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Glacial erosion and sediment production are of interest to diverse scientific communities concerned with the in-
teraction of climatic, tectonic and surface processes that influence the evolution of orogens andwith the climatic
signals archived in glacigenic strata. We review the current state of knowledge on the generation, transfer, and
accumulation of glacigenic sediment from land to sea. We draw from geomorphology, marine geology, geochro-
nology, numerical modeling of surface processes and landscape evolution, and experimental and field observa-
tions of glacier erosion and deposition, and the interaction of ice with its bed and the ocean boundary. Our
primary goal is to examine glacial systems using a holistic source-to-sink approach, with a focus on describing
a) how glacial motion produces sediment, b) how the sediments (sink) record the dynamic nature of glacial sys-
tems under different climatic (thermal) regimes, c) the challenges in using the sedimentary record to interpret
these dynamics in space and time, and d) the approaches still needed to further our understanding of how ice
and associated sediment fluxes respond to climatic and other perturbations. The dynamic state of ice, i.e., the
ice flux and ice extent, is defined differently between the source and sink communities, reflecting the challenges
of establishing a stratigraphic signal that volumetrically constrains glacigenic sediment production as a function
of the ice response to climate. Advances in marine geophysics have greatly assisted our understanding of mass
transfer pathways and of former ice extents as a measure of ice dynamics, and have identified the primary
depocenters and key lithofacies of glacial sinks. Sediment fluxes associated with the dynamic state of the ice
are best constrained where sediment volumes derived from key lithofacies and seismic reflection isopachs can
be temporally partitioned, of which there are few examples, rather than from discrete point measures of
sediment flux that are subject to sediment transfer biases. Forward numerical modeling of sediment fluxes as a
function of ice dynamics agree with observational data at the continental-margin scale, but finer time/space
scale ice-dynamicmodels donot yet recreate observed ice extent orflowpaths. Future source-to-sinkwork in gla-
ciated systems should focus on refining empirical relationships between ice velocity and sediment production,
and expand the application of existing methods to develop sediment volumes and fluxes in known depocenters
of former and modern ice streams.
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1. Introduction

A principal goal of examining a sediment routing system is to under-
stand how it responds to, and preserves a record of, the dynamic pro-
cesses that drive sediment production and transfer. This is especially
important in settings where the principal geomorphic agent that pro-
duced the sediment is no longer present or challenging to work with
under modern conditions. Global climate during the Quaternary Era is
distinguished by the periodic intensification of glacial conditions on
land and along continental margins (Larsen et al., 1994; McKay et al.,
2009; Lourens et al., 2010; Jakobsson et al., 2014). The onset of wide-
spread glaciation is viewed as responsible for the global increase in sed-
imentation that coincided with a change to a cooler and more variable
climate beginning ~2–4Myr ago, creating clastic wedges on continental
margins that are up to 5 km thick (Eyles et al., 1991; Vorren et al., 1991;
Eidvin et al., 1993; Faleide et al., 1996; Elverhøi et al., 1998a; Solheim
et al., 1998; Laberg et al., 2010). The majority of mid- and high-
latitude landscapes, from the land to the deep sea, reflect extensive
Quaternary glacial influence (Bingham et al., 2010; Champagnac et al.,
2014; Pedersen et al., 2014), including large-scale depositional and
erosional landforms such as voluminous loess and paraglacial terrestrial
deposits (e.g., Derbyshire, 2003), scablands carved by meltwater
(e.g., Hanson et al., 2012), ice-gouged seafloors (e.g., Dowdeswell and
Bamber, 2007; Dowdeswell et al., 2007; Batchelor et al., 2011; Cofaigh
et al., 2012; Dowdeswell et al., 2014), and thick accumulations of
glacimarine sediments both on land and in the ocean (e.g., Eyles et al.,
1991; Dahlgren et al., 2005; Laberg et al., 2010). Glacial source-to-sink
systems consequently are a primary archive of past and present global
change.

Glacial erosion and sediment production are of interest to a wide
variety of scientific communities concerned with the interaction of cli-
matic, tectonic and surface processes that influence the evolution of
mountain ranges, andwith the interpretation of climatic and tectonic sig-
nals archived in sediments produced by the ice. Glaciated landscapes
were one of the first depositional environments where sedimentary sig-
nals such as glacial drift, erratics, andmoraineswere formally interpreted
to describe a series of dynamic ice processes that were either absent from
or significantly reduced in scale in the current landscape. Since the mid-
1800s, glacial chronologies have been developed for many regions
where the ice was once more extensive (e.g., Agassiz, 1840; Lyell, 1840;
Chorley, 1973), and past global ice volumes have been estimated from
the oxygen isotopic record preserved in marine sediments (Imbrie et al.,
1984; Lisiecki and Raymo, 2007). While the marine isotope stage (MIS)
records have provided broad constraints on the timing of recent andQua-
ternary glaciations (e.g., Lisiecki and Raymo, 2007; Kawamura et al.,
2008), less is known about the internal dynamics of former glaciers and
ice sheets and their relationship to climate. Over a century later, we are
still grappling with how to link dynamic glacial processes with their sed-
imentary and geomorphic products.

Landscape modification by ice is profound. Our ability to evaluate
howglaciers and glacial erosion shape landscapes, produce sedimentary
signals, and reflect climatic (or tectonic) variability is still limited by a
dearth of information about what controls the rate of glacial erosion
and sediment production. Climate drives a glacier's mass balance,
which in turn determines the ice flux that erodes the landscape
(e.g., Benn and Evans, 2010; Cuffey and Paterson, 2010). Terrestrial
and marine subglacial and proglacial environments are among the
most logistically challenging environments to work in, hampering our
ability to develop first-order relationships between ice dynamics and
sediment production. Moreover, generating a chronology on the timing
and magnitude of glacial erosion and deposition has always been chal-
lenging (e.g., Balco and Rovey, 2010; Fastook and Hughes, 2013;
Ingólfsson and Landvik, 2013; Cofaigh et al., 2014), often requiringmul-
tiple approaches (Livingstone et al., 2012; Fastook and Hughes, 2013),
but has recently become more robust with evolving geochronometric
techniques (e.g., Rosenheim et al., 2008; Balco and Rovey, 2010;
Simon et al., 2012).

Glacial source-to-sink systems are unique in that ice, the primary
erosional agent, canmove through almost the entire length of a system,
from the high mountains to the continental shelf edge, during one cli-
matic period and then be entirely absent during others (Fig. 1). More-
over, ice responds to climate by adjusting its spatial extent and its
internal flow dynamics (e.g., Raymond, 1987), which vary in space
and time its capacity to do geomorphic work and produce sediment.
In addition, the potential for ice to recycle its sedimentary record as it
advances and retreats through the transfer zone results in an incom-
plete record of dynamics closest to the ice, and an integrated record be-
yond the last ice maximum extent (Fig. 1; e.g., Faleide et al., 1996;
Hebbeln et al., 1998; Anderson, 1999; Cofaigh et al., 2002; Hemming,
2004). The most complete record often exists in the marine realm, but
this setting is subject to its own internal dynamics that mute terrestrial
ice signals, and often results in a record that is overprinted by oceano-
graphic processes and tectonic preconditioning of the basin (Figs. 1
and 2; Cofaigh et al., 2002; Nygård et al., 2005; Reece et al., 2011;
Andrews and Vogt, 2014; Walton et al., 2014; Romans et al., 2016–this
volume). As such, the sedimentary record associated with both ice
flux as well as ice sheet growth and decay can reflect both autogenic
and allogenic forcing, complicating our ability to directly relate ice dy-
namics and sediment production to any particular climatic forcing.

Yet, given these limitations, we still are able to develop general con-
ceptual and quantitative models of the role of ice in the production of a
sedimentary signal (Figs. 1 and 2). On orbital time scales, the growth
and decay of ice has a global signal (Lisiecki and Raymo, 2007;
Lourens et al., 2010; Patterson et al., 2014). At higher temporal resolu-
tions, the terrestrial and marine stratigraphic records of glacier and ice
sheet dynamics contain a combination of local and regional processes
and influences, including the climate, thermal regime of the ice, subgla-
cial hydrology, bedrock lithology, drainage basin topography and size,
oceanographic setting, sea level, and tectonic conditioning. For instance,
both sediment and meltwater production vary by orders of magnitude
over time (e.g., seasonally), as a consequence of the thermal regime of
the ice (i.e., temperate versus polar glacial systems), and between



Fig. 1. Overview of glacigenic “signal” production and transfer through a glaciated source-to-sink system. In upper panel, modern high-latitude ice position shown in bluewith hypothet-
ical Neoglacial and Pleistocene ice positions shown as orange dashed lines. In lower panel, ice responds to climate forcing (blue curve), eroding the bed and creating a sedimentary signal
(brown curve) that is reduced in intensity and is lagged in time as itmoves through the transfer zone (fjord, shelf) to ultimately accumulate in themarine sink.Modified fromRomans et al.
(2016–this volume).
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tectonically active and quiescent margins (Koppes and Montgomery,
2009; Koppes et al., 2015). Still, across all thermal and tectonic regimes
there are consistent geomorphic and sedimentary signatures that re-
flect this glacigenic influence, including tills, glacimarine diamicts, ice-
rafted debris, moraines, megascale glacial lineations, and grounding
zone wedges (e.g., Carlson et al., 1977; Licht et al., 1999; St. John and
Krissek, 1999; Stokes and Clark, 2001; Anderson et al., 2002;
Cofaigh et al., 2007; Ottesen et al., 2008b; Hambrey and Glasser,
2012; Livingstone et al., 2012; Ingólfsson and Landvik, 2013; Batchelor
and Dowdeswell, 2014).

The ultimate goal of studying a glacial sediment routing system is to
relate changing boundary conditions including climate, tectonics, ice
extent and ice surface topography to the ice response, which in turn
generates a mass flux signal. Documenting the relative roles of glacial
dynamics and the thermal state of the ice on sediment production and
strata formation is the first step (Fig. 1). Developing quantitativemodels
for glacial and glacimarine settings follows, and is paramount for
advancing our ability to a) predict how changes in sediment production
and transfer are routed through a glacial system, in order to b) interpret
the resulting stratigraphic record.

1.1. Is the modern the key to interpreting the past?

How applicable are modern process-based studies for deciphering
the Pleistocene landscape? Much of the Quaternary was a significantly
colder and more ice-dominant period, yet all of the observations have
been made in a distinctively warmer climatic period following the end
of the Little Ice Age (LIA; Oerlemans, 2005) and within a relatively
warm Pleistocene interglacial period. Decades of field studies have
attempted to interpret themodern sedimentary glacigenic record to re-
construct the ice dynamics that create sediment (e.g., Anderson et al.,
1980; Powell, 1983; Mackiewicz et al., 1984; Griffith and Anderson,
1989; Powell and Molnia, 1989; Cowan and Powell, 1990; Domack
and Williams, 1990; Phillips et al., 1991; Domack and Ishman, 1993;
Hunter et al., 1996a; Cowan et al., 1998; Ashley and Smith, 2000;
Jaeger, 2002; Hambrey and Glasser, 2012). Does this modern perspec-
tive result in a bias in our understanding of the relative magnitude of
glacial processes in the past? For example, erosion rates that have
been inferred from contemporary sediment yields of temperate tidewa-
ter glaciers far surpass those of polar and alpine glaciers (Gurnell et al.,
1996; Hallet et al., 1996; Koppes et al., 2015). Moreover, modern (annu-
al to centennial) erosion rates far outpace erosion rates averaged over
the long term (103–106 years) from these same glaciers (Fig. 3; Berger
and Spotila, 2008; Delmas et al., 2009; Koppes and Montgomery,
2009; Fernandez et al., 2011). The two- to three-order of magnitude
difference in apparent erosional efficiency of these glaciers over annual
to million-year timescales brings into question what aspects of modern
settings or analogs of processes may be biased by the current “warm”
glaciological conditions.

