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Abstract

Present-day sediment distribution offer

a potentially strong constraint on past ice

sheet evolution, however, glacial system models (GSMs) cannot address this while

lacking proper representations of subgla

al sediment production and transport. To-

ward this goal, I present a continental subglacial process model for sediment pro-
duction, entrainment, transport, and deposition. The model is driven by the data-
calibrated MUN 3-D GSM and by a newly developed subglacial hydrology compo-
nent. Model results are compared against the present-day distribution of glacigenic
sediment over North America and geological estimates of Laurentide erosion. Given

the model’s parametric sensi

ivity, the calculated erosion depths fall within the ge-

ological estimates of Laurentide erosion, with the exception of Hallet’s abrasion law

that underesti; v at least an order of magnitude. In. addition, the

model overestimates sediment entrainment and thus englacial transport, which either

suggests that the large-scale representation of regelation intrusion is inadequate or

that the basal hydrology module underestimates water pressures.






Acknowledgements

I sincerely thank my supervisors, Dr. Lev Tarasov and Dr. Trevor Bell for giving
me the opportunity to work on this project and for offering their valuable insight
and guidance throughout the course of my program. Special thanks to my colleagues
Robert Briggs and Mark Kavanagh for offering, on several occasion, much appreciated
practical assistance, as well as to the rest of the MUN Glacial System Dynamics group,

Tristan Hauser, Kevin Le Morzadec and Taimaz Bahadory for their continued moral

support. Funding from the Natural Sciences and Engincering Research Council of

Canada (NSERC) and the School of Graduate Studies is gratefully acknowledged






Table of Contents

Abstract
Acknowledgments
Table of Contents
List of Tables

List of Figures

of Acronyms

List of Symbols

1 Introduction and Overview
1.1 Motivations

1.2 Objectives and approach .

1.3 Structure
1.4 Co-authorship statement
2 Numerical Modelling of Subglacial Erosion and Sediment Transport

and its Application to the North American Ice Sheets over the Last

Glacial Cycle

iii

xi



Introduction . . .. ... .. 5 Slocao C o oG s g o
Model description . . . . . . .

Sensitivity analysis

Model numerics

Ewmpirical erosion law . . . . . R

=

Englacial transport

2.4.1 Entrainment ... ...
2.24.2  Vertical mixing yam e WO RE IR A KN

22,5 Transport by subglacial deformation

226 Ice dynami

Basal hydrology . . . . .
By~ « o2 s ar s anwname R

3.1 Sediment transport

Application to Hudson Bay sediment . . . . . .

Continental sediment distribution

3 Englacial

. subglacial transport .

Erosion e R BRI
3.3 Sensitivity analysis . . ... ... ...
Discussion . . . . . . AR R R

241 Overestimation of sediment entrainment

2.

Comparison of erosion laws . .. . ... .. ...

9,

1.3

Sensitivity analysis .

Summary and conclusions




3 Summary

3.1 Future work . .

Bibliography



List of Tables

2.1 Sediment model parameters. Bracketed symbols represents the abbre-

The range column shows lower, base, and

viations used in Figure
upper values in order. 34

2.2 Various results from the empirical and process-oriented erosion laws



List of Figures

21

2.3

Initial sediment distribution at 120 kyr BP, based on the map of Fulton
(1995). A maximum of 43, (base value of 15 m) is prescribed over
areas of observed till blankets. Each colored square corresponds to a
full grid-cell. .

Ratio of basal water pressure and ice overburden pressure at LGM
Contours show ice thickness in metres (from runID nn1027, calibration

set N5bt in Tarasov et al. 2

Time slices showing engl

il and subglacial sediment thickness from
70 to 50 kyr BP. Percentage of total sediment volume is shown for
englacial (E) and subglacial (S) storage. Area of initial cover (uniform
20 m) is outlined by dashed lines in right panels. Contours in left
panels show ice thickness in meters (from run 1D nn1027, calibration
set N5bt in Tarasov et al. 2012). Labels in panel (a) show Hudson Bay
(HB), James Bay (JB), Manitoba (MA), Ontario (ON), North Dakota
(ND), South Dakota (SD), and Ohio (OH). Variance-based color levels

are used to maximize information in the 1-o range

viii



P

o
B

1

Time slices showing englacial and subglacial sediment thickness from

40 to 20 kyr BP. Percentage of total sediment volume is shown for
englacial (E) and subglacial (S) storage. Area of initial cover (uniform
20 m) is outlined by dashed lines in right panels. Contours in left
panels show ice thickness in meters (from run ID nnl027, calibration
set N5bt in Tarasov et al. 2012). Labels in panel (a) show Hudson Bay
(HB), James Bay (JB), Manitoba (MA), Ontario (ON), North Dakota
(ND), South Dakota (SD), and Ohio (OH). Variance-based color levels
are used to maximize information in the 1-o range.

Predicted pattern of present-day sediment after 120 kyr of transport
initialized with a uniform thickness in Hudson Bay (outlined by thin

blas

¢ dashed lines). Labels show Hudson Bay (HB), James Bay (JB),
Manitoba (MA), Ontario (ON), North Dakota (ND), South Dakota
(SD), and Ohio (OH). The appros

nate extent of the carbonate disper-
sal train of Northern Ontario is outlined by short, green/black dashes

(Shilts, 1980; Hildes, 2001), whereas the approximate southern extent

of observed omars is outlined by long, cyan/black dashes (Prest et al..
2000). Variance-based color levels are used to maximize information in

the 1o range. . .. ... ...

Integrated sliding velocity (absolute value) over the last glacial cycle.
Variance-hased color levels are used to maximize information in the 1-
FANEC. e

Present-day modelled sediment thickness. Using the empirical erosion

law and the ini tion field of figure 2.1. Variance-based color levels

are used to maximize information in the 1-o range,

19



9
3

2.10

2.11

Cumulative sediment deformation over the last glacial cycle. Positive

(negative) values represent areas where accumulation (depletion) of

sediment by deformation occurred. Variance-based color levels are nsed

to maximize information in the 1-o range.

Cumulative ero:

jon over the last glacial eycle predicted by the cmpirical

9 m. Dashed boxes outline the

erosion law. Average erosion depth = 3

Dubawnt and Beffin Island study areas where erosion depth data are

sed color levels are used to maximize information

ilable. Variance-be

in the 1-o range.

Cumulative erosion over the last glacial cycle predicted by the process-

oriented erosion laws. Aver

ge abrasion depth = 0.012 m (Hallet) and

158 m (Boulton’s). Average quarrying depth = 1.38 m. Dashed hoxes

outline the Dubawnt and Baffin Island study areas where erosion depth

hased color levels are used to ma

data are available, ximize

information in the l-o range. . .

at LGM. Each

Sensitivity analysis for the englacial sediment thicknes
point represents a model run with either the lower (blue) or the upper

shows the sediment model

(red) value of a given parameter. The x-axis s
parameters in the order presented in Table 2.1. The runs presented here

used the empirical erosion law, which explains why Ce (abbreviation

for €7, replaces all the parameters related to abrasion and quarrying

Base englacial thickne 3 m. Some parameters have no impact and

thus have confounded upper and lower points.

56



212

Sensitivity analysis for the erosion laws. Each point represents a model

run with either the lower (blue) or the upper (red) value of a given

parameter. Results ar

at present-day after model runs of 120 kyr. The

is shows the sediment model parameters in the order presented in

Table

1. Panel (d) was obtained with the empirical erosion law, which

explains why Ce (abbreviation for C%,,,) replaces all the parameters
related to abrasion and quarrying. Some parameters have no impact
and thus have confounded upper and lower points. .

Time-serics of englacial (green), subglacial (red), and croded (blue,
shown negative) volume of sediment over the last glacial cycle and
normalized against the initial sediment volume (dashed pink line). The

black curves are obtained from the baseline run, whereas the width of

the curves corresponds to the range produced by the upper and lower

e of C,,,.. T addition, ice volume (from run ID 1027, calibration

set N5bt in Tarasov et al. 2012), normalized against LGM volume, is

shown in light blue for comparison against englacial sediment volume.

xi

60

61



List of Acronyms

BP Before Present
GSM Glacial System Model
HB Hudson Bay
IRD Ice Rafted Debris
JB James Bay
LGM Last Glacial Maximum
LIS Laurentide Ice Sheet
MA Manitoba
ND North Dakota
OH Ohio
ON Ontario
SD South Dakota



List of Symbols

Symbol

Description

B,

a

b

¢

o
quar

D

D*

Dy

brasion rate

Effective area of contact

Cross sectional area of the abrading particle
Thermally activated Glen flow law coefficient

Basal melting rate

Sediment, cohesion

Englacial sediment concentration by volume

Basal debris concentration

Critical englacial sediment concentration by volume
Scaling factor for the empirical erosion law

Ma:

mum englacial sediment concentration by volume

Quarrying scaling factor

Diffu

ion coefficient for vertical mixing

Diffus

on coefficient prefactor

ewtonian sediment reference deformation rate

Srosion rate

Erosion rate for the empirical law

m?

s~! Pa
ms

Pa




Symbol  Description Units

7 Normal bed modification factor 5

JE, Tangential bed modification factor 5

Fy Normal contact force

g Gravitational acceleration ms?
Hy Thickness of the modelled basal ice m

h: Sediment saturation thickness m

hy Water film thickness m

B e Maximum initial sediment thickness m
Ryed Sediment thickness m
[ Shielding factor m
HV* Bedrock hardness Pa
hu Effective subglacial water thickness m
Kabr Abrasion wear coefficient -

K, Apparent conductivity of the sediment m? Pa~! g~}
K., Hydraulic conductivity of the sediment ms!
k. Vertical grid cell identifier -

T Entrained array depth m
Lyus Latent heat of fusion of ice Jkg!
{1 Cut-off englacial array thickness m
bnod Array depth modifier N

n Sediment rheology exponent =

n Residual pressure exponent for quarrying 2




Symbol  Description Units
Number of vertical cells =

P. Effective normal pressure Pa

P, Tee overburden pressure Pa

Py, Pressure melting coefficient K Pa!
B Typical value for the residual pressure Pa

P, Separation pressure Pa
P Basal water pressure Pa
Q Quarrying rate ms!
Q. Sediment deformation flux m? s
Qu Horizontal water flux m? st
R Abrading particle radius m
R Transition radius w
y - Mean of the grain-size distribution m

? Basal water mass balance ms!
t Time coordinate 5
0 Horizontal ice velocity ms!
Upas Maximum entrainment rate ms !
Viniz Vertical mixing coefficient st
o Normal ice velocity wms!
Vaet Net entrainment /deposition rate ms !
Vpar Abrading particle’s absolute velocity ms!
Uy Entrainment rate ms



Symbol  Description Units

v, Sliding velocity ms !
o Typical sliding velocity ms!
Vsed Horizontal velocity within the sediment ms !
z Vertical distance from the ice/bed interface m

F Attenuation factor for the z-dependence of vertical mixing m

2 Bed elevation m

Zd Sediment deformation depth m

z* Thermal resistivity of englacial material mK Wt
Az Grid cell thickness m

7 Effective ice viscosity Pas
I Rock-rock friction coefficient -

o Newtonian sediment reference viscosity Pas
o Sediment angle of internal friction -

s Density of ice kg m?
s Sediment density kg m?
Po Water density kg m3
g Basal shear stress Pa

Taed Shear stress within the sediment Pa

O Basal roughness -

xvi



Chapter 1

Introduction and Overview

1.1 Motivations

As primary products of ice-bed interactions, glacial erosional and depositional land-
forms offer a potentially strong constraint on past ice sheet evolution. The great North

American ice sheets, for ins

ance, have been the subject of extensive palacoglaciolog-

ical reconstructions based on glacial geomorphic data (Benn and Evans, 2010). More
precisely, past glacial conditions, such as ice thickness, extent and flow pattern, are
inferred from subglacial bedforms, till characteristics, and moraine positions, and are
temporally constrained by geochronological data. This type of inversion modelling is

based on genetic classifications of sediment-landform associations and is, therefore,

dependent on field interpretations of glacial landforms and deposits. A further chal-
lenge is introduced by the palimpsest nature of glacial landscapes, which generally

limits interpretations to the late Pleistocene.

Over the course of the last few decades, numerical glacial system models (GSMs)

have emerged as an alternative approach for reconstructing palaco ice sheets. Their



advantage over inversion models stems from their ability to quantitatively compare

their results to various types of field obser:

ation and to provide spatial and temporal
coverage even in the absence of constraint data. In their current state, GSM results
are comparable with geophysical observations, such as relative sca-level data and
present-day rates of surface uplift. The use of geomorphic data is, however, limited
to constraining marine and terrestrial limits based on ice marginal features, as well as

ice flow pattern based on directional erosional and depositional landforms. Because

GSMs lack proper representations of subglacial erosion and sediment transport pro-

cesses, they cannot fully predict the geomorphic and geologic outcomes of glaciations.

