Scandinavian Ice Sheet
led to the formation of glacial Lake Rinteln (e.g.
Spethmann, 1908; Thome, 1983; 2001; Klostermann,
1992; Winsemann et al.,, 2004). Two ice-lobes
advanced into the Weser Valley, blocking the east
and northward drainage. Field data indicate a
maximum ice thickness of c. 200 m for these ice

lobes; the terminal ice thickness of the northern
Ice Sheet has been approximately 200-350 m (e.g.
Skupin et al., 2003). The ice advance from the
western lake margin successively closed lake out-
lets leading to an overall lake-level rise (Winsemann
et al., 2004). These overspills are located at the
southwestern lake margin, lie at altitudes between
c. 89-215m a.s.l. and decrease in altitude towards
the west (Figs 1 and 2).

The ice marginal depositional systems are
characterized by coarse-grained deltas and sub-
aqueous fans (Fig. 2) mainly deposited from high-
energy meltwater flows (Winsemann et al., 2004;
Hornung et al., 2007). Well logs and several clay
pits record the widespread occurrence of up to
20m thick fine-grained lake bottom sediments
(‘Hauptbeckenton’), overlying older Quaternary
fluvial deposits of the River Weser or bedrocks
in the basin centre (c. 55-75 m a.s.l.). At the basin
margins fine-grained glaciolacustrine deposits occur
also at higher topographic levels up to 130 m a.s.1.
(e.g. Rausch, 1975; Deutloff et al., 1982; Rohde,
1994; Kénemann, 1995; Wellmann, 1998). The delta
complexes are thought to reflect a relatively stable
position of the ice-margin in front of the mountain
ridge. Subaqueous fans reflect more unstable ice-
fronts of smaller ice-lobes that advanced into the
lake basins and were subject to periodic calving and
short-term oscillations (Winsemann et al., 2004).

Most previous workers have assumed a sub-
aerial origin of these ice-marginal deposits and
an end moraine, kame, or glaciofluvial formation
has been assumed (Grupe, 1925; 1930; Naumann,
1922; Naumann, 1927; Naumann & Burre, 1927;
Stach, 1930; Luttig, 1954, 1960; Miotke, 1971;
Seraphin, 1972; 1973; Rausch, 1975; Kénemann,
1995; Wellmann, 1998). However, the deposits were
rarely described and former interpretations have
been exclusively based on the geomorphology and
petrography of ice-marginal deposits.

Re-examination of outcrops indicate a subaqueous
origin of these ice-marginal deposits (Winsemann
et al., 2003; 2004, Hornung et al., 2007). Several
sediment characteristics indicative of subaqueous
fan versus subaerial deposition were recorded
(e.g. Shaw, 1975; Rust, 1977; Cheel & Rust, 1982;
Nemec & Steel, 1984; Thomas, 1984; Powell, 1990;
Sharpe & Cowan, 1990; Ashley, 1995; Lonne, 1995;
Plink-Bjorklund & Ronnert, 1999; Sohn, 2000;
Krzyszkowski, 2002; Krzyszkowski & Zielinski,
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2002; Pisarska-Jamrozy, 2006). Data critical to this
re-interpretation include the recognition of sub-
aqueous jet-efflux deposits, turbidites, thick ripple-
drift units, ice-rafted debris and the occurrence
of an iceberg scour on top of coarse-grained ice-
marginal deposits.

The stratigraphic record indicates a retreat of
active ice, which occurred by calving. Ice-margin
fluctuations during retreat are recorded from
glaciotectonic deformation of overridden previ-
ously deposited lake sediments (e.g. Liittig, 1960;
Wellmann, 1998; Winsemann et al., 2004). Evid-
ence for rapid calving is given by the abundant
occurrence of dropstones within the lake bottom
sediments (Rausch, 1975).

The duration of the ice-dammed lake can only
be estimated because varve deposits of the basin
centre have been partly eroded by the River Weser.
At the eastern basin margin 2.5 m thick varves
have been deposited in about 50 years (Kulle,
1985). Consequently, the duration of glacial Lake
Rinteln was probably very short and has been a few
hundred years or less. At the initial stage, glacial
Lake Rinteln had its level at an altitude of c. 55 m
a.s.l. The lake level then rose by as much as 100 m
to a highstand of c. 160-180 m a.s.l. The large-scale

2004).

stacking pattern of the Emme delta complex indi-
cates an overall lake-level rise, interrupted only
by minor short-term lake-level falls. A very strong
lake-level fall occurred from a lake-level of c. 160—
170 m, which led to the formation of an incised
valley in the Emme delta and a subaerial exposure
of the Porta subaqueous fan complex (Winsemann
& Asprion, 2001; Winsemann et al., 2004).

METHODS

A total of 15 exposures were examined in order
to document the regional pattern and character
of subaqueous fan sediments. The outcrops were
studied by lateral mapping and vertical measured
sections across two- and three-dimensional expo-
sures. The sections were measured at the scale of
individual beds, noting grain size, bed thickness,
bed contacts, and bed geometry, internal sedi-
mentary structures and palaeocurrent directions.
Landform genesis and deglacial palaeogeography
are inferred from landform-sediment relationships
(e.g. Warren & Ashley, 1994).

The field study was supported by the use of
ground-penetrating radar (GPR). The GPR device
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used was a GSSI SIR-10 together with a 100 MHz
bistatic antenna. Processing was limited to a
minimum to avoid information loss and artefacts.
Therefore all lines have undergone bandpass filter-
ing for noise reduction only. No migration was
applied due to velocity uncertainties and limited
data quality enhancements.

Sedimentary sections that illustrate the most char-
acteristic sedimentary facies and stacking pattern
are presented in this article. Additional sediment-
ary logs are presented in Winsemann et al. (2003;
2004), Hornung et al. (2007).