Building on the pioneering 19th century work by Agassiz, Lyell and
others, the field of glacial geology has witnessed a wide-ranging effort,
from ice sheet summits to deep sea basins, to document and explain
how ice shapes the land-ocean–atmosphere interface. Recent recogni-
tion that our currently warming climate is accelerating terrestrial ice
loss (Rignot et al., 2014), with notable societal impacts (Marzeion
et al., 2014), has only heightened our need to understand how ice has
responded in the past to climatic perturbations. Herewe review the cur-
rent state of knowledge on the generation, transfer, and accumulation of
glacigenic sediment from terrestrial sources to continental-margin sinks
(see Fig. 1 for our conceptual approach).We drawon the state of knowl-
edge from various disciplines, including geomorphology, marine geolo-
gy, geochronology, numerical modeling of surface processes and

Image of Fig. 1


Fig. 2. Several scenarios of glacigenic “signal” transfer through the morphodynamic segments of glacial sediment dispersal systems. Four typical climate-forced scenarios of ice response,
from the seasonal to the 100-kyr timescales, are displayed in columnA. Relative rates of glacigenic sediment flux as a function of climatic forcing in each dispersal segment are presented in
columns B–F, as viewed from a modeling or an observational perspective. The timescale (rows) reflects the characteristic response time for glaciers to difference climatic forcings. The
glacigenic depositional signal will vary in space and time depending on the proximity to the ice margin, periodic coverage by flowing ice, and the number of intervening basins to trap
the signal. For example, under modern conditions (top row), annual cycles of glacial meltwater discharge are expected to generate an annual sediment pulse that deposits a signal in
the glacier foreland and in fjords but is not recorded in open marine conditions. However, signals produced at all timescales have the potential to be recorded in the glacier foreland to
the deep sea depending on the relative ice extent within the transfer zone. See text for additional explanation of scenarios.
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landscape evolution, experimental and field observations of glacier ero-
sion and deposition, the interaction of icewith its bed, and ofmeltwater
with the ocean, to highlight the processes and controls on glacigenic
Fig. 3. Comparison of short-term and long-term erosion rates measured using a range of chron
Cascade Mountains of Washington State and British Columbia. Boxes represent the range of e
(width). Chronometric techniques used to quantify erosion rate, and the timescales of measur
sedimentary signals from source to sink. Given the long history of glacial
studies, comprehensive reviews already exist on the fundamentals of
glacial and glacimarine processes and strata formation under the full
ometric techniques from the same glaciated basins in Alaska, Patagonia, and the Coast and
rosion rates, including uncertainty in estimation (height) and timescale of measurement
ement, are at bottom. Modified from Koppes and Montgomery (2009).

Image of Fig. 2
Image of Fig. 3
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range of climatic conditions (Molnia, 1983; Anderson, 1999; Stokes and
Clark, 2001; Bennett, 2003; Benn et al., 2007; Winsborrow et al., 2010;
Cook and Swift, 2012; Hambrey and Glasser, 2012; Livingstone et al.,
2012; Landvik et al., 2014). Rather, our primary goal here is to examine
glacial systems from a synoptic source-to-sink viewpoint, with a focus
on describing: a) how glacial motion produces sediment; b) how the
sedimentary record (sink) records the dynamic nature of glacial sys-
tems under different climatic (thermal) regimes; c) the challenges in
using the sedimentary record to interpret these dynamics in space and
time; and d) the approaches still needed to further our understanding
of how ice and sediment fluxes may respond to future climatic and
other perturbations. Fig. 2 serves as our conceptual model of the key
spatial and temporal components of a holistic source-to-sink under-
standing of glacial systems.
2. Signals from the source: the role of glaciers in sediment
production

A rigorous understanding of the processes that create the glacigenic
sedimentary signal is necessary to infer climatic and glaciological
changes from complex stratigraphic records. Climate dictates the ice
flux and thus the geomorphic work done by the ice generating the sed-
imentary mass flux signal. Changes in sedimentary mass flux corre-
spond with seasonal-, annual-, centennial- and millennial-scale ice
dynamics that reflect different climate forcings (Fig. 2, column A). Ice
extents define the boundary conditions and the magnitude of the spa-
tial response, but do not necessarily elucidate the ice dynamics,
i.e., the flux response of the ice to climate drivers. The primary means
by which we can interpret the sink in terms of its ability to resolve
these ice dynamics is based on observations in modern settings,
where the relationship between current ice dynamic states (mass bal-
ance, mass transfer, and thermal regime) and the bedforms, strata and
mass fluxes generated can be established. The interpretive approach
can either be inverse (i.e., using the sedimentary record to infer ice dy-
namics) or forward (i.e., employing coupled ice–sediment–landscape
evolution models) (e.g., Braun et al., 1999; Dowdeswell and Siegert,
1999; Tomkin and Braun, 2002; MacGregor et al., 2009; Herman et al.,
2011; Egholm et al., 2012; Yanites and Ehlers, 2012). In this section
we review the fundamental controls on glacial erosion and sediment
production, startingwith the controls on ice dynamics and how they re-
flect climate, and then address how changes in ice dynamics influence
the amount and timing of sediment production and transfer to the
terrestrial–marine boundary.
Fig. 4.Modes of glacial erosion, sediment production and sediment transfer. (A) Quarrying (plu
and both are a function of icemotion and subglacialwater pressure. (B) Stick–slip cycle of basalm
of subglacial water pressure for motion and deformation. From Boulton et al. (2001) and Benn
2.1. Ice dynamics: characteristic timescales of response and controls on
thermal regime

Glaciers and ice sheets are large, dynamic stores of water, constantly
exchanging mass and energy with the atmosphere, the hydrosphere
and the lithosphere (Benn and Evans, 2010). The growth of a glacier
or ice sheet is dictated by its mass balance, the net accumulation of
snow (and its conversion to ice) minus the mass loss by melting and
calving, which in turn depend on climate and local topographic factors.
At the most basic level, alpine glaciers and terrestrial ice sheets thicken
and advancewhen the overall mass balance (accumulationminus mass
loss) is positive, and thin and retreatwhen themass balance is negative.
Similarly, glacier temperature is a function of the inputs/outputs of en-
ergy at the surface and the bed, and controls the rate of ice motion
through deformation and sliding (Cuffey and Paterson, 2010). Fluctua-
tions in glacier mass balance and temperatures are therefore strongly
coupled responses to climate change. A glacier's climate sensitivity is
the magnitude and timing of changes in mass balance in response to a
given perturbation in temperature and/or precipitation. The mass bal-
ance dictates both the extent of the ice (its growth and decay), the
flux of ice and meltwater through the glacial system (i.e., the transfer
ofmass from accumulation to ablation zones) and the average ice thick-
ness. The ice flux and the ice thickness in turn control the conditions at
the glacier bed, primarily the basal water pressure and rate of basal ice
motion, which dictate the capacity of the ice to do geomorphic work
on the bed (i.e., to erode) (see Fig. 4; Hallet, 1979, 1996; Iverson,
1991, 2012). For a rapidly moving glacier, much of the ice motion is
due to basal sliding, which is needed for the ice to erode; in contrast,
for a glacier that is slow-moving (i.e., partially frozen to its bed), much
of the motion is due to internal deformation of the ice (Fig. 4A).
Hence, climatic differences between regions, as well as within a
glaciated basin over time, dictate variations in mass balance, basal
temperature, availability of meltwater and ice flow in space and time,
which in turn influences the sediment yield and the sedimentary
signal (e.g., Hallet et al., 1996; Dowdeswell et al., 1998; Koppes and
Montgomery, 2009; Herman et al., 2015; Koppes et al., 2015).

To first order, global climate forced by orbital control on insolation
has long been recognized as the primary driver for Quaternary glacier
and ice sheet mass balance on millennial time scales (Fig. 2, column
A); however, interactions with climate are complex and non-linear.
For instance, the high albedo of snow and ice acts as a positive feedback
on ice sheet mass balance (e.g., Box et al., 2012; Dumont et al., 2014).
The presence of a continental-scale ice sheet impacts global and local
patterns of air circulation, creating stable high-pressure zones with
cking) and abrasion are the dominant mechanical processes of erosion at the glacier bed,
otion in a deformable bed under an ice stream, showing the importance of themodulation

ett (2003).

Image of Fig. 4


Fig. 5. Erosion rate and basal sliding velocity for 15 outlet glaciers from Patagonia to the
Antarctic Peninsula. Dashed lines represent the regression relationship used to define
the constants of proportionality used in the 'erosion rule'; black dashed line is the most
commonly used form where n = 1 and Kg = 10−4. Modified from Koppes et al. (2015).
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steep pressure gradients that discourage inflow of moist air and en-
hance buoyancy-driven katabatic winds (e.g., Steffen and Box, 2001;
Parish and Bromwich, 2007).Moreover, ice sheets canmodify precipita-
tion patterns due to orographic factors, resulting in enhanced accumu-
lation rates nearest the coasts (Roe, 2005).

At the subannual timescale, seasonal melting is the most impor-
tant driver of ice dynamics, particularly for temperate systems
where meltwater can more readily reach the ice-bed interface with-
out refreezing, and help both lubricate the interface to increase ice
flux and do geomorphic work on the bed (Alley et al., 1997).
Hence, seasonal melt dominates the seasonal-annual sedimentary
flux signal (Fig. 2A, B). Water input is known to vary on a daily
basis during the summer season, which has an important effect on
sliding velocities (e.g., Iken and Bindschadler, 1986; Bartholomaus
et al., 2007). Seasonal meltwater fluctuations have strong control
on subglacial channel dimensions (Boulton et al., 2007) and sliding
velocities (e.g., Iken and Bindschadler, 1986; Bartholomaus et al.,
2007; Joughin et al., 2008; Pimentel and Flowers, 2010; Schoof,
2010). In the winter, subglacial water conduits close because of
lower water pressures, and any unfrozen water is trapped in a net-
work of linked cavities. Increased melt rates in summer drive higher
subglacial water discharge and the formation of larger, more efficient
channels, and the subglacial drainage system evolves accordingly.
Therefore, it is likely that every year, there is a period when drainage
networks shift from sluggish to efficient flow to drain subglacial
meltwater. During this shift, subglacial water pressure is large and
effective pressure is low, which promotes sliding and erosion, and
the linked production of a sediment pulse (Fig. 2B).

On decadal to centennial timescales, such as the Little Ice Age (LIA),
several studies have demonstrated a primary relationship between gla-
cier mass balance and inter-annual variability in large-scale atmospher-
ic circulation patterns, variation in solar cycles, and changes in oceanic
temperatures and circulation. For instance, a decade of positive mass
balance can force temperate glacier surges (Eisen et al., 2001). In the
Andes, higher sea-surface temperatures associated with El-Niño events
have been linked with persistent negative mass balance of the Peruvian
ice caps (Thompson et al., 1984). In western North America, the Pacific
DecadalOscillation drives contrastingpatterns ofwinter snowfall, creat-
ing negative mass balances for Pacific Northwest glaciers, but positive
mass balance for Alaskan glaciers (Bitz and Battisti, 1999). Across
south-central Greenland, a strengthening and warming of the sub-
polar Irminger current have been linked to increases in submarinemelt-
ing and the acceleration of the ocean-terminating outlet glaciers of the
Greenland ice sheet (e.g. Rignot et al., 2010; Motyka et al., 2011;
Straneo and Heimbach, 2013).