Incorporating such basal process components in GSMs is thus a necessary step toward

exploiting the broader range of glacial geomorphological observations for constraint

purposes.

This thesis addresses this research gap by developing a continental-scale subglacial
process model that accounts for sediment production, entrainment, transport, and

deposition (hereafter referred to as the sediment model). This model is applied to

the North American ice sheets over the last glacial cycle and predicts the distribution

of glacigenic sediment and cumulative erosion patterns. Th

se results are compared

against the present-day sediment cover over North America and geological estimates

of Laurentide erosion. Although the processes of sediment production, entrainment.

transport and deposition have been to some degree addressed theoretically, few at-

tempts have been made to implement them in continental-scale GSMs, the most recent

of which was the work of Hildes (2001;2004). is thus a continuation of his

attempt to develop a coupled basal process/ice sheet model.



Hildes (2001; 2004) adopted a process-oriented approach where distinct erosional and

transport mechanisms were physically modelled based on existing theoretical descrip-

tions of these proc s. This contrasts with the use of empirical laws more commonly

implemented in GSMs (see Section 2.2.3.2). This process-oriented approach was com-
bined with a lithological description of the bed to represent subglacial processes on
the continental-scale. This method allowed the trajectory of specific lithologies to be
predicted, thus the extent and composition of modelled glacial deposits were com-

pared against those of observed dispersal trains. Although I do not include sub-grid

lithological information, I do adopt several of Hildes' approaches, including the use of
Hallet’s abrasion law (Hallet, 1979b) and Philips law for regelation intrusion (Philip,
1980), and the representation of vertical and horizontal englacial transport by varia-
tions in debris concentration. In addition, I present a novel quarrying law based on
the estimated extent of subglacial cavities, implement Boulton’s analysis of abrasion
(Boulton, 1979) for comparison with that of Hallet, and add a soft-bed deformation
component based on the model of Jenson (1995). These aspects are discussed in detail

in Section 2.2

1.2 Objectives and approach

The primary goal of this thesis is to develop a continental-scale subglacial erosion and
sediment transport model consistent with geological estimates of cumulative erosion
and with the observed pattern of glacigenic deposits over North America. In addition,

I addr

the following key questions:

o Can process-oriented erosion laws be replaced by simple empirical relationships

between erosion rate and some glaciological variable?



e When implemented in GSMs, do Hallet’s and Boulton’s abrasion laws produce

comparable erosion patterr

o Can a large-scale quarrying law based on the extent of subglacial cavities pro-

duce real;

erosion patterns?

e Which of subglacial deformation and englacial transport was the most efficient

m of the North American ice sheets?

transport mechani:

To properly address these questions, the results presented in this thesis are obtained

. As ¢

in the context of a sensitivity analy cussed in Section 2.2.1, this approach

used in

consists in defining realistic ranges for the poorly constrained parameters

s of model

the sediment model and in systematically generating the associated rang

outcomes. This approach is superior to using a single set of parameter values because

it allows the parametric sensitivity of the model to be examined and the importance

s and variables to be identified. Systematic sensitivity analyses.

of different proc
as well as attempts to address the questions outlined above in the continental-scale

line of research.

context, have so far been lacking in this

Furthermore, when conducting modelling studies that involve several different topi

such as the variety of subglacial processes implemented in the sediment model, it is

tempting to present the entire range of possible results that can be generated by the

I observations.

model, regardless of their relevance or their compatibility with physic

Such an approach would yield a very detailed documentation of the model’s behaviour,

but would be at risks of being a purely numerical modelling exercise with limited

scope. In the hope of presenting a study that has value to the ice sheet modelling

community, [ attempt to avoid this approach by presenting results that can, in general,



be compared to available data or to other models, and by addressing glaciologically

relevant topics in most of the discussions.

1.3 Structure

This thesis is written in manuscript format (in contrast to traditional format), as

such, its content is presented in the style of journal articles and will be prepared for

publication. In this case, the supervisory committee agreed that a single manuscript

was preferable given the nature and scope of the research undertaken. This manuscript
is presented in Chapter 2 and is written as a stand-alone research paper. it thus
contains some background material that is repeated from this introductory chapter.
Chapter 3 consists of summary comments and descriptions of potential future research

directions resulting from this thesis. The bibliography serves for the whole thesis.

1.4 Co-authorship statement

ithorship for the paper presented in Chapter 2 is in the following order: Mr. Alexan-

sor), and Dr. Lev

dre Melanson (thesis author), Dr. Trevor Bell (thesis co-supervi

or with the Department of Geog-

Tarasov (thesis supervisor). Dr. Bell is a Pro

raphy of Memorial University of Newfoundland, and Dr. Tarasov is an Associate

Professor with the Department of Physics and Physical Oceanography of Memorial

University of Newfoundland.

Dr. Tarasov developed the initial idea and direction of the project, after which Mr
Melanson conceptualized the detailed form and structure of the model presented here.

Mr. Melanson subsequently wrote the code for the model and performed the numerical

simulations as well the data analysis. Related models were provided by Dr. Tarasov



(MUN 3-D GSM, as well as the calibrated set of GSM parameters) and by Mr. Mark
Kavanagh (basal hydrology solver), a Master's student of Dr. Tarasov. Dr. Bell pro-

vided supervisory guidance and key knowledge pertaining to glacial geomorphology.

The research paper presented in Chapter 2 was written entirely by Mr. Melanson,
with the exception of Section 2.2.6 that was provided by Dr. Tarasov. Dr. Bell and

Dr. Tarasov thoroughly reviewed the manuseript and suggested minor revisions.



Chapter 2

Numerical Modelling of Subglacial
Erosion and Sediment Transport
and its Application to the North
American Ice Sheets over the Last

Glacial Cycle



Abstract

Present-day sediment distribution offers a potentially

strong constraint on

past ice sheet evolution, however, glacial

tem models (GSMs) cannot addr

this while lacking proper representations of subglacial sediment production and
transport. Incorporating these elements in GSMs is also required in order to

quantify the impact of changing sediment cover on glacial cycle dynamics

Toward this goal, I present a subglacial process model (hereafter referred to

ais the sediment model) that incorporates mechanism

s for sediment production,
entrainment, transport, and deposition. Bedrock erosion is caleulated either by

Hallet’s or Boulton’s abras

on law, and by

a novel quarr neterized

g law pa

ais a function of subglacial cavity extent. These process-oriented eroison laws

are compared agains

a simple empirical relations

ion rate and

Jip between eros

the work done by basal stress. Sediment entrainment is represented by Philip’s

law for regelation intrusion and soft-bed deformation is included as a subglacial

sediment transport mechanism, the rheology of which is assumed to be weakly
non-linear. The model is driven by the data-calibrated MUN 3-D GSM and a
newly developed subglacial hydrology module.

The sediment model is applied to the last North American glaciation and
predicts sediment thickness and cumulative erosion patterns. These output
fields are compared against the present-day glacigenic sediment distribution and
geological estimates of Laurentide erosion. Given plausible parameter ranges
for the sediment model (chosen a priori based on available literature or on

heuristic arguments), the caleulated erc

fon depths fall within the geological

estimates of Laurentide erosion, with the exception of Hallet’s abrasion law that

underestimates abrasion by at le

st an order of magnitude. In addition, most of

runs in the sensitivity set produce unrealistically thick and continuous moraines

along the eastern, southern and western margins of the North American ice

comple

which suggests that the model overestimates sediment entrainment



and thus englacial transport. This is either explained by the misrepresentation

of large-scale regelation intrusion or by underestimated basal water pr

ures.

A realistic sediment distribution is only obtained when the entrainment rate

is capped at the average basal melting rate, which suggests that a realistic

achieved when the entrainment

balance between entrainment and deposition is

and basal melting rates are of the same order of magnitude.

2.1 Introduction

As first hand evidence of ice-bed interactions, glacial erosional and depositional land-
forms offer a potentially strong constraint on past ice sheet evolution. Although they
are the primary tools used in qualitative reconstruction of paleo ice sheets (Glasser and
Bennett, 2004), numerical modelling of the subglacial processes that created them has
been hampered by the lack of direct observations of the ice/bed interface. However,

the advent of new subglacial monitoring techniques has increased the acces

ibility of
contemporary glacier beds (Benn and Evans, 2010) and, in conjunction with key labo-

ratory experiments (Iverson, 1990; Kamb, 1991; Iverson, 1993; Iverson and Semmens,

1995; Tulaczyk et al., 2000; Byers et al., 2012), has allowed models to be formulated
and validated against the new data. This has progressively allowed glacial system

models (GSMs) to incorporate quantitative representations of subglacial erosional

and transport processes (e.g. Alley and MacAyeal, 1994; Jenson et al., 1995

Egholm

et al, 2012), although only few attempts have been made in the continental-scale

context (Tulley, 1995; Hildes, 2001; Hildes et al., 2004; Jamieson et al., 2008, 2010)

Indeed, the majority of continental-scale GSMs still lack such representations and
hence cannot predict the geologic and geomorphic outcomes of glaciations. This

deficiency precludes them from fully exploiting the broad range of geomorphic data
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for constraint purposes

In addition, a subglacial process model fully coupled with

ice dynamics calculations is necessary to properly address the impact of soft-hed
deformation on ice sheet behaviour. This would be superior to the current practice of

prescribing potential enhanced flow areas based on present-day s

diment cover (e.g,

arasov and Peltier, 2004).

Toward these goals, I present a continental-scale subglacial process model that ac-
counts for sediment production, entrainment, transport, and deposition. The model

is applied to the North American ice sheets over the las

st glacial cycle and predicts
the distribution of glacigenic sediment and cumulative erosion patterns. This effort is

oriented

a continuation of the work of Hildes (2001: 2004), who combined a proce

approach with a lithological description of the bed to represent these proc

s on
the continental-scale. This method allowed the trajectory of specific lithologies to

be predicted, thus the extent and composition of modelled glacial deposits was com-

pared against that of observed dispersal trains. Although I do not include sub-grid

lithological information, I do adopt several of Hildes' approaches, including the use of

Hallet’s abrasion law (Hallet, 1979b) and Philip’s law for regelation intrusion (Philip.
1980). and the representation of vertical and horizontal englacial transport by varia-

tions in debris concentration. In addition, T present a novel quarrying law based on

the estimated extent of subglacial cavities, implement Boulton’s analysis of abrasion

(Boulton, 1979) for comparison with that of Hallet, and add a soft-hed deformation
component based on the model of Jenson (1995). The latter is included to assess the
transport potential of subglacial deformation relative to englacial transport, and to

determine whether it has an impact on the erosion pattern.
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Moreover, T tackle the important question of whether continental-scale subglacial
erosion models require the use of a process-oriented approach (where abrasion and
quarrying are modelled separately with their own set of controlling variables), or can
be simply reduced to an empirically-based scaling relationship between erosion rates

and some glaciological variables (e.g. ice thickness, sliding velocity, etc.). Although

both approaches have been applied to the continental-scale (see Section 2.2.3), there
has been no attempt to compare and evaluate them. I thus specifically attempt to fill

this research gap by implementing both approaches in the model and comparing them

tematically. By adopting this goal, T implicitly oppose the notion that physically

based approaches should automatically be deemed superior. Rather, I support that

there

reason to reject empirical laws, especially in the large-scale context,

where it is conceivable that the small-scale variability of subglacial processes averages-

out and thereby reveals a larger pattern controlled by the average value of glaciological

variables.

Most of the results presented here were obtained in the context of a sensitivity

tivity

(see Section 2.2.1). This approach allows the sediment model’s parametric sen

to be examined and the influence of different processes and variables (e.g. entrainment,

sediment deformation, basal water pressure, etc.) on the predicted pattern of erosion
and deposition to be identified. This approach, as well as attempts to address the

question outlined above in the continental-scale context, have so far been lacking in

this line of research.
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2.2 Model description

I present below a two-component model that quantifies processes of subglacial sedi-
wment production, entrainment, transport and deposition. The subglacial component
(2-D) acquires sediment from eroded bedrock and from melting of debris-laden ice, and
transports it horizontally by soft-bed deformation. Where entrainment s, it yields ma-

terial to the englacial component (3-D), which allows vertical and hori

ontal englacial
transport of debris, and sediment deposition in zones of dominant basal melting, The
wiodel is driven by the MUN 3-D GSM (Tarasov et al. 2012; Section 2.2.6), that now

includes a basal hydrology solver (Kavanagh 2012; Section 2

.7). Together, they pro-

ariables,

vide key controlling such as ice thickness, sliding velocity and basal water

pressure. To better isolate the sediment model behaviowr’s, only passive coupling

between the sediment model and these dri

ing components is currently turned on

2.2.1 Sensitivity analysis

Any attempt to model sparsly-observed and small

ses, such as those in-

cale proces

cluded in the sediment model, is bound to include some level of idealization and

parameterization with respect to their large-:

cale representations. This requires the

use of poorly- or unconstrained parameter

that can hard

v lead to firm conclu

when only a single set of values is assigned to them. Rather, it is preferable to define
a plansible range for each parameter (in this case, an upper, lower, and base value)

and systematically generate the associated range of model outcomes. The parameters

to which T ass

ign a range are herein referred to as sediment model parameters and

are identified by an asterisk.