SUBAQUEOUS FAN SEDIMENTATION

Two subaqueous fan systems were identified in
the study area, overlying fine-grained lake-bottom

sediments and patchy occurrences of till (Figs 2-
15). The Coppenbriigge fan complex is located at
the eastern lake margin and consists of several
small fan bodies, deposited on a hummocky low-
angle basin slope (Figs 2 and 4). In contrast, the
Porta subaqueous fan complex consists of larger
fan bodies, deposited on a nearly flat lake bottom
surface in front of the Porta Westfalica pass (Figs 2
and 13). Measured palaeoflow directions and clast
composition indicate that meltwater flows were
the main source of sediment (e.g. Wellmann, 1998;
Winsemann et al., 2004).

Sedimentary facies and facies associations

Twelve facies types were defined on the basis of
grain size, bed thickness, bed contacts, and sedi-
mentary structures (Table 1). The terminology for
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gravel characteristics is after Walker (1975). The
fabric notation uses symbols a and b for the clast
long axes, with indices (t) and (p) denoting axis
orientation transverse or parallel to flow direction,
and index (i) denoting axis imbrication. The nota-
tion of turbidites, Tabcd, refers to Bouma divisions
(cf. Bouma 1962), S1-3; R1-R3 to Lowe divisions
(cf. Lowe, 1982).

Facies types can be grouped into 7 major facies
associations, which are characterized by distinct

depositional processes, grain size, bed geometries
and channel aspect ratios (Table 2). Deposits of the
upper fan (FA1) are distinctly coarse grained with
relatively few sand or silt beds (Fig. 3A). Beds
mainly consist of massive clast-supported pebble-
to cobble-sized gravel with a fine- to coarse-grained
sand matrix, which may contain scattered clasts
of diamicton. Towards the distal upper fan slope
(FA2) more intercalations of graded or stratified
gravel, pebbly sand and sand beds can be observed.

Table 2 Classification of facies associations
Facies Sedimentary Gravel/sand/mud ~ Geometry Depositional processes
association  facies ratio
Upper fan
FAI FI, F2, F3, F4, 90:10:0 Low- to high-angle  Cohesionless debris flows, tractional
Fé, F9, FI bedding (3°-34°) deposition and suspension fallout from
sustained, highly concentrated turbulent
flows.
FA2 FI, F2, F3, F4, 40:60:0 Low- to high-angle = Cohesionless debris flows, tractional
F5, Fé, F8, F9, bedding (5°-25°) deposition and suspension fallout from
F10, FII sustained and surge-type turbulent density
flows.
Mid fan
FA3 FI, F3, F4, F6, 30:70:5 Low- to high-angle  Tractional deposition and suspension
F9, F10, FI1, bedding (6°-15°) fallout from sustained and surge-type
turbulent density flows. Less commonly
cohensionless debris flows.
FA4 Fl, F3, F4, F5, 20:75:5 Low- to high-angle  Mainly tractional deposition and
Fé, F8, F9, FI11 bedding (3°-25°) suspension fallout from surge-type
turbulent density flows. Less commonly
sustained turbulent flows or
cohensionless debris flows.
FAS FI, F9, FI1 5:90:5 High-angle bedding  Mainly tractional deposition from
(14°-29°) sustained turbulent density flows. Less
commonly surge-type turbulent flows and
cohesionless debris flows.
FA6 FI, F9, FIO, FI1  2:93:5 Low-angle bedding  Suspension fallout and tractional
(3°-9°) deposition from low-density surge-type
and sustained turbulent flows. Rare
cohesionless debris flows.
Lower fan
FA7 FII 1:90:10 Low-angle bedding  Suspension fallout and tractional
(2°-5°) or draping  deposition from surge-type low-density
lamination turbidity currents.
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Fig. 3 Examples of lithofacies and facies associations. (A) Massive, matrix-supported gravel (F1) of the proximal upper-
fan (FA1), Steinbrink open pit. (B) Proximal mid-fan facies (FA4), consisting of diffusely and planar-parallel stratified
pebbly sand and sand (F7, F8, F11), Heerburg open pit. (C) Ball-and pillow structures in distal mid-fan deposits (FA6),
Steinbrink open pit. (D) Thick diffusely stratified sand bed (F7), overlain by thin- to medium-bedded turbidites
displaying Bouma Ta-c divisions (F11). Note dropstone within the diffusely stratified sand, distal mid-fan facies (FA6),
Pampel open pit. Trowel for scale is 30 cm.

Subordinate thin beds of massive silt or silty sand
occur. Deposits of the proximal mid-fan slope
(FA3) consist of massive, planar-parallel stratified,
planar or trough cross-stratified pebbly sand and
climbing-ripple cross-laminated sand alternating
with channelized massive or normally graded
gravel and pebbly sand. Downslope these deposits
pass into alternations of planar parallel-stratified,
planar or trough cross-stratified and ripple cross-
laminated fine- to coarse-grained sand, alternating
with massive, inversely graded, normally graded,
diffusely stratified or planar parallel-stratified
pebbly sand (Figs 3B and 3D). Less commonly
massive or normally graded gravel beds can be
observed (FA4, FA5). Towards the distal mid-fan
and outer fan slope (FA6, FA7) multiple stacked
climbing-ripple-cross-laminated sand units (Fig. 3C)
or alternations of fine-grained sand, silt, and mud

occur, in which individual beds fine upwards.
Scattered pebbles can frequently be observed and
are mainly concentrated in mud layers.

Depositional processes

The variety of sedimentary facies identified in
Table 1 reflects a wide range of depositional pro-
cesses and high r