Glaciers respond to climatic perturbations that affect their net mass
balance by adjusting their width, length, and thickness (Dowdeswell
et al., 1995; Eisen et al., 2001; Harrison and Post, 2003; Davis et al.,
2009; Menounos et al., 2009; Roe and Baker, 2014). There is a lag in
the adjustment of the ice that depends on the response time of the
glacier, which is dictated by its geometry (Roe and Baker, 2014). Mod-
ern observations of alpine glaciers show response times from several
years to decades (Harrison et al., 2001; Oerlemans, 2005; Menounos
et al., 2009). Temperate glaciers are known to surge within a few de-
cades following changes in mass balance, releasing large volumes of
sediment and meltwater (Fig. 2A, B) (Eisen et al., 2001; Striberger
et al., 2011). Alpine glacial termini advanced within a few centuries as-
sociated with LIA cooling, and their subsequent retreat occurred within
~50–100 years (Oerlemans, 2005; Barclay et al., 2009). The end of the
LIA in Alaska is reflected in increased proglacial sediment accumulation
and glacigenic sediment discharge (Fig. 2B; Molnia and Post, 1995;
Wiles et al., 1999; Barclay et al., 2009; Crossen and Lowell, 2010;
Jaeger and Kramer, 2014). Proxy records of ice retreat associated with
the abrupt warming transition at the Bølling interstadial at ~14.8 ka
BP indicate a response time within the precision of the chronometer
(several hundred years; Praetorius and Mix, 2014).
However, the timing and magnitude of retreat can be unrelated or
minimally related to climate forcing, which is particularly true of gla-
ciers in marine-terminating settings. Many modern outlet glaciers ter-
minate in fjords or lakes, and their response to climate is complicated
by their sensitivity to non-climatic influences such as terminus geome-
try, sediment delivery to the terminus, ice-front melt rates, and water
depth (Meier and Post, 1987; Powell, 1991; van der Veen, 1996;
Warren and Aniya, 1999; Motyka et al., 2003; O'Neel et al., 2005;
Pfeffer, 2007; Rignot et al., 2010). Consequently, advance-retreat histo-
ries of calving glaciers contain a record both of past climate and of
changing ice-front dynamics.

2.2. The generation of glacigenic sedimentary signals

2.2.1. Theoretical framework
According to theory and experimental evidence, the two fundamen-

tal mechanical processes that govern the erosion and shaping of
landscapes by ice are: a) quarrying of rock blocks from rough edges of
the subglacial bed; and b) abrasion of rock that smoothens and polishes
the bed (Fig. 4; Boulton, 1979; Hallet, 1979, 1996; Iverson, 1991, 2012).
In certain climates and lithologies, abrasion and chemical denudation by
meltwater also may play a significant role in erosion; however, less is
known about these mechanisms (Anderson and Anderson, 2010).
These theories all suggest that subglacial water pressure, and corre-
sponding basal sliding velocity, are the dominantmechanisms that con-
trol the tempo of subglacial erosion. Warmer annual temperatures and
higher precipitation rates (both rain and snow) favor meltwater pro-
duction, which is likely to increase the basal water pressure, leading to
faster sliding and more erosion (Fig. 2; Iken and Bindschadler, 1986;
Bartholomew et al., 2010). High basal water pressures also are thought
to promote subglacial erosion by quarrying, especially where they fluc-
tuate frequently (Fig. 4; Hallet, 1996; Iverson, 2012). Indeed, for tem-
perate glaciers, observational data have correlated increases in sliding
velocities (inferred from measured increases in glacier surface speeds)
with increases in the production and transport of glacial sediment
(Fig. 5; e.g., Humphrey and Raymond, 1994; Anderson et al., 2004;
Riihimaki et al., 2005; Herman et al., 2015; Koppes et al., 2015).

In polar glaciers and ice sheets where cold-based ice (below the
pressure melting point) dominates, glacial erosion and sediment trans-
fer rates decrease significantly (Hallet et al., 1996; Elverhøi et al., 1998a;
Cuffey et al., 1999; Koppes et al., 2015). As mean air temperatures drop
well below 0 °C, the production of sediment by glacial erosion decreases
progressively as surface melt vanishes, because little or no water
reaches the bed from the glacier surface to facilitate glacier sliding and
erosion. Sediment production is greatly limited once the basal ice tem-
perature drops below the melting point, and erosion rates are then

Image of Fig. 5
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dominated by slow mechanical processes associated with ice deforma-
tion (Hallet et al., 1996; Cuffey et al., 1999). The role of glacialmeltwater
in transporting sediment subglacially also diminishes as the air cools be-
cause subfreezing conditions shut off the dominant source of water; the
amount generated through frictional heating at or near the glacier bed
has little impact on sediment transport (e.g. Cuffey and Paterson,
2010). Under these circumstances, sediment transport under the glacier
is presumed to take place primarily in a deforming basal till layer and in
basal ice, and not by subglacial or englacial streams (Fig. 4; Griffith and
Anderson, 1989; Hooke and Elverhoi, 1996; Powell et al., 1996; Bennett,
2003). However, recent sediment yield data from an outlet glacier in
Greenland suggest that efficient subglacial drainage of surface meltwa-
ter in the wet snow zone close to the edges of the Greenland ice sheet
may create a zone of rapid erosion along the margins of cold-based
(polar) ice sheets (Cowton et al., 2012).

Several aspects of the processes andmechanics of glacier erosion re-
main unconstrained. In contrast tofluvial studies,where the importance
of bedrock lithology in fluvial incision rates has been demonstrated
(e.g., Stock and Montgomery, 1999), the explicit influence of rock type
on glacial erosion is still little understood (Alley et al., 2003). Both chem-
ical weathering rates (Anderson, 2005) and fracture intensity may also
influence glacial erosion rates (Dühnforth et al., 2010; Becker et al.,
2014). The degree to which the presence of subglacial meltwater and
sediment at the bed affects both short-term and long-term glacial
erosion is also still debated. For example, glacial hydrology is expected
to influence sediment transfer by accelerating sliding, and hence ero-
sion, in the ablation zone where abundant meltwater is available
(e.g., Herman et al., 2011; Egholm et al., 2012). Theoretical models for
subglacial abrasion highlight the influence of sediments carried by the
ice as a driving factor for subglacial erosion (Hallet, 1979, 1996;
Iverson, 1991, 2012). Yet, sediments may also act to reduce erosion if
Fig. 6. Comparison of modern (100–101) glacial erosion rates (triangles) and fluvial erosion ra
originally compiled by Hallet et al. (1996). Black triangles represent temperate tidewater gl
black open circles aremajor river basinsworldwide (fromMilliman and Syvitski, 1992) andmou
are from partially glaciated mountain basins in the high Himalaya. Modified from Koppes and
allowed to accumulate at the bed and provide a protective cover for
the bedrock surface (e.g., Egholm et al., 2012). Moreover, subglacial
storage of sediments will also delay the timing between the production
of sediment through erosion and its sedimentary signal at the ice front
and beyond.

2.2.2. Observations of glacial erosion and sediment production
Quantifying the controls and timing of glacier erosion is central to

understanding the role of climate forcing on the development of sedi-
mentary signals in a glacial sediment routing system, yet relationships
between these controls are still poorly understood. In part this is due
to the difficulty ofmaking direct observations andmeasurements of gla-
cial erosion beneath or directly in front of active glaciers. There is also a
paucity of techniques to measure rates of erosion over both short and
long timescales in glacially modified landscapes. Sediment accumula-
tion patterns, rates and volumes near glacier termini in fjords of the
northern and southernhemispheres have been examined using sequen-
tial bathymetric maps, seismic-reflection surveys, sediment traps and
radioisotope analyses (e.g., Molnia, 1983; Cowan and Powell, 1990,
1991; Domack and Ishman, 1993; Hallet et al., 1996; DaSilva et al.,
1997; Elverhøi et al., 1998a; Jaeger and Nittrouer, 1999a, 1999b;
Koppes and Hallet, 2002, 2006; Koppes et al., 2009, 2010; Szczucinski
et al., 2009; Fernandez et al., 2011). Based on these measures of short-
term sediment yields, the rapidity with which glaciers erode the bed
can be high, in some instances for temperate glaciers, far outpacing
the erosion rate of rivers (Fig. 6; Gurnell et al., 1996; Hallet et al.,
1996; Koppes and Montgomery, 2009). However, the relationship be-
tween the magnitude and timing of sediment yields measured today
and of the geomorphic and dynamic processes that produce the ero-
sional signal have received remarkably little attention, and with a few
notable exceptions (e.g., Riihimaki et al., 2005; Koppes and Hallet,
tes (circles) derived from sediment yields according to catchment area, revised from data
aciers from Alaska and Patagonia, gray triangles other alpine and high-latitude glaciers,
ntain basins in British Columbia (fromChurch and Slaymaker, 1989), and gray open circles
Hallet (2006).

Image of Fig. 6


50 J.M. Jaeger, M.N. Koppes / Earth-Science Reviews 153 (2016) 43–76
2006; Cowan et al., 2010; Herman et al., 2015; Koppes et al., 2015), are
still poorly understood. The importance of ice dynamics on sediment
production was first quantitatively demonstrated by studies of Varie-
gated Glacier, Alaska, in the early 1980s, where a two-order-of-
magnitude variation in sediment yield was measured over a two-year
surge cycle (Humphrey and Raymond, 1994). During this surge event,
sliding speeds also increased by two orders ofmagnitude, but the extent
of glacier cover did not change appreciably. Notably, the subglacial dis-
charge increased dramatically at the end of the surge, suggesting that
subglacial meltwater flushing may contribute a significant amount of
sediment to the proglacial system during distinct (seasonal to interan-
nual) events (Fig. 2B;Merrand andHallet, 1996). Thesefindings showed
that the dynamic nature of a glacier dictates the rate at which it can
erode, entrain subglacial sediments and deliver them to the ice front,
creating a cryospheric sedimentary signal of changing glacier mass
balances.

Given the logistical complexities inherent in establishing subglacial
erosion rates quantitatively, a critical component is to determine a chro-
nology for sediment deposition in the glacial foreland and glacimarine
realms. Tools developed to understand these depositional processes,
and to address the multiple factors that affect sedimentary records cre-
ated by fluctuating glacial sediment input, include: a) direct measure-
ments of suspended sediment concentrations in fjords and lakes to
monitor sediment release and transport mechanisms (e.g., Domack
andWilliams, 1990; Cowan and Powell, 1991); b) radioisotope analysis
and varve counting of seabed samples from shallow cores (e.g., Cowan
et al., 1997; Jaeger and Nittrouer, 1999a, 1999b; Cowan et al., 1998;
Jaeger, 2002; Ohkouchi and Eglinton, 2008; Rosenheim et al., 2008;
Boldt et al., 2013); c) optical and thermoluminesence dating of sedi-
ments (Fuchs and Owen, 2008; Berger et al., 2010; Alexanderson and
Murray, 2012); d) paleomagnetism (Stoner et al., 2000; Brachfeld
et al., 2003; Simon et al., 2012); and e) seismic stratigraphy and facies
analyses recorded in strata (e.g., Cai et al., 1997; Elverhøi et al., 1998a;
Jaeger et al., 1998; Sheaf et al., 2003; Koppes and Hallet, 2006; Koppes
et al., 2009; Cowan et al., 2010; Fernandez et al., 2011). Given the spatial
and temporal variability in sediment andmeltwater discharge at glacial
termini (e.g., Powell andMolnia, 1989; Domack and Ishman, 1993), spot
measures in space and/or time of sediment accumulation (a–d) are po-
tentially inadequate to capture the dominant time scale of sediment
production, and thus data sets that capture the full flux over space and
time (e) are advantageous. However, seismic volumes can only be con-
verted to rates when chronologies and physical properties (e.g., p-wave
velocity, bulk density) exist to complement the seismic stratigraphy.
Often, only gross assumptions of ages of seismic surfaces can be made,
for instance glacial retreat surfaces following LGM or LIA (Elverhøi
et al., 1998a; Jaeger et al., 1998; Sheaf et al., 2003; Koppes et al.,
2010), which limits our abilities to examine the dynamics of sediment
fluxes over time.