Their values are documented and explained in Table
2.1. The model run that uses the base value of each parameter is referred to as the

baseline run. This approach is superior to using a single

et of parameter values be-
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cause it explicitly shows the bounds and the flexibility of the model, and identifies

the parameters (thus the processes) to which the model is most sensitive. Further-
more, examining parametric sensitivity is an important first step toward uncertainty

quantification.

2.2.2  Model numerics

The sediment model's equations are discretized by finite volumes on a staggered spher-
ical coordinate grid spanning North America with a 1° meridional and 0.5° zonal

resolution. In addition, the englacial component is solved over N? vertical layers

exponentially concentrated near the ice-substrate interface, resulting in a domain
thickness of Hy, (Table 2.1). Horizontal transport terms are temporally discretized
by the explicit Euler forward scheme, whereas the implicit tri-diagonal matrix algo-
rithm is applied to those for vertical transport. Furthermore, the transport fluxes
at the interfaces are calculated from the upwind scheme, while those for vertical in-

terfaces are computed from the power-law scheme for advection-diffusion problems

(Patankar, 1980). The transport of material between grid cells and between model
components conserves total sediment volume. The model is run from 120 kyr be-
fore present (BP) to present-day with asynchronous dynamic time-stepping between

the components to enforce CFL conditions. Following the method of Hildes (2001;

2004), the model is initialized with present-day sediment thickness (see Figure 2.1)

Based on the surficial geology map of Canada (Fulton, 1995), T define a sub-grid
sediment cover factor to each surficial category (e.g. 1 for till blankets, 0.1 for till
veneer). The upscaled, model-grid sediment thickness is then obtained by averaging
the sediment cover factors and multiplying by a maximum initial thickness, h,,,. As

the sediment distribution of Figure 2.1 fails to capture the intra-category variability

of sediment thickness, it does not accurately represent the thickness of present-day



sediment thickness (m)

8.4 9.6 10
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Figure 2.1: Initial sediment distribution at 120 kyr BP, based on the map of Fulton

(1995). A maximum of h,,, (base value of 15 m) is prescribed over arcas of observed

till blankets. Each colored square corresponds to a full grid-cell.
sediment, but merely serves as a realistic initialization map. Lastly, as transport by
proglacial streams is negligible at the continental scale, it is not included in this study

and Tapply a no-flux boundary condition along the ice margins.

2.2.3 Subglacial erosion

Glacial abrasion and quarrying are commonly viewed as the dominant subglacial cro-
sion mechanisms (Drewry, 1986; Glasser and Bennett, 2004). Although meltwater
erosion has been hypothesized to produce significant local erosion through catas-
trophic outburst flood events (Shaw, 2002), it is thought to be negligible relative to

abrasion and quarrying over the continental-scale (Drewry, 1986; Iverson, 2002; Co-



hen et al., 2006). With their own set of controlling variables, abrasion and quarrying
are favoured under different glaciological conditions, but have also been shown to be

controlled by litholog

al properties of the bed (Glasser and Bennett, 2004: Krabben-
dam and Glasser, 2011). The complexity of the erosion pattern over North America
is a consequence of these multiple controls on glacial erosion, and it is still unclear

whether this pattern can be successfully reproduced by simple empirical erosion laws

(Hallet 2011; Section 2.2.3.2) , or requires a process-oriented approach, where abra-

i

sion and quarrying are modelled separately (Hildes 2001; Hildes et al. 2004; ion

3.1). Rather than adopting only one of these approaches, T favour a comparison

between them and implement both in the model.

2.2.3.1 Process-oriented erosion laws

Quantitative models of glacial abrasion take the form of wear laws from material
science adapted to the subglacial context (Archard, 1953: Hallet, 1979b; Boulton,

1979; Drewry, 1

; Cuffey and Alley, 1996 Hildes, 2001: Lee, 2004):

A= exp(=huaal Do) g X CUR) V(R (R) (1)
0

where Ky, is the abrasion wear coefficient (0.2), HV* is the Vicker hardness of the

bedrock, €, (m™*) is the size-dependent basal debris concentration, Fiy the contact

force between the bedrock and the abrading particle, R is the particle radius, and
Upar i the absolute velocity at which the abrading particle is dragged along the bed.
The exponential factor represents shielding of bedrock by deposited sediment, where

sediment thickness and a characteristic

e and R,

4.4 are respectively the subglag
depth for the shielding effect (hereafter referred to as the shielding factor; Hildes 20015
Hildes et al. 2004; Egholm et al. 2012). Note that Equation (2.1) implicitly assumes

that the abrading particle’s hardness is always greater than that of the bedrock, which
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potentially leads to overestimating total abrasion, as soft particles cannot physically

abrade a harder bedrock.

As outlined below, controlling variables v, (R) and Fy(R) depend on the abrading
particle size. Rather than choosing a single representative clast size, 10 values of R are
chosen uniformly over the base-10 logarithmic scale, ranging from 1 to 0.1 m (i.c.
clay to cobble). The product of v (R) and Fy(R) is weighted against the grain-size
distribution, C(R), and summed to obtain the total abrasion rate. The weights are

ithmic

generated by a normally-distributed particle size profile over the base-10 log

scale, and scaled with the basal debris concentration by volume, as computed from the

model’s englacial transport component (Section 2.2.4). This caleulation assumes that
the debris concentration by volume is equal to the areal debris concentration in contact
with the bed. Assuming a normal particle size distribution is a highly simplified
approach, as these distribution are typically bi- or even poly-modal (Haldorsen, 1981:

Boulton, 1978, 1979; Drewry, 1986; Hubbard and Sharp, 1995; Cook et al., 2011)

This specific distribution was chosen to incorporate a wide range of particle sizes while

minimizing the number of parameters required to generate it. A more detailed study
could attempt to dynamically generate the particle radii distribution; this would,
however, require statistical data pertaining to the specific size of debris produced hy

abrasion and quarrying.

With a clear dependence on bedrock hardness through the abrasion coefficient, the

question of whether the abrasion law requires the incorporation of detailed lithological

vial because bedrock hardness varies within

information arises. Such an effort is non-t
a model grid cell, prompting the use of an upscaling rule to obtain a single grid-scale

value. This was done by Hildes (2001; 2004) with an area-weighting scheme. Although
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it is likely to affect the spatial pattern of abrasion, I treat HV* as a uniform and

constant sediment model parameter. As discussed in Section 2.3.2, however, the
average abrasion depth predicted by Hallet’s abrasion law (see helow) is similar to

that of Hildes (2001;2004)

The exact form of Fy and v, differ according to the context in which they are in-

terpreted, i.e. Hallet’s or Boulton’s abrasion law.

BOULTON’S MODEL

Boulton (1974; 1979) suggested that the force exerted by the abrading particle on the

bedrock is proportional to the effective normal pressure, P, such that Fy = AP,

where A, is the effective area of contact. For a spherical particle of radius R in contact

with a water film of thickness 1y, this is given by A, = w(2Rhj — (h})?) (Byers et al.,

2012). The friction between the clast and the bedrock causes the former to travel

slower than the sliding ice (Boulton, 1979). By using Weertman’s theory of basal

sliding, Boulton estimated this reduced velocity as

FPdo\? PnP.A.
) (2.2)

Upar(R) = o] = '-’13’.',"( T LA T

A,

where v, is the sliding velocity, B} is the temperature-dependent coefficient in Glen's
flow law, ¢* is the rock-rock friction coefficient, A, is the cross-sectional arca of the
particle, P,, is the pressure melting coefficient (7.42x 1075 K Pa~'), Ly, is the latent

heat of fusion (3.34x10% J kg™), and p; is the ice density (910 kg m?)



HALLET’S MODEL

By recognizing that abrading particles are generally embedded in pressurized ice,
Hallet (19791; 1981) suggested that stress concentrations required for clasts to incise
the bedrock remain constant under changes of normal effective pressure. His model
thus asserts that effective contact forces are controlled by ice flow toward the bed
rather than by the effective pressure. The normal drag exerted by the ice on the

embedded clasts is expressed as (Watt, 1974):

where f;Y, is a modification factor accounting for the presence of the bed (1.8; Byers

et al. 2012), 7 is the effective ice viscosity, R is the critical radius at which the

drag per cross-sectional area reaches a maximum (Hallet, 1979b) and is given by

(30P./LyuspiZy)%. v, is the normal ice velocity and in principle comprises three
components: the component of the sliding velocity normal to the bed. the basal
melting rate, by, and the normal component of the extensional ice velocity. Given
that the relevant vertical length scale is approximately the diameter of the clasts,
the extensional component is shown to be negligible (Hildes, 2001). The normal
sliding component, on the other hand, is dependent on the small-scale (1-100 m) bed
dip angle, e.g. positive on the stoss side of bed protrusions and negative on their
lee. Ideal treatment of this term would incorporate statistical information on bed dip
angles at the relevant scales. Lacking this small-scale representation. T assume that the
roughness of the bed is averaged-out over the model grid-scale, yielding v, = by
Note that i) gravitational buoyancy of the abrading particle is not included in the

contact force expression because it’s contribution is negligible relative to the viscous
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drag for particles with radius less than a few decimetres (Drewry, 1986; Iverson, 2002),

and that ii) the derivation of Equation (2.3) assumes a linear ice rheology.

The particle velocity over the bed is obtained by assuming force equilibrium between
the tangential drag imparted by the ice on the abrading particle and the friction with

the bed, yielding

(24)

Upar = 03] =

where f{ is the tangential bed modification parameter (1.7; Hildes 2001).

Although laboratory experiments favour Hallet’s abrasion law (Iverson, 1990; Byers
et al., 2012), questions remain whether it is appropriate in conditions of high debris
concentration, where close particle interaction might induce a dependence on effective
normal pressure (Hallet, 1979b; Iverson, 2002). The lack of conclusive evidence for

cale interpretative framework, as well as the under-

choosing the appropriate larg

estimated abrasion resulting from Hildes' (2001:2004) attempt to implement Hallet's

law in a continental GSM (see Section 2.3.2) provides motivation for implementing
and comparing Hallet's and Boulton’s abrasion laws. Note that in both implementa-
tions, abrasion is neutralized when i) the particle velocity becomes negative, ii) the

hes flotation.

ice hecomes cold-based, and i) when ice r
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QUARRYING

Quarrying is regarded as the dominant glacial erosion mechanism (Briner and

son, 1998; Iverson, 2002; Loso et al., 2004; Riihimaki, 2005; Cohen et al., 2006;

Krabbendam and Glasser, 2011), yet a satisfying large-scale representation of it re-

mains elusive. This is primarily due to the complex interaction between glaciological,

lithological, and hydrological controlling processes and to the poor understanding of

their relative contribution to large-scale quarrying rat

Detailed theoretical analysis of stress fields in both basal ice and bedrock suggest
that thin, fast flowing ice optimizes quarrying (Iverson, 1991; Hallet, 1996). Such
conditions favour the formation of subglacial cavities that reduce the area of ice-bed
contact and consequently enhance the stress concentration on contact points. Hildes
(2001) even suggests that the absence of cavities neutralizes quarrying because it pre-
cludes the bedrock from reaching the minimum stress intensity required to propagate
cracks. These analyses assume that suberitical crack growth under ice load rate-limits

quarrying. thus that lithology-specific information such as minimun stress intensity

(estimated from the critical stress intensity) and crack growth exponent (controls the
relationship between crack propagation rates and stress intensities) are the primary
lithological control on quarrying. Hildes (2001; 2004) adapts this modelling approach
to the continental-scale by assuming quarrying rates proportional to suberitical crack

propagation rates, which are caleulated by upscaling the aforementioned lithological

parameters to the model grid. Although their analys

produces realistic (but slightly

underestimated) quarrying rates, field evidence suggest that this representation of

ncomplete.
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Indeed, Glasser et al. (1998), Duhnforth et al. (2010), and Krabbendam and Gl

(2011) show that inter- and intra-lithology variations of preglacial bedrock joint den-
sity correlates with quarrying efficiency. Furthermore, a recent study (Hooyer et al.,
2012) interprets the strong correlation between the orientation of quarried surfaces

and that of preglacial joints (and the associated lack of correlation with sliding di-

rection) as evidence falsi

fying the assumption that subglacially-induced crack growth

controls quarrying, This assumption implies that quarried surfaces should align with

principal stresses imparted by fowing ice. Rather, the authors suggest that the bed

should be idealized

s “a series of blocks separated by discontinuous preglacial joints

containing intact rock bridges”. The influence of suberitical erack growth would then

be restricted to the rock bridges, and thus relegated to a lesser role than in previous

models.

These studies show that parameters tied to subcritical crack propagation are not

necessa

ily the primary lithological control on quarrying rates, thercfore, using them
in quarrying models is difficult to justify. Rather, sub-grid information on bedrock

joint. density should also be included and might even be more influential. However,

as pointed out in Krabbendam and Glasser (2011), joint density can vary by up to

orders of magnitude within a single lithology, rendering bedrock geology information

impractical for incorporating this aspect in large-scale models

The lack of spatial information on bedrock joint density forces me to assume a uniform

lithological control on quarrying over the model domain. Considering the importance

of subglacial cavities in the quarrying process, I scale quarrying rates with the esti-

idual

mated grid-scale extent of cavities. The latter is assumed proportional to the re

pressure, i.e. the difference between basal water pressure, P, and separation pres-



ans, 2010;

sure, P,, which is expressed as (Schweizer and Tken, 1992; Benn and

Cuffey and Paterson, 2010):
T

Po=P-—
wCr

where P is the ice overburden pressure, 7, is the basal shear stress (currently assumed
equal to the driving stress), and ¢* is the basal roughness (vertical variation of bedrock

features over their characteristic length).
The quarrying rate is then calculated as :

@ = 0D~ gg) oy (u) ' 26)

where €, is the quarrying coefficient, n, controls the influence of the residual pres-

sure on quarrying, and P, i

a typical value for the residual pressure (18 kPa), cal-

culated from P,=0.3 MPa, ¢

100 kPa (Cuffey and Paterson, 2010).
Quarrying is neutralized when P, < P,. The resulting quarrying law is consistent
with the accepted view of quarrying, i.e. proportional to basal water pressure and slid-
ing speed, and inversely proportional to ice overburden pressure (Glasser and Bennett,

2004). Note, however, that this approach is novel and lacks field validation.

Treating ¢* as a sediment model parameter implicitly assumes that quarrying rates
can be effectively estimated by an average measure of bed roughness. This is a serious
simplification because topographic control of quarrying operates on a range of different

scales, as suggested from the range of roche moutonnées dimensions (Benn and Evans,

2010). Nonetheless, I assume that reali

tic quarrying rates can be obtain by averaging



topographic variation and treating roughness as a uniform sediment model parameter

(Table 2.1).

There is theoretical (Iverson, 1991) and field evidence (Cohen et al., 2006) suggesting

that fluctuating cavity water pr

e also enhances qua

ving rates. This is irrelevant

at the continental-

le, however, as percolating surface water is unlikely to reach the

bed and induce rapid chang

es in basal water pressure. Water pressure is thus likely
to vary at a much lower frequency than the diurnal fluctuations observed in alpine

and outlet glaciers (Benn and Evans, 2010)

Although there is general agreement on the dominance of quarrying relative to abra-
sion, quantitative evidence of their relative contribution to total glacial erosion is

sparse. By measuring suspended sediment load and bedload in outlet streams of

alpine glaciers, Loso et al. (2004) and Riihimaki (2005) estimated that quarrying is
responsible for respectively 80-90% and 66% of the total sediment production. Quan-

titative analy

s of glacial erosional landform morphology over a range of bedrock
properties (Krabbendam and Glasser, 2011), however, shows that bedrock hardness
and joint density dictate whether abrasion or quarrying is the dominant crosional
mechanism, even under uniform glacial conditions. Thus, for soft rock with low joint
density, landforms are created predominantly by abrasion, whereas quarrying dom-

inates for hard rock with high joint dens

ty. This suggests that secking a universal

quantification of the relative strength of abrasion and quarrying might be an ill-posed

problem,



2.2.3.2 Empirical erosion law

Although process-oriented erosion laws have been applied to continental-scale

(Hildes, 2001; Hildes et al., 2004), there has been no attempt to evaluate whether such

an approach can effectively be replaced by simple scaling relationships between erosion

rates and glaciological variables sliding velocity, ice thickness or driving stress
(or some combination). Such empirical erosion laws have, however, been applied

in the context of alpine and tidewater glaciers (Harbor, 1992; Herman and Braun,

2008; Kessler et al., 2008; Egholm et al., 2009, 2012), to glacial landscape evolution

2010; W

on ct al., 2012), and to long-

under ice sheets (Jamieson et al., 2005, 2008
term erosion depth estimation under the Laurentide Iee Sheet (LIS; Hallet 2011)
This approach has the advantage of requiring no theoretical description of small-scale
subglacial processes, which minimizes the reliance on assumptions and idealizations

However, by estimating erosion from a single expression, it is implicitly assumed that

all glacial erosional processes are controlled by the same grid-scale variable, thus losing

the differential relative efficiency of the processes.

1 follow Hallet (2011) and Pollard and Deconto (2009) and assume that glacial erosion
rates scale with the product of basal shear stress (assumed equal to the driving stress)

r):

and sliding velocity (hereafter referred to as basal pow

Eonp = xp(=hyea/ Riea) Clip|nol04] (2.7)

This particular choice of scaling variable is supported by empirical evidence (Hallet,

2011) that allows estimation of the coefficient €7, = (Table 2.1). Similarly to the

emp

process-oriented laws, no erosion occurs under cold-based or floating ice.



2.2.4 Englacial transport

Observations of erratic lithologies far from their source area provide unequivocal ev-

idence for the ability of ice sheets and glaciers to transport debris (Stravers et al.,

1992; Mahaney, 1995; Larson, 2003, 2008; Benn and Evans, 2010). Debris-hearing
basal ice in ice sheets and ice streams has been observed to reach thicknesses of 5
to 20 m (Drewry, 1986; Gow and Meese, 1996; Alley et al., 1997; Cook et al., 2011),

representing the potential for significant debris storage and transport. Such basal

layers are composed of several types of facies and are thus the product of various en-
trainment and mixing mechanisms. However, given the small-scale nature of englacial

transport processes and their lack of large-scale theoretical representations, 1 employ

a simplified approach in which the wide range of proc s limited to just a fow.
In this regard, I adapt the transport model of Hildes (2001; 2004), which consists

of representing horizontal and vertical debris transport by variations in the debris

concentration (by volume), C' = C'(x, y.

W o UCTa)

. -
5 5+ Vinia (2.8)

where v; = v;(, y, 2) is the horizontal ice velocity. The vertical ice velocity is assumed

equal to the basal melting rate and is incorporated in the net entrainment /deposition
rate, Vir = Vier(,y) (see Equation 2.12). Ve = Vio(a,y) is the heuristically

defined vertical mixing rate, also discussed in the sections below. Note that (7 is not

allowed to exceed a maximum value of Cj,,,; any excess concentration is redistributed

to adjacent cells.

The desired outcome of this englacial transport model is to reproduce the vertical

pattern of debris concentration observed in basal ice, ranging from the debris rich
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0-90%) stratified facies located near the bed, to the upper, dispersed (or clotted)
facies with lower debris content (<10%) (Drewry, 1986; Knight, 1997; Waller et al.,

2000; Cook et al., 2011).

2.2.4.1 Entrainment

Although basal ice entrains unconsolidated sediment by several mechanisms, T fol-
low Egholm’s (2012) and Hildes' (2001:2004) first-order assumption that regelation
intrusion into the sediment is the dominant one (distinet from Weertman regelation
across basal obstacles, see for example Alley et al. 1997). The theoretical basis for this
process was first established by Philip (1980), who modelled ice regelating down into
an array of cylinders (representing porous basal sediment). Laboratory experiments
(Iverson, 1993; Iverson and Semmens, 1995) later confirmed that the intrusion rate,
v, fitted well with the relation proposed by Philip (1980):

o= 1\“5 (2.9)

la

where K is the apparent conductivity of the sediment (order of 107" m? Pa~' 5!

dependent on the sediment porosity

see Iverson and Semmens 1995, their Equations
and 3), and I, is the effective thickness of the entrained sediment array. Equation (2.9)
assumes that the pore-water pressure is equal to the grid-scale basal water pressure

provided by the hydrology model

In the case where v, is greater (respectively, lower) than the deposition rate, [, will
increase (decrease) until it reaches an equilibrium thickness for which entrainment
balances deposition. The dependence on I, appears because ice must regelate around
the whole array of entrained material in order to intrude further into basal sediment;

thicker arrays thus provide more resistance to intrusion (Alley et al., 1997). However,



this is only the case if the array is clast-supported, that is, there is close contact

between embedded particle

This leads to complications when defining the effective

array depth, [,, because mixing processes dilute the entrained array and enable fur-

ther regelation intrusion. [, must therefore measure the thickness of clast-supported
material rather than the total thickness of entrained debris. A satisfying definition

for this was proposed by Hildes (2001) by introducing an array depth modifier

Liod(2) = 0.5{tanh[20(C'(2) — )] + 1} (2.10)

This effectively represents a smoothed unit step function, and assigns large weights to
concentration above (7, and vice-versa. The effective array depth is then calculated

as

11)

Lo =3 loalh:) Az (k) (
(3

where k. is the vertical grid cell identifier, and Az is the grid cell thickness. The net

entrainment /deposition rate, Vi, can now be defined as:

bz = 0)

1-¢*

Vier

vy

where the second right-hand side term is the deposition rate, for which it is assumed
that deposited sediment instantaneously acquires a porosity ¢*, and where ('(z = 0)
is the debris concentration by volume at the ice/bed interface. Conversely, freshly

entrained debris is assumed to have a concentration of 1 — ¢*.

s shown in Figure 2.2, the basal hydrology model predicts only a small extent highly

pressurized subglacial water, which in turn yields large arcas of unrealistic entrainment
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rates (up to 5 orders of magnitude above the basal melting rate). This prompted the
addition of two ad hoc sediment model parameters designed to regulate entrainment

rates: v}, imposes an upper bound on the entrainment rate and its values are chosen

between the average and the maximum of b, assuming that capping v, at this lev

will produce more realistic net entrainment rates. [3,,, is the upper bound for the

effective array depth above which no entrainment is allowed. The latter is justified

from the theory of regelation entrainment, which predicts no entrainment after an
equilibrium array thickness is reached.
2.2.4.2 Vertical mixing

Folding of basal ice has been inferred from ice cores and observed in outlet and alpine

Yook et al., 2011),

glaciers (Gow and Meese, 1996; Knight, 1997; Waller et al., 2000;

By

and is argued to be the most efficient mixing mechanism (Alley et al.. 1997).
assuming that folding events occur on a random basis when ice encounters hedrock

ed as eddy-diffusion (Alley and MacAyeal,

obstacles, vertical mixing has been ideali
1994). Based on simple scaling argument, the diffusion coefficient, D, is estimated as

three or four orders of magnitude lower than that for thermal diffusion. We adopt

ing term of Equation (2.8) by

Vi =2 (D‘L() (2.13)
e Dz

Based on the dest

ription above, it is heuristically conceivable that D should correlate

with the sliding speed, and that mixing should be more pronounced near the bed.

leading to the following parameterization (from Hildes 2001):

e () ()om (2)

2.14)
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where D* and 2* are scaling factors, and @, is a typical sliding velocity (100 m yr™!).
The reduction of diffusion with increasing sediment thickness assumes that there is no

sliding at the ice-sediment interface, or that it does not produce considerable folding.

2.2.5 Transport by subglacial deformation

It is now generally accepted that subglacial sediment deforms and enhances ice dis-
charge under relatively low basal shear stresses (Alley, 1991; Murray, 1997; Alley,
2000; Evans et al., 2006). It is also suggested that this process leads to large-scale
ice sheet instabilities (Clark, 1994; Clark et al., 1999), although this notion has gen-
erated debate (Boulton et al., 2001; Piotrowski et al., 2001, 2002). The focus of this
paper being glacial erosion and sediment transport, T include a soft-bed deformation
component not for its impact on ice dynamics (which would require 2-way coupling
between the MUN 3-D GSM and the sediment model), but rather for its sediment
transport potential. Indeed, inferred and modelled transport distance by this process
ranges from ten to several hundred kilometres (Boulton, 1996b,a; Clark and Pollard,

1998: Larson, 2003, 2008).

Caleulations of the deformation flux are based on a stress-strain relationship for mass-
movement in landslides (Iverson, 1985), which was first applied to subglacial material
by Jenson et al. (1995), and later incorporated in several glacial system models by
(Clark et al., 1996; Licciardi et al., 1998; Clark and Pollard, 1998; Tarasov and Peltier,

2004: Pollard and Deconto, 2009).