Much of what is known about contemporary and centennial sedi-
ment yields from glaciers comes from coastal Alaska and Patagonia,
where numerous studies have quantified the sediments in the fjords
and on the shelf (e.g., Molnia, 1979; Cowan and Powell, 1990, 1991;
Powell, 1991; Hallet et al., 1996; DaSilva et al., 1997; Jaeger et al.,
1998; Jaeger and Nittrouer, 1999b; Koppes and Hallet, 2002, 2006;
Sheaf et al., 2003; Boyd et al., 2008; Koppes et al., 2009, 2010; Cowan
et al., 2010). From themeasured sediment volumes in fjords and histor-
ical records of terminus retreat, Koppes and Hallet (2002, 2006, 2009)
modeled the sediment yields of tidewater glaciers in Alaska and Patago-
nia on an annual basis, based on seismic reflection isopachs, and sug-
gested that the temperate tidewater glaciers in both regions have
been unusually dynamic and erosive in the past century since the end
of the LIA, when regional warming caused rapid terminus retreat and
thedrawdownof hundreds ofmeters of ice. They inferred that the accel-
eration in ice flow required to evacuate such immense volumes of ice
from the basins since the LIA resulted in accelerated basal sliding, and
the unusually fast sliding (relative to the typical conditions of the late
Pleistocene) produced modern erosion rates (Fig. 2C) that are among
the highest known yields worldwide and far exceed those over the
long-term (Figs. 3 and 6).

The study by Cowan et al. (2010) stands out for their contribution in
terms of documenting sedimentary processes and rates of debris trans-
fer from the glacial source to a fjord. They documented the retreat of
Muir Glacier, Alaska and the associated migration of the active
depocenter through silled fjord basins at nearly annual resolution for
over a century. They concluded that the sediment yield derived from
seismic isopachs reflects several sources, and that sediment fluxesmea-
sured during retreat should not be considered to represent only bedrock
erosion supplied by varying ice flux fromMuir Glacier, but also includes
contributions from tributary glaciers as well as pre-LIA sediment stored
within the deeper basins that is re-eroded by advancing ice. Moreover,
sediments are often redistributed from bedrock highs into deep basins.
Hence, temporal variations in sediment input from tidewater glaciers
represent variations both in production of new debris by erosion as
well as in inputs from sediment stored under and in front of the glacier.

Over longer time scales (10–400 ka), averaging several glacial cycles,
recent advances in cosmogenic exposure dating have greatly enhanced
our ability to define glacial erosion and deposition rates in the terrestrial
environment. The use of cosmogenic nuclides has provided a means of
directly dating the deposition of subaerial glacial deposits in the absence
of any associated organic remains, a common issue for Quaternary de-
posits (Balco, 2011; Granger et al., 2013). Cosmogenic exposure-age
dating, which relies on the measurement of rare nuclides produced in
rock surfaces and sediments by cosmic ray bombardment, is nowwide-
ly used to date both late Pleistocene and Holocene deglaciation ages as
well as to quantify subglacial erosion rates via the nuclide concentration
in glacially transported boulders and in bedrock exposed during retreat
(Balco, 2011). Advances in the use of cosmogenic nuclide isotopes
(Miller et al., 2002; Briner et al., 2006; Briner and Kaufman, 2008;
Menounos et al., 2009; Balco, 2011; Fastook and Hughes, 2013;
Granger et al., 2013; Champagnac et al., 2014; Cofaigh et al., 2014;
Hormes et al., 2013; Refsnider et al., 2013; Hodgson et al., 2014; Larter
et al., 2014; Lindow et al., 2014; Rother et al., 2014; Winsor et al.,
2014) have helped resolve a number of longstanding chronological
and process debates in geomorphology, including: topographic relief
development (e.g., Tremblay et al., 2014) and the ability of cold-based
ice sheets to preserve pre-glacial landscape features (e.g. Stroeven
et al., 2002; Briner et al., 2006); complex Holocene glacial exposure–
burial histories (e.g. Goehring et al., 2011); and accumulation rates of
glacial sediments deposited 0.5 to 3 Ma (e.g., Balco and Rovey, 2010).
However, the accuracy of cosmogenic exposure dating remains limited
by uncertainties about production-rate calibrations and assumptions
about the geologic history of landforms that are difficult to test and
may profoundly effect their apparent ages, complicating the glacial
and erosional history of landforms and strata (Balco, 2011; Heyman
et al., 2011).

Developments in low temperature thermochronometry also have
allowed quantification of glacial erosion rates at the million-year
timescale appropriate for investigating tectonic–climatic forcing on
topographic development. Four low-temperature thermochronometric
systems are used: apatite (U–Th)/He, apatite fission track, zircon
(U–Th)/He and zircon fission track, which have approximate closure
temperatures of ~60–90 °C, 110 °C, 180 °C and 250 °C, respectively.
Taken together, these thermochronometers enable the tracking of
bedrock erosion from shallow crustal depths of about 8–10 km up
to the Earth's surface (e.g., Herman et al., 2013). These temperatures
and bedrock cooling histories correspond to the glacial–interglacial
phase of topographic denudation (e.g, Shuster et al., 2005). For in-
stance, recent low temperature thermochronometric studies along
the glaciated coasts of Alaska, British Columbia and in the Patagonian
Andes support the notion of rapid glacial erosion at altitudes near the
snowline (Fig. 3) (Shuster et al., 2005; Berger and Spotila, 2008;
Thomson et al., 2010; Herman et al., 2013). One notable drawback
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to this method is that bedrock cooling ages can only be established
where samples can be collected, which precludes sampling under
modern ice streams that may be the locus of erosion over LGM time
scales (Berger et al., 2008b; Enkelmann et al., 2010; Headley et al.,
2013). One alternative is to use detrital thermochronometery on
grains collected from glacial outwash. Where this has been accom-
plished from modern glaciers, the results are ambiguous in terms
of the exhumation rates under the glaciers, which may reflect
decadal-scale variability in subglacial sediment storage and transfer
that influences the cooling age spectra of grains sampled from out-
wash (Headley et al., 2013).

2.2.3. Modeling erosion and sediment production under conditions of
glaciation

Increasingly, the effects of glacial erosion on geomorphic develop-
ment of topography and the production of a sedimentary signal are
being studied using landscape evolutionmodels, which provide numer-
ical simulations of both ice flux and glacier erosion over periods
spanning multiple glaciations. The geomorphic signatures of glacial
landscapes, such asU-shaped valley cross-sections, low-sloping longitu-
dinal profiles punctuated by steep steps, overdeepened bedrock basins
and fjords, cirques, and hanging valleys, clearly demonstrate differences
in the erosional capacity of fluvial and glacial systems (e.g. Harbor et al.,
1988; Braun et al., 1999; Kessler et al., 2008; MacGregor et al., 2009;
Pedersen and Egholm, 2013). However, there has been slow progress
directed toward quantitatively understanding the development of
these geomorphic features, quantifying the timescale of their formation,
or determining the rates of glacigenic sediment production.Most recent
numerical modeling efforts have focused on reproducing the processes
that produce the hypsometric signature of a glaciated landscape, includ-
ing erosion by glacial sliding and isostatic landscape uplift caused by
erosional unloading (e.g., MacGregor et al., 2009; Yanites and Ehlers,
2012; Pedersen and Egholm, 2013).

Central to these glaciated landscape evolutionmodels is the need for
a simple index that relates the glacial erosion rate, i.e., sediment produc-
tion rate, to glaciological or climatic variables. Mostmodels assume that
erosion rates are proportional to the ice sliding velocity at the bed, and
reach a peak at the equilibrium line altitude (ELA) (e.g., Harbor, 1992;
Braun et al., 1999; Tomkin and Braun, 2002; Egholm et al., 2009;
MacGregor et al., 2009; Tomkin, 2009; Herman et al., 2011). Some
models assume that glacial erosion can be approximated by the
integrated ice discharge (Anderson et al., 2006, Kessler et al., 2008;
Headley et al., 2012). Although treatments of glacier flow in these
models have become increasingly sophisticated (e.g., Herman et al.,
2011; Egholm et al., 2012), the constraints placed on the erosion rate
have remain unchanged, and most apply a bedrock erosion (E) rule of
the form:

E ¼ Kgus
n

where us is the glacier sliding speed, Kg is a constant representing bed-
rock erosion susceptibility, and n is a constant normally assumed to be
1 (e.g., Harbor, 1992; Tomkin, 2007, 2009; Herman and Braun, 2008;
Egholm et al., 2009; MacGregor et al., 2009; Herman et al., 2011;
Yanites and Ehlers, 2012). In nearly all of these cases, the two constants
of proportionality used have been tuned to a single empirical study in
which both the sediment flux and ice motion were measured during a
surge of Variegated Glacier in Alaska (Humphrey and Raymond,
1994). Recent findings at Franz Josef Glacier in New Zealand (Herman
et al., 2015) and temperate outlet glaciers in Patagonia (Koppes et al.,
2015) suggest that the relationship between erosion rate and sliding is
non-linear, i.e., n = 2 (see Fig. 5).
While field studies and some of themost recentmodeling studies have
shown that water plays a major role in modulating sliding (Herman
et al., 2011; Egholm et al., 2012), with important implications for en-
hanced erosion, the impact it may have on sediment yields and erosion
rates is still unclear. Beaud et al. (2014) found that variations in seasonal
subglacial drainage pattern, sliding speeds, and the form of the erosion
rule used resulted in significant differences in predicted erosion rates.
Thus, improved empirical data on the patterns and development of sub-
glacial hydrology, and on the role of hydrology in modulating erosion
and sediment production, are still needed.

Documenting the timing of subglacial sediment generation at the
source and transfer to the sink also is complicated by paraglacial chang-
es in erosional and transport pathways throughout glacial advance–
retreat cycles. For example, DeWinter et al. (2012) modeled the change
in erosion and sediment generation to the glacial foreland during
deglaciation, and found a distinct time lag between glacier warming
and retreat, and a corresponding increase in erosion and sediment pro-
duction. They attributed this lag to rising concentrations of abrasive
agents (i.e. sediment) in the basal ice and an increase in sliding. They
also noted that the lag between warming (and deglaciation) at the gla-
cier source and the increase in sediment delivery to the proglacial sinks
may be complicated by sediment storage in the terrestrial and fluvial
transfer domains, creating a pulse of paraglacial reworked sediments
in the proglacial foreland following deglaciation (Church and Ryder,
1972; Church and Slaymaker, 1989; Ballantyne, 2002).

3. Linking the source to the sink: glacigenic signal transfer

A primary source-to-sink (S2S) goal is to determine the mass dis-
persal processes by which glacigenic sediment is transferred from the
locus of production (i.e., the glacial source) to the locus of accumulation
(i.e., the glacimarine sink), and how these dispersal pathways are con-
trolled by ice dynamics and related controls such as sea level. In contrast
with river systems that are persistent on the landscape over millions of
years, a primary question for glacial S2S systems is how the signal is
transferred, especially when the glaciers are no longer present in the
landscape.

Sediment is transferred from where it is eroded within the source
zone to the terminus (the source/transfer zone boundary) (see Fig. 1)
through several well-documented processes, including superglacial
and englacial rafting within the ice, transport in a deformable till or
debris-laden basal ice layer at the ice-bed interface, or carried in the
subglacial hydrologic system (Fig. 4; Alley et al., 1997). The dominant
sediment transfer process will depend on the thermal state of the ice.
In temperate, meltwater-dominated systems, the primary mode of sed-
iment transfer is through subglacialmeltwater conduits (Lawson, 1993;
Alley et al., 1997). Superglacial meltwater feeding the subglacial system
can rapidly advect sediment through the glacier, and subglacial flow can
flush all available sediment stored beneath the ice (Alley et al., 1997;
Hunter et al., 1996a; Swift et al., 2005). In colder systems such as in
Antarctica, basal melting is greatly reduced, and meltwater discharge
is minimal (Alley et al., 1997; Griffith and Anderson, 1989; Koppes
et al., 2015).