Vn
Tt = ¢+ [P+ (py = pu)gz] tan " + (2D,) 7T iy ('h ') (2.15)
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where 7,4 is the shear stress within the sediment, assumed equal to the driving stress.g
is the gravitational acceleration (9.8 m s72), z is the vertical coordinate increasing
downward from 0 at the ice-sediment interface, p, and p,, are respectively the density

of the sediment and of water (2

90 kg m~* and 1000 kg m?), ¢ is the sediment cohe-
sion and generally assumed equal to zero (Jenson et al., 1995; Cuffey and Paterson,

2010), ¢ is angle of internal friction of the sediment, D, the Newtonian reference de-

formation rate (7.9x107 s%; Pollard and Deconto 2009), n, the rheology exponent,
and i3 the Newtonian reference viscosity. The vertical velocity profile, v.(2). is ob-
tained by integrating Equation (2.15). A second integration, from = = 0 to the base

of the deforming layer (also called deformation depth), = vields the deformation

s caleulated from:

flux, Q. The thickness of the deforming lay

24 = (|| = ¢ = Potan*) /((ps = pu)g tan ¢*) (2.16)

which is obtained from solving v,.(z) = 0. Modelled and observed values for the

deformation depth range from a few centimetres to 10 m (Alley, 1991 Jenson et al.,
1995; Clark and Pollard, 1998; Alley, 2000; Boulton et al., 2001; Cuffey and Paterson,
2010).

The following are used to derive the deforming flux expression: i) sedi-

mptior

went s thawed and saturated throughout its depth whenever the base is melting, ii)

there is no vertical variation in water pressure within the sediment and, iii) the shear

stress Sediment thickness is then obtained

imparted by the ice is independent o

by solving the continuity equation:

==V Qut E=Vuu (2
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where F is the erosion rate either from the process-oriented or the empirical erosion

It

As glacioftuvial reworking of till does not transport significant sediment volume over
long, grid-scale distances, this process is not included in this thesis. The calculated
sediment thickness thus represents general glacigenic deposits and does not distin-

guishes between primary and secondary tills.

2.2.6 Ice dynamics

The version of the MUN GSM used here includes a 3-D thermo-mechanically cou-

pled shallow ice model, parametrized climate forcing, asynchronously coupled sur-

face drainage solver, visco-elastic bedrock response, positive degree-day surface ma
balance (with temperature dependent degree-day melt coefficients), and detailed pa-
rameterizations for both marine and lacustrine ice calving and ice shelves. The model
has been calibrated against a large set of observational geophysical constraints, in-
cluding relative sea-level data and present-day rates of surface uplift. Marine limit
and strand-line data have also been used to further constrain ensemble model results,
Over successive calibrations the initial Eemian topography has been

adjusted to minimize discrepancy between present-day modelled (i.e. after a full
glacial cycle) and observed solid-carth topography. Although a calibrated ensemble
of deglacial chronologies is available, only a single, high probability set of GSM pa-
rameters is used in this study (runlD nnl027 from calibration set N5bt in Tarasov
et al. 2012). Details on the MUN 3D GSM and its calibration are provided in Tarasov

et al. (2012) and references therein.



2.2.7 Basal hydrology

A new addition to the MUN 3-D GSM is a basal hydrology module (Kavanagh, 2012)

Following the model of Flowers (Flowers, 2003). the basal water pressure is calculated

from a non-linear relationship with the effective subglacial water thickness, ft,:

g\
: o
" (M) e

where h} is the saturation thickness of the sediment. Ideally, this would be calculated

Py

from the sediment model; however, only passive coupling is currently turned on be-
tween it and the hydrology solver. k7 is thus treated as a sediment model parameter

acting as a simple control on the magnitude of water pressure.

The effective water thickness is calenlated from the continuity equation:

oh

—V Gt S 2.1
BN V- Qu+ (2.19)

where S, is the basal mass balance (including a prescribed drainage to the aquifer)
Q. is the horizontal water flux representing drainage through cavity networks and is

calculated from Darcy’s law:

Kuhu
Pl

V(P + pugn)

where K, is the hydraulic conductivity of the sediment (parameterized as a function

of h,) and p,, is the water density.

The solver also includes a down-gradient solver, adapted from the MUN 3-D GSM's

surface water drainage component, to represent tunnel formation. A grid-cell is
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flagged as containing tunnels if one of its interface fluxes reaches a specific threshold.

The water is then re-distributed by following the calculated hydraulic head gradi-

ent. Figure 2.2 shows the basal water pressure normalized against the ice overburden

pressure at Last Glacial Maximum (LGM)

normalized water pressure
.
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Figure 2.2: Ratio of basal water pressure and ice overburden pressure at LGM. Con-
tours show ice thickness in metres (from runID nn1027, calibration set N5bt in Tarasov
et al. 2012)



Table 2.1: Sediment model parameters. Bracketed symbols represents the abbreviations used in Figure 2.12. The range
column shows lower, base, and upper values in order.

Symbol  Description Range Justification
N?(Nz)  Number of vertical layers in  [11, 15, 19] Corresponds to a model domain thickness of 10.7, 15.7.
the englacial component and 21.4 m, respectively. and does not affect the relative

grid spacing.
Cip (Ce)  Scaling constant between [L5, 8, 14]x10~"  From Hallet (2011)

basal power and erosion rate  Pa~!

HV* (HV) Vicker bedrock hardness  [1.5, 4, 7)x10° Pa  Range from hardness of sedimentary to metamorphic
rocks (Hildes, 2001).
u* (mu)  Rockerock friction coeffi- [0.3, 0.85, 10] Based on the compilation of Byerlee (1978), who sug-

cient gest 0.85 for normal pressure above 5 MPa, but points
out that a dependence on surface roughness at lower

pressures can induce variations in ji*.

re



Table 2.1

Continued

Symbol

Description

Range

Justification

Rcan (R)

ny (hf)

B; (Bg)

Ciuar (Ca)

Mean of the grain-size dis-

tribution

Water film thickness

Temperature-dependent

Glen’s flow law coefficient

Quarrying coefficient

[107%, 1073, 1072

m

[107%,1075, 10~ m

[24, 38, 55]x107%
s71Pa~
[10711,10722,10~°)
Pa~!

Correspond to 2.3 to 4.3 on the ¢-scale and falls within
the observed range of mean grain size in basal ice facies
(Boulton, 1978, 1979; Haldorsen, 1981; Drewry, 1986;
Hubbard and Sharp, 1995; Cook et al., 2011).

From Drewry (1986); Hubbard and Nienow (1997) and
Hallet (1979a).

From Cuffey and Paterson (2010)

As a first order guess, I use the same range as the abra-

sion factor Ky /HV"

e



Table 2.1

Continued

Symbol

Description

Justification

C* (zet)

n,

(np)

Basal roughness

Quarrying law  exponent
controlling the influence of

basal water pressure

Range
[0.01, 0.1, 1]
0.3, 0.5, 1]

As roches moutonnées are the remnants of quarry-
ing events, I assume that they represent the relevant
scale on which quarrying operates. The base value is
thus obtained from their observed average dimensions

(Krabbendam and Glasser, 2011), it also corresponds to

the value used by Weertman in his theoretical anal
of basal sliding (Weertman, 1957).

Theoretical considerations (Cuffey and Paterson, 2010)
suggest a value less than 1, as the presence of a critical
water pressure limits the sliding velocity to a globally-
controlled value that should neutralize further cavity

growth even with increasing water pressures




Table 2.1 - Continued

Symbol

Description

Range

Justification

R,q (hs)

¥* (phi)

n; (ns)

1 (muo)

o* (por)

z; (zr)

Shielding factor

Angle of internal friction of
subglacial sediment
Rheology exponent for sub-
glacial sediment

Newtonian reference viscos-
ity of subglacial sediment
Sediment porosity

Thermal  resistivity — of

englacial debris

[2.6.10] m

20, 22, 24°

[1.25, 1.5, 1.75]

[0.1. 5, 100]x10°
Pas

[0.3, 0.4, 0.5]
[0.23, 0.55, 1.1]

m K W~

As calculated from the exponential factor in Equations
2.1, 26, 2.7, and 2.14, the concerned variables are re-
duced by half when hy.q is equal to 1.4, 4.1, and 6.9 m
respectively,

From Jenson et al. (1995).

From Jenson et al. (1995).

From Jenson et al. (1995).

From Clarke (2005).

Ranges of thermal resistivity for limestone (Hildes,

2001). The base value is the same used in Hallet (1979b,

1981)
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2.3 Results

Model results are organized along the themes of sediment transport and subglacial

erosion, and are presented in the form of sediment thickness and cumulative ero:

on

patterns. In Section 2.3.1.1, T examine the behaviour of the sediment model’s trans-
port component with a simple regional validation test. Section 2.3.1.2 describes the

continental sediment distribution predicted by the model, from which the contribu-

tion of sediment deformation is assessed in Section 2.3.1.3. Erosion results using the
different erosion laws are compared with each other, as well as with geological esti-

mates of Laurentide erosion in Section 2.3.2. Results from the sensitivity analy:

are presented in the final section (2.3.3), and aim to identify which sediment model
parameters the model is most sensitive to and to assess the associated parametric

sensitivity.

Several factors prevent a complete quantitative assessment of the sediment model’s
performance. Indeed, although local field estimates of glacial erosion are available at

a few locations across North America (e.g. Briner and Swanson, 1998). they remain

point-measurements and cannot be used as rigid constraint data until the local vari-

better constrained (see Section 2.2.3 for discus:

ability of erosion rates on on the
lithological controls on erosion). In this respect, only regional or continental estimates
of erosion can be properly compared with the modelled erosion results. Furthermore,
defining a sediment thickness metric based on the present-day distribution of sediment

(Figure 2.1) is difficult to justify because: i) this thicl

ness map was generated from

the surficial geology of North America, which does not inherently contain thickness

data.

igning specific thicknesses to each surficial category, although useful for the
purposes of this study, implicitly neglects the intra-category variability of sediment

till blankef

thickness (c. range from 5 to 10 m, till vencers from 0.5 to 5 m),




rendering the map ill-suited for quantitative comparisons. i) Using the present-day

sediment distribution as the initialization field is only a temporary solution to counter

the lack of information on preglacial sediment thickness. This simplified assumption
should be replaced by a proper iterative method for inverting present-day conditions.
Until this is achieved, sediment transport models cannot be quantitatively constrained
by present-day conditions. Nevertheless, I attempt to determine the sensitivity of the

predicted sediment distribution to initial conditions in order to use the present-d;

record as a qualitative ta

2.3.1 Sediment transport
2.3.1.1 Application to Hudson Bay sediment

As a first test to observe the behaviour of the model’s englacial and subglacial sediment

transport components, I present a simple validation test based on the sediment mode

baseline run and where only Hudson Bay is initially covered by sediment (uniform 20

m, see Figures 2.3 and 2.4) and for which erosion is deactivated, allowing the source of

far-travelled mater

ial to be identified. This initial sediment cover roughly corresponds
to present-day observations in the bay, where bottom sediment typically comprises
till overlain by glaciomarine deposits and marine mud with thicknesses commonly less
than 10 m, 5 m, and 5 m, respectively (Stewart and Lockhart, 2005). T assume that

similar conditions ex

ted in Hudson Bay at the onset of the Wisconsin glaciation

Results from the model's sediment transport components cannot directly be compared

with the composition of observed glacial deposits because the model lacks the ability
to trace the transport paths of distinct lithological components. However, the extent

of the Hudson Ba

¢ carbonate dispersal train in northern Ontario (Shilts, 1980; Hild
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2001; Hildes et al., 2004), as well as the presence of omars (distinctive dark erratics

derived from the Belcher Group in southeastern Hudson Bay) in northern United

States (Prest et al.. 2000) allow crude comparison with the modelled sediment trans-

port paths and lengths. The apprc

imate extent of these dispersal trains is shown in

figure 2.5. These comp

on data are by no means an exhaustive compilation of field

studic

pertaining to sediment disper:

L by the LIS, but merely represent a minimum

transport distance against which to compare the results from this validation test.

Further validation is attempted by comparing the results of this simple experiment

with the conceptual model of Larson (2005; 2008), which provides an interpretative
framework for explaining the dispersal pattern of Hudson Bay sediment over and
beyond the Canadian Shield. This model asserts that the initial growth of the LIS over
unconsolidated Hudson Bay sediment and its advance over the Canadian Shicld led

to the depos

ition of a continuous till extending from Hudson Bay to the southern LIS
margin. Subsequent southward migration of the equilibrium line increased sediment
fluxes over the Canadian Shield and remobilized the underlying sediment toward the

margin. The lower shear stress over Hudson Bay associated with the growth of the LIS

neutralized further transport from this region. According to Larson (2005: 2008), this
explains the presence of far-traveled material in the southern Laurentide till sheets,
the Hudson Bay carbonate dispersal train of northern Ontario, and the absence of till
over the Canadian Shield.

Figures 2.3 and 2.4 show simulation results for the validation test outlined above

Englacial and subglacial sediment thickness are shown side by

le for different time

frames along with their corresponding volume of sediment (relative to total sediment

volume). Figure 2.3a shows that the majority of this initial sediment cover was re-
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Figure 2.3

Time slices showing englacial and subglacial sediment thickness from 70
to 50 kyr BP. Percentage of total sediment volume is shown for englacial (E) and
subglacial (S) storage. Area of initial cover (uniform 20 m) is outlined by dashed
lines in right panels. Contours in left panels show ice thickness in meters (from run
ID nnl027, calibration set N5bt in Tarasov et al. 2012). Labels in panel (a) show
Hudson Bay (HB), James Bay (JB), Manitoba (MA), Ontario (ON), North Dakota
(ND), South Dakota (SD), and Ohio (OH). Variance-based color levels are used to
mize information in the 1-o range.
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Figure 2.4: Time slices showing englacial and subglacial sediment thickness from 40
to 20 kyr BP. Percentage of total sediment volume is shown for englacial (E) and
(S) storage. Area of initial cover (uniform 20 m) is outlined by dashed
lines in right panels. Contours in left panels show ice thickness in meters (from run
ID nn1027, calibration set N5bt in Tarasov et al. 2012). Labels in panel (a) show
Hudson Bay (HB), James Bay (JB), Manitoba (MA), Ontario (ON), North Dakota
(ND), South Dakota (SD), and Ohio (OH). Vari
maximize information in the 1-o range.
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Figure 2.5: Predicted pattern of present-day sediment after 120 kyr of transport
initialized with a uniform thickness in Hudson Bay (outlined by thin black dashed
lines). Labels show Hudson Bay (HB), James Bay (JB). Manitoba (MA). Ontario
(ON), North Dakota (ND), South Dakota (SD), and Ohio (OH). The approximate
extent of the carbonate dispersal train of Northern Ontario is outlined by short,
green/black dashes (Shilts, 1980; Hildes, 2001), whereas the approximate southern
extent of observed omars is outlined by long, cyan/black dashes (Prest et al., 2000).
nize information in the 1-o range.

Variance-based color levels are used to ma

mobilized by 70 kyr BP, with active englacial transport of 20% of the total sediment
volume. Subsequent transport (Figures 2.3b and 2.3¢) was restricted to two predom-
inantly southward paths: south of James Bay (JB) and in Manitoba (MA). These
transport paths correlate with the sliding velocity pattern emerging from Hudson
Bay (Figure 2.6), which also explains the absence of transport over western Ontario.
The volume of englacial sediment peaks at 60 kyr BP, with 30% of the total sediment

volume stored in the ice.
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Retreat of the southern LIS margin between 50 and 40 kyr BP deposited widespread
till in southern Ontario, as well as till extending roughly from central Manitoba (MA)
to South Dakota (SD; Figure 2.4a). This till was partially re-incorporated in the ice
during re-advance (Figures 2.4b and 2.4¢), after which only the onset of deglaciation
leads to major depositional events. The resulting pattern at present-day is shown in
Figure 2.5

The sediment model results of Figures 2.3 and 2.4 share some similarities with the

transport model of Larson (Larson and Mooers, 2005; Larson, 2008), including the

carly transport of Hudson Bay sediment to the ice margin, the long-transport length
of sediment deposited in northern United States, the presence of short-travelled ma-

terial in northwestern Ontario, and the absence of Hudson Bay sediment between

sliding dl\iunu (I\|n|
\Hdlm [T —

186 19021

H4°N

50°N

16°N

42°N

38°N

L10°W  100°W  90°W  80°W  70°W  GO°W

Figure 2.6: Integrated sliding velocity (absolute value) over the last glacial cycle
Variance-based color levels are used to ma

imize information in the 1-o range.
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these two regions. However, the widespread till deposition during the initial LIS
advance predicted by his model is absent from my results. Rather, the sediment is
stored englacially and does indeed extend from Hudson Bay to the margin, with major
deposition events occurring only during ice margin retreat (c.g. Figure 2.4a). Fur-
thermore, the results show minimal contribution from sediment deformation to the
resulting sediment pattern (not shown), at least for its baseline run. Using the lower

value of v}, and jz5, however, reduces the amount of englacial storage and weakens
the sediment, which allows more transport by deformation to occur. This specific

aspect is discussed in more details in Section 2.3.1.3.

These

ilts clearly supports that the LIS can transport sediment from Hudson Bay

Al cycle. Although their deposition is

to its southern margin within a single gl

temporally unconstrained, the presence of far-travelled omars observed south of the

reat Lakes and in South Dakota (Prest et al., 2000) provides partial validation for
the long-transport distances predicted by the simulations. Furthermore, Figure 2.5
shows that the model predicts short-travelled sediment in northwestern Ontario. The
extent of this sediment is, however, underestimated when compared to the observed
dispersal train of Hudson Bay carbonates (Shilts, 1980; Hildes, 2001; Hildes et al.,
2004). Recall, however, that erosion was deactivated in this simple test. Activating
erosion induces a slight increase in the extent of locally-derived sediment in Northern
Ontario, but still does not yield a sediment cover as far south as the observed record.
In contrast, the northern carbonate limit of 59°N predicted by this validation test is

consistent with the observations.



2.3.1.2  Continental sediment distribution

Figure 2.7a shows the present-day modelled sediment thickness for the baseline run

with the empirical erosion law. All processes were activated and the run was initialized

with the pattern of Figure 2.1. In order to determine the sensitivity of this pattern to

initial conditions, two additional model runs with different initial sediment distribu-

tions were analyzed: one was initialized with a uniform sediment cover, and the other

with inverted present-day sediment thickness (i.e. g 0, and vice

Riae = Poed
versa). | observe that the sediment distribution of Figure 2.7a is a relatively robust
model outcome. Indeed, the correlation coefficients between this sediment pattern
and that obtained from the uniform and inverted initial conditions are, respectively,
0.96 and 0.88. Furthermore, the predicted pattern of Figure 2.7a remains unaffected
by changes in the values of the sediment model parameters, with the majority of
correlation coefficients above 0.9. Two exceptions to this general trend are the lower

alues of the maximum entrainment rate, v, and of the

ediment viscosity, ji5;

they yield correlation coefficients of 0.22 and 0.67, respectively. The sediment pattern
corresponding to the lower value of the maximum entrainment rate is shown in Figure

.7h. Additionally the choice of erosion law does not significantly influence the pre-
dicted sediment pattern, with correlation of 0.94 between the pattern of Figure 2.7a
and that obtained from the process-oriented erosion using either Hallet’s or Boulton’s

abrasion law.

The high correlations between the predicted sediment distribution of Figure 2.7a and

that obtained from changing initial conditions, sediment model parameter values,

or type of erosion provide a basis for qualitatively comparing the modelled sediment
distribution (Figure 2.7a) with the observed present-day pattern of glacigenic sediment

(Figure 2.1).
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ch

Some notable features of the predicted sediment patter Ta do not me

1 of Figure
the observations, including, for instance, the close to complete denudation of Hudson

Bay, northern Ontario and the Rockies, as well as the absence of widespread, con-

tinuous till sheets in the Pra and in northern United States. Rather, sediment
is advected to the margin and deposited in moraines 50-300 m thick and 50-150 km

wide outlining the southern, eastern, and western modelled LGM margin of the LIS.

Such continuous and thick mor:

ines are absent from the geologic record. As shown

in Figure 2.7b, setting the prescribed maximum entrainment rate, v, to its lower

value significantly alters the predicted sediment pattern. The reduced entrainment
rate increases the area of dominant basal melting and forces englacial material to be

release before reaching the ice margin. This explains the 1-100 m thickness of sheet-

like deposits over the southern LIS margin, which is consistent with the maximum

erved glacial deposits in this region (Clark and Pollard, 1998)



2.3.1.3 Englacial vs. subglacial transport

In order to evaluate the contribution of sediment deformation to the pattern of Figure
2.7a, I present, in Figure 2.8a, the cumulative deformation predicted by the sediment
model over the last glacial cycle. This pattern shows that deformation played a minor
role on land, with significant transport mostly restricted to Hudson Strait, Amundsen
Gulf, and coastal British Columbia. To show the maximum potential for transport
by deformation calculated by the model, T present in Figure 2.8b the cumulative
deformation pattern of a run initialized with a uniform sediment cover, for which
entrainment was deactivated, and that used the lower value of the sediment viscosity
to represent weaker sediment. The results of this model configuration highlights the

potential for long-distance transport in ice streams and beneath the southern LI

as sediment initially covering these areas have been partially, or completely advected

toward the ice margin.

Alley (1991) argues that a deforming-hed model for the origin of the southern Lau-
rentide till sheets is superior to a basal transport models because the latter requires
unrealistic transport rates to explain the time-constrained deposition of the till. On

the other hand, Clayton et al. (1989) suggest a melt-out origin for the till sheets,

with subglacial transport restricted to a thin deforming sediment layer. The results

of the baseline runs support this latter assessment, with deformation thickness gener-

ally less than a few centimetres, and an average of 0.89 m of till remobilization from

deformation alone (compared to 7.3 m from englacial transport alone)
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2.3.2 Erosion

To the best of my knowledge, only three field estimates of glacial erosion over North
America are appropriate to compare with and validate the erosion results from the

s continental extent, the estimate by Bell and Laine (1985)

sediment model. Given i
of 120 m of Laurentide erosion over the last 3 Myr, later revised to 80 m by Hay
et al. (1989), represents the strongest constraint against which model performance
may be evaluated. Average continental erosion depth was inferred by Bell and Laine
(1985) by estimating the total volume of sediment produced by the LIS, both on
land from the average thickness of glacigenic deposits, and in its marine sediment
repositories (i.e. Canadian Arctic seas, western North Atlantic, and Gulf of Mexico)

smic reflection data. The revision of Hay et al. (1989) was based on the

from s

alleged overestimation of the sediment volume in the Gulf of Mexico. As this geological
estimate of erosion spans the entire Quaternary, it cannot be compared to the erosion

al cycle by the sediment model. As explained below,

depths predicted over the last glaci
however, this estimate is rendered compatible with the model by applying some basic
assumptions regarding the total time of glacial condition over North America and the

relative strength of abrasion and quarrying,

A

uming that the LIS maintained constant erosion rates throughout an estimated

2.25 Myr of glacial conditions over North America during the Quaternary', the e
timate of Bell and Laine yields 4.2 m of erosion during the last glacial cycle aver-

excluding contributions from the Cordilleran

aged over the Laurentide sector (i.c.

Ice Sheet). This value represents an upper bound, as carlier glaciations probably

ing that 50 glaciations occurred during the Quaternary (Ruddiman, 2007)
riods, and that the onset of glacial conditions occurred at 2.75 Myr BP

Estimated by assu
with 10 kyr interglacial
(Willis et al., 1999)




supported higher sedimentation rates than those of the late Pleistocene due to rapid

removal of the preglacial regolith.

In addition, considering that Loso et al. (2004) inferred a minimum contribution from
abrasion to total erosion of 10%, and that Iverson (2002) supports a maximum contri-
bution of 40%, I use this range to divide the 4.2 m estimate of Bell and Laine (1985)

into ranges for abrasion (0.42 - 1.68 m) and quarrying (3.78 - 2.52 m, respectively).

Two regional estimates of cumulative erosion over the last glacial cycle are also avail-
able. i) Because of its lithologically distinctive type, debris eroded from the Dubawnt
Group, a Paleoproterozoic outcrop of clastic and intercalated volcanic rocks spanning
200,000 kn? (Rainbird et al., 2003) in the District of Keewatin of western Nunavut,
was identified in 800 till samples, which allowed Kaszycki and Shilts (1979) to in-
tegrate the total volume of material eroded from the outerop. The average erosion

depth was caleulated to range between 6 and 20 m over the last glacial cycle. if) Based

on the "Be/2"Al ratio in 19 till samples located over a 100,000 km? region of north

central Baffin Island, Staiger et al. (2006) estimated 4 to 7 m of bedro

erosion over

the last glacial cycle. These two study areas are outlined by dashed boxes in Figures

and 2.10.

The cumulative erosion patterns predicted by the empirical and the process-oriented
erosion laws are shown in Figures 2.9 and 2.10, respectively. The latter differentiates
the abrasion patterns from Hallet’s and Boulton’s laws, and the quarrying pattern.
All the erosion laws predict active erosion over areas of former ice stream, as well as
over the southern and western margins of the LIS; however, they differ in their average

erosion depths and their cumulative areas of active erosion (hereafter referred to as
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color levels are used to maximize information in the 1-o range.

the erosion area), which are respectively presented in columns 1 and 3 of Table

For instance, the average abrasion depth caleulated from Hallet’s law is bounded by

values at least one order of magnitude below the ranges for quarrying, abrasion from
Boulton’s law, and erosion from the empirical law. The range associated with Hallet's
law is similar to the abrasion depth of 0.02 m predicted by Hildes et al. (2004). On the
other hand, the quarrying pattern shows the lowest areal extent: only 57.1% of the

sion law. Furthermore.

total glaciated area compared to 90.5% for the empirical ¢
all the erosion laws predict minimal erosion over the regional study arcas described
above, which is primarily explained by the lack of sliding over these regions predicted

M.

by the MUN 3-D G
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Figure 2.10: Cumulative erosion over the last glacial cycle predicted by the process-
oriented er Average abrasion depth = 0.012 m (Hallet) and 158 m (Boul-

s). Average quarrying depth = 1.38 m. Dashed boxes outline the Dubawnt and
Baffin Island study areas where erosion depth data are available. Variance-based color
levels are used to maximize information in the I-o range.