Subglacial sediment transport also can occur by deformation of till at
the glacier bed, and may be the dominant mode of transport under ice
streams (Fig. 4B; Kristoffersen et al., 2000; Bennett, 2003). Characteris-
tic basal sediment thicknesses of less than 0.5 m have been measured
beneath temperate Alaskan tidewater glaciers (e.g., Kamb et al., 1985;
Humphrey et al., 1993). The few observations of these deformable till
layers from boreholes suggest they are no more than a few meters
thick at most (Engelhardt et al., 1990; Truffer et al., 1999). Transport
also occurs by freezing to the sole of the glacier, resulting in thick
zones of debris-rich basal ice where regelation and freeze-on from
supercooled subglacial water is prevalent (Alley et al., 1997; Creyts
et al., 2013). Sediment fluxes associated with ice streams range from
102 to 103 m3 yr−1 per meter ice width (Alley et al., 1987; Alley,
1989; Hooke and Elverhøi, 1996; Tulaczyk et al., 2001; Shipp et al.,
2002; Dowdeswell et al., 2004; Anandakrishnan et al., 2007; Laberg
et al., 2009; Christoffersen et al., 2010). To generate and sustain such a
large sediment flux, subglacial sediment transfer near the ice margins
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must be dominated by thick zones of deforming till (Alley et al., 1989;
Anandakrishnan et al., 2007; Livingstone et al., 2012) or debris-rich
basal ice layers (Christoffersen et al., 2010).

Local geology and basin topographydictate howmuchmasswasting
occurs, shedding sediment onto the ice surface, and hence the relative
amount of supraglacial and englacial debris transported by the ice
(e.g., Alley et al., 1997). The magnitude of the sediment transported di-
rectly by ice is, however, considered a minor contributor to the overall
flux. For instance, Hunter et al. (1996a) found that, for three relatively
“dirty” Alaskan tidewater glaciers where bedrock erodibility was rela-
tively high and where small but significant portions of the basins were
above the ice surface and available to contribute superglacial debris,
the superglacial and englacial debris entrained in the ice amounted to
no more than 10% of the total sediment yield.

Changes in subglacial hydrology and subglacial storage also may
influence transfer of sediment along dispersal pathways within the
glacier ‘source’ zone, adding complexity to the sedimentary record
in the ice-proximal sink. Subglacial basins can act to temporarily
store both sediment and water (Cook and Swift, 2012). Any change
in the sediment-transport capacity of the subglacial hydrologic sys-
tem, such as caused by a decrease in bed slope due to subglacial sed-
iment storage or an increase in surface slope as the glacier thins, can
evacuate stored sediment (Alley et al., 1987; Motyka et al., 2006;
Cuffey and Paterson, 2010; Cook and Swift, 2012). Hence, the sedi-
mentary signal at the ice-ocean boundary is not a simple record of
changes in the sediment production rate due to changes in climate
or erosion rate. Because changes in subglacial hydrology and storage
may dominate the sediment flux to certain ice-proximal settings, a
simple interpretation of sediment fluxes as a metric of ice flux is
challenging, as subglacial hydraulics are arguably the least under-
stood component of the glacier system.

In contrast, a substantial set of investigations into the physical pro-
cesses in fjords has provided a conceptual framework for modeling
the flux and fate of glacial sediment that enters marine waters
(e.g., Elverhøi, 1984; Powell, 1984; Syvitski et al., 1987; Cowan and
Powell, 1990, 1991; Domack and Williams, 1990; Domack and
Ishman, 1993; Domack et al., 1994; Harris et al., 1999; Ashley and
Smith, 2000; Gilbert et al., 2003). While some glacimarine sedimentary
dispersal processes such as turbid meltwater plumes have been mea-
sured in situ, or inferred from fjord sedimentary deposits, the specific
transport mechanisms, especially near the terminus, can only be in-
ferred from geophysical or acoustic sampling (e.g., Powell, 1990;
Domack et al., 1994; Goff et al., 2012). However, rare is the situation
where termini are subareally exposed following retreat to allow
documentation of the full range of transport processes (Smith et al.,
1990; Phillips et al., 1991).

In glacimarine environments,most glacially derived sediment enters
proglacial fjords via subglacial meltwater discharge, and to amuch less-
er extent by directmelting of the calving front and of icebergs (Figs. 1, 7,
and 8; e.g., Powell and Molnia, 1989; Cowan and Powell, 1991; Hunter
et al., 1996b). The majority of sediment is thought to be delivered to
temperate fjords via subglacial and englacial meltwater channels
(Hunter et al., 1996a); at the terminus, subglacial discharge generally
rises as a turbulent plume that mixes with ambient seawater (Fig. 8
inset; Powell and Molnia, 1989; Syvitski, 1989). Some of the highest
sediment accumulation rates measured worldwide occur near the
grounding line of temperate glaciers, and reach up to meters per year
(Powell, 1981, 1983, 1990, 1991; Goff et al., 2012). Empirical studies
of proglacial sedimentation rates in front of temperate-polythermal
tidewater glaciers all suggest that they decrease exponentially with
distance from the ice front, reflecting rapid sediment deposition
(hours–days) of suspended sediment (Syvitski, 1989; Cowan and
Powell, 1991; Dowdeswell et al., 1998; Hill et al., 1998; Jaeger and
Nittrouer, 1999b). Such rapid sedimentation processes have been quan-
titatively (Powell, 1990) and numerically (Mugford and Dowdeswell,
2011; Salcedo-Castro et al., 2013) modeled and are highly dependent
upon the time-evolving jet dynamics at the subglacial conduit
and suspended-sediment flocculation dynamics in the water column
(Hill et al., 1998).

The dominant sediment-transport process in meltwater-dominated
fjord depends strongly on the subglacial meltwater sediment concen-
tration. For sediment-laden freshwater to exceed the density of the
ambient fjord seawater, the suspended-sediment concentration needs
to exceed ~30 g l−1 (Mulder and Syvitski, 1995). At concentrations
b30 g l−1, subglacial meltwater plumes become buoyant and travel
along the water surface, as sediment flocculates and settles to the sea-
bed (e.g., Cowan et al., 1988; Hill et al., 1998; Curran et al., 2004). If
the plume is hyperpycnal (N30 g l−1), high-concentration gravity
flows can carry sediment along the fjord seabed great distances from
the source (e.g., Prior et al., 1987; Syvitski et al., 1987; Willems et al.,
2011). Gravity flows, including hyperpycnal flows, disperse highly mo-
bile sediment along a flat seabed; gravity-flow strata are a significant
component of the sedimentary facies accumulating proximal to the ice
(Fig. 7; Syvitski, 1989; Willems et al., 2011; Hambrey and Glasser,
2012). Secondary meltwater input from tributary glacifluvial sources
can add to mass fluxes and also result in gravity flows and turbidite de-
position (Fig. 8; Dowdeswell and Vásquez, 2013). Sinuous turbidity–
current channels are common to temperate fjords influenced by highly
variable discharge from glacifluvial braided rivers (Prior et al., 1986;
Syvitski et al., 1987; Dowdeswell and Vásquez, 2013).

Sediment delivery into polar fjords is controlled primarily by calving
and ice rafting, with most of the sediment accumulating directly at the
ice front (Fig. 7A; Domack and Ishman, 1993; Hambrey and Glasser,
2012). Broad variations in the amount of sediment produced and in
the role of meltwater facilitating glacial sediment transport are evident
from several studies across the Antarctic Peninsula. For example, bio-
genic sediments are dominant in polar fjords in Antarctica indicating
relatively minimal terrigenous input (Domack and Williams, 1990),
whereas the subpolar bays of the Antarctic Peninsula receive greater
fluxes of terrigenous sediment (Griffith and Anderson, 1989; Domack
and Ishman, 1993; Anderson, 1999; Boldt et al., 2013), thought to be de-
livered by suspended-sediment plumes and influenced by currents
(Domack and Williams, 1990; Domack et al., 1994; Yoon et al., 1998;
Harris et al., 1999; Ashley and Smith, 2000). Bottom and intermediate
plumes, which appear to originate at the grounding line, transport the
majority of suspended sediment in polar and subpolar settings
(Fig. 7A) (e.g., Domack et al., 1994). Observed temporal variability of
these plumes suggests time-varying subglacial discharge as the domi-
nant control. However, the mechanisms generating these plumes, for
instance tidal action or meltwater discharge, remain poorly understood
(Domack andWilliams, 1990; Domack et al., 1994; Domack and Harris,
1998). Sediment transfer by turbidity currents, debris flows, rain-out
debris, and meltwater-derived sediments also has been interpreted as
occurring in sub-iceshelf environments in the vicinity of the grounding
line of polar ice sheets (Fig. 7; Anderson, 1999; Domack et al., 1999;
Licht et al., 1999; Evans and Pudsey, 2002; Hillenbrand et al., 2005).

Iceberg rafting of sediment can also be a volumetrically significant
transfer mechanism, especially in polythermal and polar settings
(Fig. 7). Ice-rafted debris (IRD) accumulation is commonly assumed to
indicate that the marine terminating ice flux was high, supplying
enough mass to allow for wide dispersal of coarse-grained sediment
(Ruddiman, 1977; Molnia, 1983; Powell and Molnia, 1989; Krissek,
1995; Cowan et al., 1997; Anderson, 1999; St. John and Krissek, 1999;
Clark and Pisias, 2000; Hemming, 2004; Tripati et al., 2008; Forwick
and Vorren, 2009; Marcott et al., 2011; Cofaigh, 2012; Patterson et al.,
2014). The amount of IRD transferred along the dispersal system also
depends on the amount of material entrained in the ice, the amount of
time it takes icebergs to transit the transfer zone, and the melting rate
along this transit (Andrews, 2000). Time-varying fluxes of IRD to a spe-
cific site have been used as evidence of the dynamic extent of the ice
(Hebbeln et al., 1998; Solheim et al., 1998; Stokes et al., 2005;
Patterson et al., 2014), but the interpretation of IRD concentrations as



Fig. 7. Conceptual model for proglacial depositional processes and characteristic lithofacies in fjords and on continental shelves. Top panel (A) represents a polar, ice stream-influenced
continental-shelf environment. Bottom panel (B) represents a temperate-polythermal tidewater glacier environment. From Hambrey and Glasser (2012).
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simply a proxy for icemargin stability has been questioned (St. John and
Krissek, 1999; Andrews, 2000; Clark and Pisias, 2000). In the iceberg-
dominatedmargins of East Greenland (Dowdeswell et al., 1998), higher
concentrations of IRD are assumed to representmajor periods of calving
associated with a retreat of the ice front (Elverhøi et al., 1998a; Funder
et al., 1998). InAntarctica, IRD concentrations in openmarine sediments
do not appear to be related to ice sheet dynamics, but rather reflect rel-
ative winnowing of fines by strong bottom currents (Cofaigh et al.,
2001b; Cofaigh, 2012) and other deepwater sediment reworking pro-
cesses over the past million years. In temperate glacial settings, higher
concentrations of IRD have been associated with ice margin retreat on
continental shelves (Hendy and Cosma, 2008), but may also reflect sea-
sonally varying suspended-sediment concentrations in fjords (Cowan
et al., 1997). Regional oceanography can also have a major impact on
IRD dispersal patterns, varying greatly over short distances (Solheim
et al., 1998). For example, two ODP cores taken 75 km apart on the
East Greenland shelf showed a significant seaward decrease in IRD con-
tent, likely influenced by the East Greenland Current, which has kept
icebergs closer to the margin and prevented eastward transport to the
outer shelf (Larsen et al., 1994).

Continental shelves impacted by glacial processes share a common
set of characteristics that reveal the dynamics of ice and sediment trans-
fer over a larger range of time scales (Figs. 1 and 2D). Ice streams
flowing from icemasses of all sizes are the predominant transfer mech-
anism of ice, meltwater, and sediment to and across continental shelves
(Figs. 9 and 10; Bentley, 1987; Cofaigh et al., 2003; Cofaigh et al., 2008;

Image of Fig. 7


Fig. 8. A schematic landform-assemblage model for temperate, meltwater-dominated fjords subject to relatively mild climatic and oceanographic conditions, such as the fjords of Patago-
nia or Alaska. Inset shows the efflux of a subglacial meltwater channel at the tidewater glacier terminus and the plume of turbid sediment and ice-proximal fan produced beyond the sub-
glacial outflow mouth. From Dowdeswell and Vásquez (2013).

Fig. 9. Location of paleo-ice streams and cross-margin troughs in the Arctic and Antarctic. (A) Locations of circum-Arctic cross-shelf troughs (red; Batchelor and Dowdeswell, 2014)
displayed on IBCAO bathymetric data (Jakobsson et al., 2012). Three types of continental slopes are shown. Numbers refer to specific ice streams discussed in Batchelor and Dowdeswell
(2014). Approximate locations of cross-shelf troughs in Gulf of Alaska shown in red (after Carlson et al., 1982). (B) Location (blue arrows) and chronology of initial deglaciation (colored
dots) for Antarctic paleo-ice streams. Dates (in black) represent initial retreat of the palaeo-ice streams; dates in gray refer to initial retreat of the ice sheetmargin. The black line shows the
reconstructed position of grounded ice at the LGM. The dashed line indicates approximate grounding-line positions due to a paucity of data. From Livingstone et al. (2012).
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Fig. 10. Assemblages of submarine landforms on continental shelves typical of inter-ice-stream (A) and paleo ice-stream (B) sedimentary environments. From Dowdeswell et al. (2008b)
and Ottesen and Dowdeswell (2009).
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Stokes and Tarasov, 2010; Livingstone et al., 2012; Batchelor and
Dowdeswell, 2014; Dowdeswell et al., 2014; Landvik et al., 2014).
Deep (100–2000 m) cross-shelf troughs are the geomorphic signature
of paleo-ice streams, interpreted to represent themain ice routes across
the continental shelf, often to the shelf break (Fig. 10). These troughs
link upwithmajor sediment depocenters and dispersal systems on con-
tinental slopes (Bentley, 1987; Cofaigh et al., 2003; Dowdeswell et al.,
2008a; Reece et al., 2011; Livingstone et al., 2012; Batchelor and
Dowdeswell, 2014; Dowdeswell et al., 2014; Landvik et al., 2014;
Larter et al., 2014; Walton et al., 2014). Between ice streams, slower
flowing ice transfers less mass but is primarily recognizable from a
depositional record of nested arcuate moraines marking the positions
of former ice margins (Fig. 10; Dowdeswell et al., 2002; Landvik et al.,
2005; Ottesen et al., 2007; Ottesen and Dowdeswell, 2009; Cofaigh
et al., 2012; Landvik et al., 2014).

Continental slopes and the adjacent deep basins are the ultimate
sink for glacigenic sediment that has been supplied to the glacimarine
transfer zone, reworked, and advected to themore distal part of the sys-
tem (Figs. 1 and 2E, F). Sediment cores and seismic facies in the deep sea
reveal that gravity flows and hemipelagic settling are the main transfer
mechanisms to these sinks (Figs. 1 and 11; Dowdeswell et al., 1996;
Dowdeswell et al., 1998; Wilken and Mienert, 2006; Reece et al.,
2011; Cofaigh, 2012; Garcia et al., 2012; Batchelor and Dowdeswell,
2014; Walton et al., 2014). Debris flows are ubiquitous on continental
slopes seaward of cross-shelf troughs that were occupied by ice streams
(Figs. 10 and 11; Laberg and Vorren, 1996; King et al., 1998; Taylor et al.,
2002a; Batchelor and Dowdeswell, 2014; Dowdeswell et al., 2014;
Rebesco et al., 2014). Deposition of debrites results in the formation of
trough mouth fans, the primary depositional landform on many north-
ern hemisphere margins (Vorren et al., 1998; Dahlgren et al., 2002;
Elverhøi et al., 2002; Taylor et al., 2002a; Cofaigh et al., 2003; Dahlgren
et al., 2005; Nielsen et al., 2005; Batchelor and Dowdeswell, 2014;
Rebesco et al., 2014). Trough mouth fans occur wherever slopes are
b4° (Cofaigh et al., 2003; Batchelor and Dowdeswell, 2014); on steeper
slopes, gravity flows supply sediment to deep submarine basins via
large submarine channels (Dobson et al., 1998; Reece et al., 2011;
Garcia et al., 2012; Walton et al., 2014). Although gravity flows transfer
large volumes of glacigenic sediment onto slopes and into deepwater
basins (Reece et al., 2011; Garcia et al., 2012; Walton et al., 2014),
suspended sediment settling from turbid surface and intermediate
water depth plumes dominates the temporal record in these settings
(Taylor et al., 2002c). At shelf margins in Antarctica and NE Greenland,
trough mouth fans are rare to absent (Livingstone et al., 2012;
Batchelor and Dowdeswell, 2014), and the prevalent gully morphology
suggests that densityflows drive near-bed sediment transport to deeper
basins (Nielsen et al., 2005; Dowdeswell et al., 2008b; Noormets et al.,
2009; Livingstone et al., 2012; Gales et al., 2013). The lack of trough
mouth fans in these settings may either reflect steeper continental
shelf breaks or lower sedimentation rates than are required to construct
a low-angle slope (Livingstone et al., 2012; Gales et al., 2013). This ob-
servation suggests that reduced sediment fluxes from polar ice sheets
influence continental slope morphology at the highest latitudes.
4. The sink-fidelity of the glacigenic signal

The major objective of studying a sediment routing system from
source to sink is to establish the fidelity of the stratigraphic record in
capturing the dynamics of the geomorphic processes creating sediment,
the drivers of those processes, and the internal routing dynamics. Relat-
ing dynamic ice fluxes (i.e., velocity) to strata formation in glacial S2S
systems requires quantification of glacigenic sediment accumulation
rates, which depends on resolving the sedimentary record at timescales
equal to or better than the characteristic timescale of the ice response in
question (Fig. 2; Cofaigh et al., 2002). This ismost easily accomplished in
modern temperate,meltwater-dominated glacial systems, because sed-
iment production is elevated and thus signal generation is the strongest,
resulting in highermassfluxes that produce the accumulation rates nec-
essary to resolve the recent or short-timescale ice response function
(Cowan et al., 1997; Dowdeswell et al., 1998; Dowdeswell and Siegert,
1999; Jaeger and Nittrouer, 1999a; Jaeger, 2002; Andresen et al., 2012;
Pedersen et al., 2013). Formodern iceberg-dominated systems, reduced
production and flux of sediment to the sink limits our ability to quantify
the relationship between ice flux (velocity) and the stratigraphic
signal for short (sub-annual to decadal) timescales (Harden et al.,
1992; Domack and McClennen, 1996; Lowe and Anderson, 2002;
Hillenbrand et al., 2010a; Kirshner et al., 2012; Boldt et al., 2013). Con-
sequently, the greatest advances in linking ice dynamics at modern to
Quaternary advance-retreat time scales to sedimentary signal preserva-
tion exist for meltwater-dominated systems (Fig. 2).

Image of Fig. 10


Fig. 11. Conceptual model of glacigenic sedimentation on a high-latitude trough-mouth fan. Dominant sediment transfer mechanisms include gravity flows, meltwater discharge plumes
and iceberg rafting. Idealized lithofacies assemblages across the fan are shown. From Cofaigh et al. (2013).
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Establishing links between lithostratigraphy and glacial geomor-
phology requires identifying the genesis of the sedimentary signal,
which is most easily accomplished in currently glaciated settings.
Interpreting the ice influence on strata formation depends on recogniz-
ing distinctive lithofacies and/or seismic-facies assemblages character-
istic of glacial settings (e.g., Svendsen et al., 1992; Faleide et al., 1996;
Dowdeswell et al., 1998; Licht et al., 1999; Anderson et al., 2002;
Powell and Cooper, 2002; McKay et al., 2009; Cowan et al., 2010;
Dowdeswell and Fugelli, 2012; Hambrey and Glasser, 2012; Hogan
et al., 2012; Kirshner et al., 2012; Batchelor et al., 2014; Dowdeswell
et al., 2014; Larter et al., 2014; Rebesco et al., 2014). Many diagnostic
lithofacies criteria for recognizing glacigenic processes depend on ex-
amination of clast fabric, grain orientation, physical properties, and
biofacies (Powell, 1983; Powell and Molnia, 1989; Eyles and Eyles,
1992; Dowdeswell et al., 1998; Wellner et al., 2001; Cofaigh et al.,
2007; Garcia et al., 2011; Cowan et al., 2012, 2014; Hambrey and
Glasser, 2012; Kirshner et al., 2012; Larter et al., 2014). Lithofacies
information from point sources (e.g., cores) reveals local temporal
changes, whereas marine geophysics are often used to capture the spa-
tial variability in glacigenic strata formation. Even then, individual,
acoustically-stratified seismic facies interpreted as glacigenic, such as
suspended sediment deposition, are not unique to ice-dominated set-
tings. The most powerful combination for establishing the extent of
glacigenic influence in the sink is to relate seismic facies to lithofacies
within a chronostratigraphic context (Anderson et al., 2002; Barrie
and Conway, 2002; Dahlgren et al., 2002; Cofaigh et al., 2004; Nygård
et al., 2007; Laberg et al., 2009; Hogan et al., 2010).

Sedimentation associated with a moving terminus within the trans-
fer zone leaves behind a record of ice extent, which is a secondary signal
of ice dynamics, but it cannot be used to quantify the relationship be-
tween ice sliding velocity and sediment produced (Figs. 1 and 5).
Documenting this sedimentation is the most common approach used
to relate the stratigraphic record with ice dynamics (extent) for glacial
S2S systems. In this way, the glacial sedimentary record is treated as a
binary (on/off) signal reflected in the deposition of characteristic
glacigenic lithologic, geochemical, and/or seismic facies (e.g., Rebesco
et al., 2006; Anderson et al., 2014; Cofaigh et al., 2014; Hogan et al.,
2010; Larter et al., 2014; Patterson et al., 2014; Reyes et al., 2014;
Dowdeswell et al., 2014; Simon et al., 2014). However, the drawback
to this approach is that the depositional record (e.g., diamict; laminated
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ormassivemud; graded beds; chaotic or transparent seismic reflectors)
observed in modern glacial environments are not unique to a particular
thermal regime (Powell and Molnia, 1989; Dowdeswell et al., 1998;
Licht et al., 1999; Evans and Pudsey, 2002; Garcia et al., 2011; Cofaigh
and Dowdeswell, 2001; Cofaigh et al., 2001a). Proper discrimination of
the climatic setting from a binary signal depends on holistically describ-
ing facies assemblages/distributions (Cofaigh et al., 2013; Garcia et al.,
2011; Cofaigh and Dowdeswell, 2001; Cofaigh et al., 2001a). Even
then, similar lithofacies assemblages (e.g., diamict to laminated mud
tomassivemud) can accumulate underwidely varying climatic regimes
(Garcia et al., 2011; Cofaigh et al., 2001a). Only by establishing the geo-
morphic context and sediment accumulation rates is it possible to dif-
ferentiate between lithofacies associated with meltwater- versus
iceberg-dominated systems, and thus capture the association between
changes in ice flux and sediment production (Smith and Andrews,
2000; Desloges et al., 2002).