Table 2.2: Various results from the empirical and process-oriented erosion laws

Erosion law Average erosion  Average erosion  Erosion  Dubawnt  Baflin

depth®  (m) depth; area® erosion (m) (m)
LIS only” (m) (%)

Abrasion (Hallet)  0.012 [78x10~T 001 [6.6x10°7 756 B6Tx107"  234x10°°
-0.031] - 0.028]

Abrasion (Boulton) 158 132 899 044
[0.26 - 15.2) [0.21 - 12.76]

Quarrying 138 116 571 0.002 0.0
[0.19 - 5.47) [0.16 - 1.6]

Empirical 399 335 905 039 0.2
[1.18 - 6.45] [0.99 - 5.41)

* Averaged over the total glaciated area of North America. Brackets show the range of average

i value from

erosion depths throughout the set of sensitivity runs (ie. minimum and ma
Figure 2.12)

" Estimated by assuming & 84% contribution from the LIS to the total average erosion depths
Brackets show the range of average erosion depths throughout. the set of sensitivity runs (i.c.
minimun and maximum value from Figure 2.12). For comparison with the refined Bell and Laine
inference of 0.42 - 1.68 m

© Percentage of total glaciated area

As the erosion depths calculated by the model apply to the whole North American

pecific estimate of

ice complex, they cannot be accurately compared with the LIS
Bell and Laine (1985). 1 thus evaluate the contribution of the LIS to the total erosion

ion is proportional to ice-covered area and by estimating

pattern by assuming that erc

ed area®. This simple calenlation

the areal extent of the LIS relative to the total glaci 0

suggests that 84% of the average erosion depth calculated by the model is attributable
to the Laurentide Ice Sheet. The values in column 1 of Table 2.2 are multiplied by

this factor and shown in column 2, along with the similarly corrected range from the

sensitivity analysis (Section 2.3.3). Comparing these ranges to the refined Bell and

Laine (1985) estimate shows that abrasion from Hallet's law is underestimated by
at least an order of magnitude. On the other hand, the base value for the average
abrasion depth from Boulton’s law falls within the Bell and Laine inference of 0.42
- 168 m. Note, however, that Boulton's abrasion is the least constrained of all the

and the maxinum areal
SM (16 Mkm?)

use the value of Bell and Laine (1985) for the LIS area (~13.4 Mk
extent of the North American ice complex caleulated by the MUN 3-D €
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erosion laws with a range spanning 12,55 m. This is explained by the high sensitivity
to the poorly constrained basal water film thickness parameter (see Section 2.3.3).

Lastly, given their erosion depth ranges, the quarrying law and the empirical crosion

law are consistent with the geological estimate.

Averaged over a 120 kyr period, the process-oriented erosion laws predict an abrasion

rate of 0.1x10~* mm yr~" for Hallet’s law, 0.013 mm yr~" for Boulton's law, and a

On the other hand, the empirical erosion law predicts

quarrying rate of 0.012 mm yr
an averaged rate of 0.033 mm yr~'. These values (except for the abrasion rate from
Hallet’s model) are slightly below the lower end of the range of inferred long-term

erosion rates

s reported by Koppes and Montgomery (2009) and by Fernandez et al.

how that modern erosion rates can exceed those of geological

(2011). These studies
timescales by up to three orders of magnitude. Cases of modern erosion rates above

10 mm y, such as those documented by Hallet et al. (1996), thus likely result from

transient periods and could not be sustained over long timescales.

2.3.3 Sensitivity analysis

2, the x-axis

The results of the sensitivity analysis are presented in Figures 2.11 and 2

of which shows the sediment model parameters, presented in the order of Table 2.1,

identified by their alternate abbreviations (also shown in Table 2.1). Summarizing.
the englacial sediment thickness increases with the strength of erosion (controlled by
the scaling coefficient of Equation 2.7, Ce) and with the sediment porosity (por; more
porous sediment yields lower englacial debris concentration and increases entrainment
rate through Equations 2.9 to 2.11), and is strongly reduced by the lower value of the

maximum entraiment rate (vma). Abrasion from Hallet’s law is most sensitive to



bedrock hardness (HV) and maximum entrainment rate, while water film thickness
(hf) has the most influence on Boultons law. Quarrying is sensitive to the scaling

for basal

constant (Cg), bed roughness (zet) and to the saturation thickness (He, proxy

11

water pre see Equation 2.18). On the other hand, erosion from the empirical

law is more rigid, as only the s

aling constant and the maximum entrainment rate
have a significant influence on it. The sensitivity of the erosion laws to parameters
related to sediment transport, such as vma and the sediment viscosity (muo), can
mostly be explained by their relation to the shielding effect by subglacial sediment;
parameter sets that increase englacial sediment thickness generally also increase total

erosion because they allow less sediment shielding of the bedrock
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In order to observe the average temporal evolution of the englacial and subglacial

model components, I present, in Figure 2.13, time-series of englacial, subglacial, and
eroded sediment volume normalized against the initial volume of terrestrial sediment
over the last 120 kyr. T also plot the range of volumes corresponding to the sensitivity
results of the scaling component, C,,. of the empirical erosion law. These results
show that i) erosion is minimal prior to the major LIS advance at around 75 kyr BP,

ii) englacial sediment volume correlates with ice volume, iii) at LGM, 20% of the total

sediment volume is stored englacially, and iv) erosion generates a volume of sediment

0.5 to 1.5 times the initial sediment volume.
S 1.0 =
]
©
8
= e —
g 0.0 {-= ~
g
5
z ~ Baseline run
Initial sediment volume
Normalized ice volume
=1.0 4 ==Eroded g
=Subglacial sediment
Englacial sediment
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Time BP (kyr)
Figure 2.13: Time-series of englacial (green), subglacial (red), and eroded (blue, shown
negative) volume of sediment over the last glacial cycle and normalized against the

initial sediment volume (dashed pink line). The black curves are obtained from the
baseline run, whereas the width of the curves corresponds to the range produced by
the upper and lower value of €%, In addition, ice volume (from run ID nnl10z
calibration set N5bt in Tarasov et al. 2012), normalized against LGM volume, is

shown in light blue for comparison against englacial sediment volume.



2.4 Discussion

I organize the following discussions along the topics of i) overestimation of sediment

entrainment, ii) comparison of erosion laws, and i) sen

vity analysi

2.4.1 Overestimation of sediment entrainment

Although the simple validation test deseribed in section 2.3.1.1 simulates realistic
scenarios for the dispersal of Hudson Bay sediment, it fails to predict widespread
sediment deposition over the Canadian Shield during the initial advance of the LIS,
as hypothesized by Larson (2008; 2005) based on geomorphic evidence. T suggest that
overestimated rates of regelation entrainment is sufficient to explain this shortcoming,

Indeed, if the calculated entrainment rates constantly e

xceed basal melting rates

englacial sediment can only be deposited during ice retreat. A more realistic balance
between entrainment and deposition would potentially allow englacial material to be
deposited during the initial transport phase. Furthermore, two problematic aspects
of the model’s results can also be explained by overestimated entrainment rates

i) As shown in Figure 2,11, the average englacial sediment thickness of the bascline run

is 1.33 m. This value is, however, potentially misleading, as it is obtained by averaging
over the entire glaciated area regardless of the englacial sediment content. Thus, the
actual average englacial sediment thickness is higher than that presented in Figure
2.11, and, for instance, reaches above 20 m in several locations. Assuming that this net

sediment thickness is distributed within the basal ice with a 5 to 25% concentration,

as observed in the Byrd ice core and in exposed ice cliffs from Antarctica (Drewry,
1986). an effective thickness of 20 m extends vertically over more than 100 m in the

basal ice, which exceeds the observed thickness of debris-bearing ice in ice sheets



63

and outlet glaciers (Drewry, 1986). As suggested |

¢ the sensitivity of the average

englacial sediment thickness to the ma

fmum entrainment rate (vma; Figure 2.11),

lower entrainment rates reduce the thickness of entrained material

In addition, as shown in Figure 2.11, by controlling the volume of subglacial sediment

available for entrainment, the scaling coefficient for the empirical erosion law (Ce) in-

duc

significant variations (0.94 - 1.57 m) in the average englacial sediment thickness

(relative to the impact of other parameters). This range. howeve

is not proportional
to the 0.9 - 6.45 m variation in the average erosion depth of the empirical erosion
law (see Figure 2.12d). Thus, for model runs with minimal subglacial erosion, the ice

5% of this

entrains over 100% of the volume of eroded sediment, whereas less than

volume is stored englacially for runs with enhanced erosion (see Figure 2.13). This

shows that the volume of sediment stored englacially is relatively independent of the

volume of available subglacial material

i) As shown in Figure 2.7h, using the lower value of v, better reproduces the

observed pattern of sheet-like glacial deposits in northern United States, in contrast

to the thick moraines predicted by the baseline run (Figure 2.7a) that are absent from
the geologic record. This suggests that the level of englacial storage near the margin

is overestimated in the baseline run and that a realistic bal

nce between entrainment
and deposition is at least partially achieved when the entrainment and basal melting

rates are of the same order of magnitude.

Although capping the entrainment rate at the level of the average basal melting rate

(lower value of v},

) produces a more realistic sediment distribution, it also reduces

the average erosion depths predicted by the erosion laws (see Figure 2.12). The em-
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»ss than half of its base value when the

pirical erosion law, for instance, predicts I

entrainment rate is capped at the minimum, which is slightly below the 4.2 m esti-

mate of Bell and Laine (1985). This does not, however, represent a strong drawback

e constraint (section

as the 4.2 m estimate is an upper bound rather than a preci

ibed maximum for the entrainment rate

2.3.2). Nevertheless the addition of a pres
remains an ad hoc solution and hints at a serious underlying problem. Consider-
ing Equations (2.9) and (2.12), the overestimated entrainment rate can be explained

imated basal water pressure relative to the basal melting rate. More

by underes
fundamentally, it is also possible that the entrainment law misrepresents regelation

ale level. T favour the former, as it explains two additional

intrusion at the grid

potential shortcomings of the sediment model:

sediment deformation to the

iii) As described in Section 2.3.1.3, the contribution of
pattern of glacial deposits over the southern LIS region predicted by the baseline

run s minimal. As the question of whether subglacial deformation was widespread

et al., 2001,

over this region has been debated and is still unresolved (Piotrow:

2),

be drawn from this result. Instead, T simply emphasize that the strength of the

200 about the model’s sediment deformation component cannot

rm conclusions

modelled sediment deformation is flexible and can be greatly enhanced by using the

osity (Figure 2.8b). Higher basal water pressures also

lower value of the sediment v

16) predicts weaker till when the

induce more pervasive deformation, as Equation

effective pressure is low.

iv) Although the total area of active erosion over North America for the last glacial
cycle is not geologically constrained, it is reasonable to assume that quarrying, viewed

as the dominant erosion mechanism, should have been active over more than 57% of



the total LIS area. As quarrying is neutralized in zones of vanishing basal water
pressure, the low area of active quarrying also suggests that the hydrology component
underestimates the extent of pressurized subglacial water

2.4.2 Comparison of erosion laws

With respect to comparing the process-oriented and the empirical erosion laws, the

simulation results of Table 2.2 and the limited amount of validation data do not

allow me to strongly dis

riminate between the two. However, given that the empirical
erosion law more closely reproduces the erosion depth estimate of Bell and Laine

(1985) and that it performs better than the other ero

ion laws over the regional study

areas described in Section

2, Lsupport that it is a viable candidate for representing

large-scale subglacial erc

ion and should not be deemed inferior simply on the basis

that it is not physically-based.