Observations of the dynamic response of ice to external forcing at
various timescales allow us to generate hypothetical sediment mass
flux response functions (Fig. 2). The challenge in using field data to de-
rive a response function is placing time constraints on the sedimentary
record. The most robust examples are those where accumulation rates
can be coupled with unambiguous facies or morphologic indicators of
glacigenic sources. As noted, establishing temporal control relies on a
chronostratigraphy commensurate with the response time of the per-
turbation (Kroon et al., 2000). Consequently, the number of studies
that establish absolute rates of glacimarine processes and accumulation
rates is most numerous for short-term (seasonal-centennial) processes.
As the timescales of interest expand into the late Pleistocene, the avail-
able chronometers have uncertainties greater than 102 yrs. (Austin
et al., 1995; Davies-Walczak et al., 2014; Hall, 2009), which is greater
than the ice response time seen in the late Holocene (Nesje et al.,
2008; Oerlemans, 2005;Wiles et al., 2008). In instances where chronol-
ogies are lacking, sedimentary, geomorphic, and geophysical proxies
such as IRD, laminatedmudanddiamict lithofacies, seabedmorphology,
grounding zone wedges (GZW), and/or mega-scale glacial lineations
(MSGL) have been used to infer an ice-dynamic relationship to the
stratigraphic signature. Rates of landform formation derived from
modern analogs are provided wherever possible (Anderson, 1999;
Andrews and Principato, 2002; Anderson et al., 2014; Andreassen and
Winsborrow, 2009; Batchelor and Dowdeswell, 2014; Batchelor et al.,
2013; Cai et al., 1997; Cofaigh et al., 2008; Cofaigh et al., 2005; Cowan
et al., 1997, 2010; DaSilva et al., 1997; Domack, 1990; Dowdeswell
et al., 2000; Hambrey and Glasser, 2012; Hogan et al., 2010; Jaeger
and Nittrouer, 1999b; Larter et al., 2014; Livingstone et al., 2012;
Mackiewicz et al., 1984; Molnia, 1983; Ottesen et al., 2005; Ottesen
et al., 2008a, 2008b; Phillips et al., 1991; Powell and Cooper, 2002;
Powell and Molnia, 1989; Shipp et al., 2002; Wellner et al., 2006;
Willems et al., 2011).

Examples of using glacigenic stratigraphy to resolve ice flux dynam-
ics range from fjords to the deep sea, and from sub-annual to the Pleis-
tocene timescales (Figs. 1 and 2). Given the complexity and breadth of
these records, we chose to focus this review on continental-margin set-
tings, as they contain the volumetric bulk of the glacigenic sedimentary
record (Fig. 2B–F). For processes operating at the decadal to century
timescale (e.g., surges; Fig. 2A), we provide examples primarily from
modern fjords where glaciers currently terminate, but recognize that a
sedimentary record of similar processes may also exist on shelves,
slopes, and in the deep sea whenever ice advanced through the transfer
zone (e.g., LGM, Fig. 1). We also only focus on the record where sedi-
ment is supplied directly by ice, as this provides the clearest illustration
of the ability of these records to resolve ice dynamics. We explicitly ig-
nore glaciofluvial discharge from former ice sheets that dominated
North America, Europe, and Asia during the late Pleistocene, as well as
the transfer of this sediment from the glacial foreland to the ocean, be-
cause determining terrestrial residence times and fluxes are hampered
by limited chronologies in terrestrial settings, aswell as by the influence
of eustasy in modulating fluxes from terrestrial storage basins into the
marine realm (e.g., Blum et al., 2000).

4.1. Conditions that influence the magnitude of the mass flux signal

Observations from glaciated basins identify the relative processes
that transfer the sedimentary signal of ice flux or ice extent
(Section 3), but they also illustrate processes that can introduce com-
plexity in the interpretation of the sedimentary record. Establishing a
glacigenic sediment flux requires chronometric control that is most
often established in sediment cores, but spatial variability in dispersal
processes will influence the flux to that point location. For meltwater-
dominated systems, spatial and temporal changes in delivery from the
terminus affect pointmeasures in sediment accumulation rates. In tem-
perate settings, sediment fluxes to individual locations (e.g., core sites)
will be highly dependent on the residence time of the terminus near
that location, because the absolute sedimentflux to the seabed often de-
creases exponentially from the ice-front source (Cowan and Powell,
1991; Powell and Domack, 1995; Syvitski and Shaw, 1995; Gilbert
et al., 1998). Where there is rapid deposition at the terminus, the
frequency and magnitude of downslope gravity flows will affect
accumulation rates (Cofaigh et al., 2013; Taylor et al., 2002a). Without
additional spatial data (e.g., seismic reflection profiles), it is challenging
to place point measures of accumulation rates into the broader context
of dispersal processes to address potential biases (e.g., Willems et al.,
2011).

For iceberg-dominated sinks, the sedimentflux to any one location is
dependent upon the path and residence time of floating ice through the
dispersal system.Where icebergs become trapped by sea ice, the overall
sediment flux to individual locationsmight be low because a large com-
ponent of subglacial and englacial sediment had previously melted out
at the terminus (Syvitski et al., 1996; Smith and Andrews, 2000;
Mugford and Dowdeswell, 2010). When sea-ice breaks up, there is an
increase in iceberg flux through the system and a corresponding in-
crease in the sediment flux. For example, iceberg drift in Baffin Bay is
strongly modulated by seasonal sea ice limits, and by longer-term vari-
ations in the extent and duration of sea ice cover (Deser et al., 2002;
Andrews et al., 2014). For iceberg-dominated sinks covered by floating
ice shelves (e.g., the Ross Sea), the sediment flux will be low at sites
distal to the grounding line. However, absolute sediment accumulation
rates may increase as the ice sheet breaks up and retreats and this
leaves open water allowing for increased biogenic fluxes (Licht et al.,
1996; Milliken et al., 2009; Maddison et al., 2005, 2006; Leventer
et al., 2006).

The size of the depocenter also can influence localized sediment ac-
cumulation rates. For meltwater systems with high englacial/subglacial
sediment fluxes, sediment dispersal in meltwater plumes or turbidity
currents will transfer material to deeper basins, thereby distributing
the mass over a larger area (Reece et al., 2011; Taylor et al., 2002b;
Walton et al., 2014). As sediment dispersal becomes increasingly distal
from the source, sedimentation rates decrease, allowing for secondary
processes such as bioturbation to influence the stratigraphic record, cre-
ating non-glacial “noise” in the system (Cofaigh et al., 2002; Romans
et al., 2016–this volume).

The sediment flux to a particular location also depends on the bed-
rock type and morphology over which the ice flux does its geomorphic
work. For many shelf systems, there is a transition from crystalline rock
on the inner shelf to sedimentary (often glacimarine) on the outer shelf
(Batchelor and Dowdeswell, 2014; Batchelor et al., 2011; Cofaigh et al.,
2004; Livingstone et al., 2012; Nielsen et al., 2005; Wellner et al., 2001;
Ottesen et al., 2005). Over comparable periods of erosion and sediment
transfer to the sink, the flux signal will be larger for a glacier that oc-
cupies more easily erodible bedrock (Hogan et al., 2012; Swift et al.,
2008). For example, higher erosion rates at Disko Bay, Greenland are
in part related to the high erodibility of the basaltic bedrock (Desloges
et al., 2002). Troughs between bedrock highs can also focus sediment
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accumulation (Hogan et al., 2012; Lowe and Anderson, 2002; Graham
et al., 2010; Jakobsson et al., 2012; Kirshner et al., 2012; Larter et al.,
2014) producing a point measure of sediment accumulation that may
reflect time spent in constrained bathymetry rather than the volume
of subglacially eroded material.

Lastly, autogenic factors can influence glacigenic sediment accumu-
lation rates that are independent of any external climatic forcing on ice
flow and erosion. These influences can complicate the ability to use the
sedimentary record to inversely determine ice dynamics. The duration
of the terminus at any point on the shelf depends on the stability of
the grounding line (Powell, 1991; Alley et al., 2007). In Antarctica, it is
observed that retreat began earlier for ice streams in deeper troughs
than those in shallower troughs, suggesting that water depth influences
retreat dynamics (Livingstone et al., 2012), although Larter et al. (2014)
suggest that local bathymetric “bottle-necks” also influence ice stream
retreat rates. A positive feedback may exist where sediment accumula-
tion is high enough to create a grounding-zone wedge that further
stabilizes the grounding line allowing for additional focused deposition.
This may allow the grounding line to remain in the same location even
as sea level is changing (Powell, 1991; Warren et al., 1995; Van der
Veen, 1996; Fischer and Powell, 1998). Also, the accumulation rate
used to determine sediment fluxes depends on the available accommo-
dation. Net sediment accumulation may be low even under high
sediment input from the glacier terminus if accommodation is low.
This may exist where accommodation is reduced due to rapid sediment
accumulation (Powell and Molnia, 1989; Powell, 1990; Plink-Bjorklund
and Ronnert, 1999), glacioisostatic loading creates a pro-glacial
forebulge (Barrie and Conway, 2002), active tectonic uplift (Powell
and Cooper, 2002), or the low shelf gradients typical of divergent (pas-
sive) margins (Cofaigh et al., 2003). Conversely, sediment accumulation
rates in fjords or on the continental shelf and slopemay be low if accom-
modation is high and marine dispersal is efficient. This may be the case
wherein higher slopes favor gravity flows that redistribute sediment to
deeper basins (Powell, 1991; Dobson et al., 1998; Cofaigh et al., 2003).

4.2. Examples of signal fidelity at various timescales in the glacigenic sink

4.2.1. Sub-annual to annual time scales
Seasonal air temperature fluctuations result in changes inmeltwater

production and in ice flux (Fig. 2A, B). In temperate systems, increased
meltwater production in the summer lubricates the bed, and is associat-
edwith increased sliding velocity (Bartholomew et al., 2010; Cuffey and
Paterson, 2010). The sliding speed for tidewater glaciers also is depen-
dent on the presence of sea ice that buttresses the terminus in the
winter months and breaks up in spring, facilitating faster flow
(Mugford and Dowdeswell, 2010). In polar settings where meltwater
generation is restricted, the sediment supply comes from directmelting
of the calving face and is driven by ocean temperatures for marine-
terminating ice (Domack and Ishman, 1993). Consequently, a sub-
annual to annual sedimentary signal ismore prevalent in temperate set-
tings with higher meltwater fluxes (Fig. 2B).

For the vast majority of modern high-latitude continental margins,
marine-terminating ice is present only in fjords or on the inner shelf
in Antarctica (Batchelor and Dowdeswell, 2014; Livingstone et al.,
2012). Modern glacigenic sediment delivery and measurements of
accumulation are generally limited to these settings (Figs. 1, 7, and 8;
Powell and Molnia, 1989; Powell and Domack, 2002; Anderson, 1999).
Sediment-trapmeasurements in temperate and subpolar fjords support
a temporally varying sediment flux throughout the year (Fig. 2C;
Cowan and Powell, 1991; Ashley and Smith, 2000; Svendsen et al.,
2002; Phillips et al., 1991) driven by seasonal variability in meltwa-
ter production (Kempf et al., 2013; Svendsen et al., 2002; Griffith
and Anderson, 1989; Domack and Ishman, 1993; Yoon et al., 1998;
Ashley and Smith, 2000). Sedimentation rates can be as high as
10 cm d−1 and 10 m yr−1 near the terminus of temperate tidewater
glaciers (Molnia, 1983; Cowan and Powell, 1991). Similarly, reduced
sediment deposition rates in the winter have been documented
using short-lived radioisotopes (Jaeger, 2002; Muñoz et al., 2014).
Interstratifiedmud in temperate fjords has been interpreted as annu-
al varves, with the interstratification of sand, coarse silt and mud creat-
ed by fluctuations in meltwater discharge and interactions with tidal
currents to produce monthly and bimonthly cycles (Cowan et al.,
1998; Jaeger, 2002). Massive and stratified diamicts accumulate in the
winter, when IRD is not diluted by meltwater-driven sediment input,
and the residence time of icebergs in the fjords increases (Syvitski,
1989; Mackiewicz et al., 1984; Cowan et al., 1997, 1999; Dowdeswell
and Cromack, 1991).