The most notable result of Tabl

e 2.2 is the low abrasion depth predicted by Hallet’s
law. This is either explained by underestimating the abrading particle velocities or the

normal contact force. Because I obs

erve that the particle velocities caleulated from
Hallet’s analysis are similar to those obtained from Boulton’s, I conclude that the

normal ice velocity is underestimated and leads to low normal contact forces (Equation

2.3). This discrepancy probably stems from neglecting the normal component of
the sliding velocity, which implicitly assumes that the impact of bed topography on
abrasion averages-out over the model grid. Rather, this assumption should be replaced
by a statistical representation of small-scale (1-100 m) bed dip angle variations (c.g.
stoss and lee forms). Given the nou-linear nature of the abrasion calculation, this

addition might serve to increase the normal velocity to the required leve
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On the other hand, the base average abrasion depth predicted by Boulton's law is

consistent with the 0.42 - 1.68 m range estimated in Section 2. However, this
abrasion law shows high sensitivity to the basal water film thickness. Further field
constraints or dynamical calculations of this variable would thus be preferable to

treating it as a parameter. In addition, the high sensitivity of both abrasion laws to the

bedrock ha

rdness (Figures 2.12a and 2.12b) suggests that incorporating a lithological

representation of the bed and an associated lithology-dependent abrasion law is likely

to affect the cumulative abrasion pattern. This would probably reduce the estimated
average abrasion depth, as cases of neutralized abrasion from soft rocks being dragged

over harder beds were not accounted for in this study

Furthermore, although the range of average quarrying depths roughly falls within the

estimated range of 3.78 - 2.52 m, it remains highly sensitive to the scaling coefficient,

Ciap and to the basal roughness, ¢*. Ideal treatment of these parameters includes

quar

defining a quarrying scaling coefficient based on spatial bedrock joint density data

and taking advantage of statistical information on bed roughness, as is the case for

abrasion.

2.4.3 Sensitivity analysis

The results from the sensitivity analysis (Figures 2.11 and 2.12) have allowed the

sediment model’s parametric sensitivity to be examined. It should be emphasized,

however, that the ranges obtained from this analysis, presented in Table 2.2, are not
to he interpreted as proper uncertainty measures, but merely as possible scenarios

that the model is able to simulate given the imposed gla

ciological and hydrological
forcing. Rigorous uncertainty quantification would require performing an ensemble

s with the sediment model and the basal hydrology solver, and combining
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them with that of the MUN 3-D GSM. Contrary to the MUN 3-D GSM, the basal
hydrology solver has not been properly calibrated against field data. Given its strong

impact on the processes implemented in this study, it thus represents a major source

of uncertainty.

Furthermore, the lack of constraint data compatible with model results prevents a

ystematic refinement of the sediment model parameters to be performed. Preliminary

tuning of some hydrological parameters could, however, be achieved by imposing th:
the average entrainment rate be of similar magnitude as the average basal melting rate,
as argued above. Once implemented, this set of refined parameters should enhance

model performances without requiring the use of ad hoc parameters, such as v}, ,,
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2.5 Summary and conclusions

The subglacial erosion and sediment transport model presented above represents a

first attempt to evaluate the validity of different erosion modelling approaches and to

assess the relative contribution of subglacial and englacial sediment transport in the
context of continental ice sheet modelling. Based on several results presented above,
including the occurrence of thick englacial sediment sequences, and the aggressive

englac

al transport leading to the deposition of unrealistically thick and continuous
moraines, I conclude that the baseline model run overestimates sediment entrainment
(and thus englacial transport). This is either explained by the large-scale mistepresen-

tation of regelation entrainment, or by the underestimation of ba

I water pressure.

I favour the latter because it also explains the low areal extent of active quarrying
and the minimal sediment transport by deformation calculated by the baseline run.
Furthermore, the fact that a realistic sediment distribution is only obtained when

using the lower value of v},,, suggests that a realistic balance between entrainment

and deposition is achieved when the entrainment and basal melting rates are of the

same order of magnitude.

In terms of modelled erosion, the lack of validation data prechudes a proper discrimina-
tion between the different approaches implemented in this study. However, based on

the realistic range of erosion depths produced by the empirical erosion lay

. Lsupport

that it should be considered as

a valid candidate for representing large-scale subglacial
erosion. On the other hand, the underestimated abrasion caleulated from Hallet's law
indicates that a different treatment of the normal ice velocity is needed; one where

information on the small-scale bed-dip angle is incorporated to better represent the

increased normal contact force on the stoss side of bedrockprotrusions. The high sen-

itivity of quarrying to basal roughness also suggests that a statistical representation
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of the bed would be appropriate. Although abrasion is shown to be highly sensitive to

bedrock hardness, the lack of a lithologically-accurate representation of the bedrock

does not seem to affect the total abrasion depth, as the results from Hallet’s abra-

sion law are similar to that of Hildes et al. (2004) who included such information,
Any attempt to model a geographically accurate abrasion pattern should. however,
incorporate bedrock geology information as well as a lithology-dependent abrasion

law.

Future work on this line of research includes applying the sediment model 2-way
coupled with the MUN 3-D GSM and the basal hydrology component to timescales

of multiple glacial cycles. This setup would, for instance, be appropriate to numer-

ically evaluate the regolith hypothesis for the middle Pleistocene transition (Clark

and Pollard, 1998), which has yet to be done

ith a 3-D GSM coupled with sediment

transport and basal hydrology calculations. On the smaller s

ale, the coupled models
could eventually be incorporated in nested modelling of ice streams to investigate the

binge-purge hypothesis for Heinrich events (Alley and MacAyeal, 1994). Furthermor

wining the combined parametric

sitivity of the three coupled components is a

logical next step and necessary to properly quantify model uncertainty.

This modelling effort would benefit from certain types of field data, including sta-

tistical representation of the bed roughness and bed-dip angle at the 1-100 m scale,

geographically-specific bedrock joint density, and more regional estimates of cumu-

lative erosion. Furthermore, lithology-specific estimates of the relative strength of

abra

sion and qual

ying would provide an excellent const oriented

aint for proces

erosion laws,



Chapter 3

Summary

I summarize below how this thesis addresses the research questions outlined in Section

ions of the sediment model

1.2, and expand, in Section 3.1, on potential future appli

presented in Chapter 2.

-oriented erosion la

o Can proc e replaced by simple empirical relationship

between erosion rate and some glaciological variable?

tiven that the empirical erosion law more closely reproduces the average LIS ero-

sion depth estimated by Bell and Laine (1985) and that it performs better than the

reas described in Section 2.3.2, 1 sup-

other erosion laws over the regional study

le subglacial erosion and

port that it is a viable candidate for representing large-s
should not be deemed inferior on the basis that it is not physically-based. On the
other hand, by having a more intricate dependance on glaciological variables, the
process-oriented erosion laws allow more flexibility in the model’s outcome as well

hip between processes and parameters. In addition

as a more interpretable relation
the process-oriented representations better constrain other components and processes

ing vs. abrasion)

(c.g identification of underestimated basal water pressure, quar

However, the similar range of average erosion depth predicted by both approaches

70
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and the limited amount of validation data precludes me from drawing firm conclu-

sions regarding the appropriate choice of erosion law.

e When implemented in GSMs, do Hallet’s and Boulton’s abrasion laws produce

comparable erosion patterns?

The implementation of Hallet’s law presented above underestimates the average abra-
sion depth by at least an order of magnitude compared to the refined Bell and Laine
(1985) estimate and the average abrasion depth from Boulton’s law. I suggest that

thi;

is caused by neglecting the normal component of the sliding velocity and that this

leads to underestimating the normal contact force of Equation ). The abrasion

patterns (Figure 2.10) produced by both laws are also qualitatively different, with

active abrasion from Boulton's law occurring over a greater area than that of Hallet's.

o Can a large-scale quarrying law based on the extent of subglacial cavities pro-

duce realistic erosion patterns?

As shown in Table 2.2, the upper end of the range for the average quarrying depth
predicted by the quarrying law (Equation 2.6) reaches the estimated 252 - 3.78 m
derived from the estimate of Bell and Laine (1985). The areal extent of active quar-

rying is, however, the lowest compare to the other erosion laws and is consis

ent with
the low extent of pressurized subglacial water predicted by the hydrology component.
Lacking further validation data, the assessment of the quarrying law presented in

Equation (2.6) is inconclusive.

o Which of subglacial deformation and englacial transport was the most efficient

transport mechanism of the North American ice sheets?

The model’s baseline run suggests minimal contribution of sediment deformation to

the pattern of terrestrial glacial deposits. This is probably cansed by a combination



of underestimated subglacial water pressures, which leads to low deformation depths

(Equation 2.16), and overestimated levels of englacial sediment storage. An overesti-

mated sediment viscosity could also explain the la s the

of pervasive deformation,

cumulative pattern of sediment deformation is highly sensitive to it (Figure 2.8b)

3.1 Future work

The potential role of subglacial proc

sses in answering key open questions in glaciology
provides motivation for further developing coupled basal process/ice sheet models. 1

briefly summarize two such examples below:

THE REGOLITH HYPOTHESIS FOR THE MIDDLE PLEISTOCENE
TRANSITION

Spectral analysis of deep-sea oxygen isotope (5°0) records show a marked shift in
the signal’s dominant period of oscillation, from 41 kyr to 100 kyr at approximately
0.9 Myr before present (BP), that cannot be explained by Milankovitch theory for

orbital insolation forcing, Furthermore, temporally constrained geological evidence

suggesting that the late Pliocene/early Pleistocene Laurentide Iee Sheet (LIS) was
as extensive as the during the late Pleistocene, coupled with 880 evidence for a
volumetrically larger late Pleistocene LIS, indicates a shift from a thinner to a thicker
LIS also around 0.9 Myr. This led Clark and Pollard (1998) to hypothesize that the
presence of a thick, deformable regolith covering North American prior to the onset
of glaciation prevented high shear stresses at the base of the LIS, thus promoting a
thinner surface profile. The gradual removal of the regolith and the transition from

a soft to hard bed basal condition at around 0.9 Myr potentially explains why the



7

LIS grew bigger during the late Pleistocene and why it responded more slowly to

insolation forcing,

Clark and Pollard (1998) investigated this hypothesis with a 1-D ice sheet model
coupled with a subglacial sediment deformation component based on the model of
Jenson et al. (1995: discussed in Section 2.2.5). Their model reproduced several
aspects of the geological record; for instance, a thin ice sheet was maintained during
the earlier glaciations and advected deformable sediment toward the margins until ~1
Myr BP, when most of the base became hard-bedded. The thicker ice sheet maintained

after the transition responds nonlinearly to orbital forcing with dominant 100 kyr

cycles, although this relied on a fixed calving rate that was activated when the ice

reached flotation.

This study highlights the potential impact of subglacial sediment deformation on

glacial cycle dynamics

and represents an opportunity to apply the basal process model

presented in Chapter 2, although activating 2-way coupling with the MUN 3-D GSM

would be n

ssary to reproduce the thin ice profile caused by the low basal shear
stresses. The more complete set of processes included in the sediment model would
allow two assumptions used by Clark and Pollard (1998) to be replaced by dynam-
ical calculations, namely the assumption of vanishing effective pressure and that of

negligible englacial transport. Furthermore, the impact of parametric sensitivity on

the timing of the transition could be determined by using the sensitivity analysis

presented in this thesi



THE BINGE/PURGE MODEL FOR THE HEINRICH EVENTS

In an attempt to explain the origin of Heinrich layers in the North Atlantic sediment

record, Alley and MacAyeal (1994) hypothesized that periodic surges of the Hudson
Strait Ice Stream, caused either by internal processes or by external climate forcing,
led to widespread entrainment of subglacial sediment and its rapid transport toward
the ice margin. The increased calving rate associated with the surges generated large

quantities of debris-laden icebergs that dispersed across the North Atlantic Ocean and

subsequently melted out as ice rafted debris (IRD)

To evaluate this hypothesis, Alley and MacAyeal coupled a basal debris entrainment

component with the low-order binge/purge model of the LIS (MacAyeal, 1993). This
model asserts that the LIS undergoes long (7700 yr) periods of ice build-up (binge)
when the sediment covering the floor of Hudson Bay and Hudson Strait is frozen. The
gradual thickening if the ice warms the base and eventually triggers a short (750 yr)
period of enhanced flow (purge) during which bed lubrification allows rapid drainage of
the LIS through Hudson Strait. When the ice becomes too thin to maintain a thawed
bed, the base freezes and the purge stops. After investigating different sediment
entrainment mechanisms, Alley and MacAyeal concluded that only basal freeze-on by
conductive cooling can generate a sufficient volume of englacial material to match the

IRD discharge rates observed in the North Atlantic sediment record.

This hypothesis could be further investigated with a higher-order ice stream model
coupled with a physical calving law and with the sediment model described in Chap-

ter 2. This would involve a more complete set of subglacial processes, such as basal

hydrology, transport by subglacial deformation, erosion, and sediment deposition and



would allow their relative roles in generating the IRD to be identified and evalu-

of using nested modelling to assess the global impact that ice

ated. The possibilit;

stream/bed interactions have on ice sheet dynamics also represents an interesting

prospect.

carch is still in its infancy and

In conclusion, T wish to emphasize that this line of res

remains exploratory. The task of upscaling small-scale processes onto coarse, conti-

nental GSM grid is far from trivial and might require the use of empirical, or statistical

laws that bear little resembl. to the s

mall-scale repres ion of the relevant phys-

ical processes. Nevertheless, developing GSMs able to predict the formation of glacial

erosional and depositional landforms, and in turn, using these landforms as constraint

dat

s an exciting prospect that represents a major advance for numerical ice sheet

models,
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