Accordingly, the sedimentary proxy of seasonal changes in meltwa-
ter and sediment input in a meltwater-dominated, ice-proximal setting
is an IRD–diamict interstratified mud couplet (varve). The preservation
of interannual stratification depends on sedimentation rates, which are
in turn dependent upon distance from the ice front. When rates drop
below 4 cm yr−1, bioturbation homogenizes the record (Jaeger and
Nittrouer, 1999b). In contrast to glaciolacustrine sinks, where an empir-
ical relationship has been shown to exist between meltwater input and
varve thickness (e.g., Chutko and Lamoureux, 2008), this approach has
yet to be conclusively demonstrated for temperate fjords (Pedersen
et al., 2013), whichmay reflect the greater number of variables influenc-
ing sediment transfer from ice front to sink (Gilbert et al., 2002; Cofaigh
and Dowdeswell, 2001).

Inmodern polar fjords, seasonal variability in sedimentflux from the
ice exists, but relatively high biogenic fluxes and low glacigenic sedi-
ment fluxes (~few mm yr−1) often results in a homogenous fjord
lithofacies (sandy mud with dispersed clasts) greatly impacted by bio-
turbation (Leventer et al., 1993, 2006; DeMaster et al., 1991; Powell
and Domack, 2002; Hillenbrand et al., 2010b; Maddison et al., 2005,
2006; McClintic et al., 2008). For example, at Jakobshavn Isbræ in east-
ern Greenland, seasonal variation in calving rates due to changes in ice
velocity results in winter advance and summer retreat of the terminus
(Joughin et al., 2012), yet no annual signal from this process is recorded
in the sediments, likely due to low sedimentation rates relative to bio-
turbation rates (Cofaigh and Dowdeswell, 2001). Laminated facies can
be preserved, but theymay reflect both increases in seasonal productiv-
ity, as well as sediment resuspension during calving events and tidal
influences (Ashley and Smith, 2000; Domack, 1990; Powell and
Domack, 2002).

Given that most modern marine-terminating ice is restricted to
fjords, there are few examples of annual glacigenic strata formation on
continental shelves or slopes (Jaeger and Nittrouer, 1999b; Figs. 1 and
2D, E). Although theremay be seasonal increases in glacigenic sediment
discharge to some shelves (e.g., Merrand and Hallet, 1996; Jaeger and
Nittrouer, 1999b), the sedimentation rate is generally not high enough
to overcome homogenizing effects from bioturbation to allow for pres-
ervation of a distinct annual signal (Fig. 2D; Cofaigh et al., 2002; Jaeger
and Nittrouer, 2006; Cofaigh and Dowdeswell, 2001).

4.2.2. Advance-retreat/surge time scales
The ice dynamics of the past 10–1000 years are characterized in

many settings by episodic advance-retreat events that can span from a
year, i.e., a surge (e.g., Raymond, 1987) to hundreds of years, such as
the Little Ice Age (Oerlemans, 2005; Dowdeswell et al., 1991). These
events are often observed in temperate and polythermal glacial settings,
including Alaska, Svalbard, and Chile (Kempf et al., 2013; Hagen et al.,
1993; Dowdeswell et al., 2000; Dowdeswell et al., 1991). Each event
can be a consequence of a change in mass balance (Svendsen and
Mangerud, 1997; Ottesen and Dowdeswell, 2006; Plassen et al., 2004;
Kempf et al., 2013; Oerlemans, 2005; Huybers and Roe, 2009; Jiskoot
et al., 2000; Kamb et al., 1985; Molnia and Post, 2010; Murray et al.,
2003; Muskett et al., 2008; Ottesen et al., 2008a; Pritchard et al., 2005;
Raymond, 1987), or be independent of climate forcing (Murray et al.,
2003; Nick et al., 2007). The ice flux is expected to increase during the
advance phase (Fig. 2A; Lingle and Fatland, 2003; Moon et al., 2012;



Fig. 12. Cartoon interpretation of the seismic stratigraphic record of the LIA advance and subsequent retreat of San Rafael Glacier, North Patagonian Icefield, and the associated sedimentary
sequences found in Laguna San Rafael, the ice-proximal fjord. Pre-LIA unconsolidated sediment deposited by turbid meltwater plumes and IRD before the start of the LIA advance event
(b1675 AD) and subsequently reworked by advancing ice in tan. Newly generated sediment from the glacier catchment and fjord sediments remobilized and redeposited during LIA ad-
vance and maximum extent in burgundy. Newly generated sediments eroded during 20th century retreat in olive. Duration of LIA advance, maximum stillstand and retreat are derived
from early navigational maps and aerial photography. Gray indicates top of eroded and reworked pre-LIA sediment consolidated by overriding ice during LIA advance-retreat cycle, noted
in seismic profiles as a strong subbottom reflector. Modified from Koppes et al. (2010).
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Murray et al., 2003), and also during the retreat phase (O'Neel et al.,
2005; Koppes et al., 2009), which could hypothetically generate two
sediment pulses per event (Fig. 2B, C). As with annual signals, the mag-
nitude of this glacigenic sediment signal is expected to be highest in
temperate, meltwater-dominated settings (Fig. 6) (Merrand and
Hallet, 1996; Hallet et al., 1996; Jaeger and Nittrouer, 1999b).

The ability to constrain the onset and termination of each surge
event presents one challenge for documenting the duration of an ad-
vance/retreat event using sediment accumulation rates. For the time-
scale of the LIA, historical maps of termini positions, where available,
can constrain the event duration (e.g., Fig. 12) (Ottesen et al., 2008b;
Koppes et al., 2010; Cowan et al., 2010). However, in most locations, re-
solving the duration of LIA and Neoglacial events in the sedimentary re-
cord is challenging because of the imprecision of radiocarbon and other
geochronometers over these centennial response timescales (Austin
et al., 1995; Hall, 2009; Dowdeswell et al., 2000).
The sedimentary signal produced by surges and advance-retreat
events is mostly observed in fjords where modern glaciers reside
(Fig. 2C). For example, Gilbert et al. (2002) captured the sediment flux
associated with a short, five-year surge event in Disko Fjord, West
Greenland. The higher meltwater input during the surge resulted in
the deposition of diurnal laminated mud that accumulated up to 30
times faster than the long-term, pre-surge 14C-derived accumulation
rates. Additionally, Kempf et al. (2013) examined the changing
lithofacies and sediment fluxes associated with episodic “surge” events
lasting for ~200 years in Spitsbergen, and found clast-rich, sporadically
stratified glacimarinemud close to themorainal bank, which decreased
in accumulation rate by an order of magnitude following each event.
The cores did not have the temporal resolution to test for a hypothetical
increase in sediment flux at the onset of each event (Fig. 2C).
Szczucinski et al. (2009) also documented a substantial increase in sed-
iment flux following the LIA in Billefjorden, Svalbard, and inferred that

Image of Fig. 12
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post-LIA increases in temperature and negative glacier mass balance re-
sulted in larger meltwater discharges both eroding subglacial sediment
stores and transferring considerable amounts of sediment from the gla-
ciers. Notably, the properties of the fjord sediments (grain size, IRD,
coarse-fraction composition, clay mineralogy) showed no distinct dif-
ferences between those of the LIA advance and the 20th century retreat.

Under certain conditions, centennial-scale advance/retreat events
provide perhaps the best opportunity to document how changing ice
flux over an advance-retreat cycle impacts sediment production. Estab-
lishing the chronology and duration of the event is critical to document
the changing sediment flux and can best be achievedwhen historical or
terrestrial chronologies of the event exist (e.g., Cowan et al., 2010;
Koppes et al., 2010). Whereas point measurements (sediment cores)
provide a measure of time-varying flux to local portions of the
depocenter, the inherent dynamics of sediment dispersal may result in
a biased record of overall flux from the ice (Gilbert et al., 2002). To over-
come this, the delineation of sediment/seismic volumes into discrete
advance/retreat phases allows for capturing the total sediment pro-
duced through various dispersal processes. The ideal setting to test
this is in a constrained basinwhere the total ormajority of the sediment
flux of the event can be captured (Fig. 12) (Koppes et al., 2010).

Time-varying sedimentfluxes associatedwith the retreat of theMuir
Glacier, Glacier Bay Alaska, from its LIA maximum were established
with seismic-reflection volumes constrained by historic termini posi-
tions (Cowan et al., 2010; Koppes and Hallet, 2002, 2006). Cowan
et al. (2010) found that the sediment flux decreased in time with de-
creasing drainage basin area. Sediment input was established to be
both from the retreating Muir Glacier but also from tributary sources
and gravity flows shed from the sides of basins. Consequently, the tem-
poral sediment-flux record associated with event-related ice dynamics
must account for the time-varying extent of the ice volume. The ability
to quantify fluxes over the full cycle of an event is challenging, because
the advance phase removes some portion of the existing record within
the basin (Cowan et al., 2010) and deposits it down-flow, often in
wider distal basins where it accumulates with sediment from other
sources. Because of this, most sediment-flux records of an event capture
only the retreat phase. One exception to this was documented for
Laguna San Rafael, Chile (Koppes et al., 2010). The use of historical nav-
igational maps and aerial photos, coupled with bathymetric mapping
and subbottom profiles allowed for the reconstruction of sediment vol-
umes that were deposited during the advance, maximum LIA-standstill,
and post-LIA retreat of the San Rafael Glacier (Fig. 12). The sediment
fluxes were normalized to glacial basin area to derive an erosion rate,
with the highest rates occurring at the start of the retreat phase, and
steadily decreasing as retreat continued. Erosion rates were more than
4 times lower during the glacial advance phase than during the retreat
phase.

In polar fjord settings, the sedimentary record of advance/retreat
events is less clear. For example, Jennings and Weiner (1996) and
Dowdeswell et al. (2000) documented the accumulation of stratified
diamict and laminatedmud during the LIA in Nansen Fjord, East Green-
land and attributed the accumulation of this lithofacies to dynamic sea
conditions that prevented IRD accumulation, providing another exam-
ple of how changes in accumulation rates might reflect an autogenic re-
sponse in the basin rather than a direct measure of glacigenic sediment
flux. Conversely, Milliken et al. (2009) interpreted the ~14-ky-long
multiproxy record from the SHALDRIL drill core retrieved fromMaxwell
Bay in the Antarctic Peninsula, and found several oscillations in ice
extent in the proxy record but no distinctive intervals that reflect LIA
or other late Holocene climatic fluctuations.

On the continental shelf and in deeper water, the sedimentary re-
cord of decadal- to centennial-scale ice dynamics is poorly documented.
Moreover, the deposition of non-glacigenic sediment at these time
scales in high-latitude open water settings is expected to dominate
the signal, and reflect basin-scale changes inwater-columnproductivity
or local bottom current strength (Fig. 2D–F; Cofaigh et al., 2002; Kroon
et al., 2000; Radi and de Vernal, 2008; Taylor et al., 2002c). One notable
exception is the LIA advance and retreat of the Bering Glacier in Alaska,
which was recorded on the adjacent continental shelf and constrained
onshore by dendrochronology (Wiles et al., 1999). Jaeger and Kramer
(2014) found sediment accumulation rates doubled during the period
of maximum ice extent, but due to uncertainty in marine reservoir
ages/atmospheric production rates on 14C ages, changes in sediment
flux over the complete LIA cycle could not be established.

One indirect depositional proxy of episodic advance-retreat events
on the continental shelf is the isolated hummocks and ridges found in
many fjords or inner continental shelves, which are interpreted as
push moraines during advance or morainal banks formed by bedload
dumping at the terminus during retreat (Figs. 1 and 10; Dowdeswell
and Vásquez, 2013; Landvik et al., 2014; Molnia, 1983; Ottesen and
Dowdeswell, 2006; Ottesen et al., 2008a; Hald et al., 2001; Kristensen
et al., 2009; Plassen et al., 2004; Kempf et al., 2013; Dowdeswell,
1995; Dowdeswell et al., 2014). For the last LIA event, recent terminus
retreat and lower post-LIA sedimentation rates allow for these land-
forms to be observed and mappable in swath bathymetry (Ottesen
et al., 2008a). As noted by Boulton and Hagdorn (2006), such lobate
landform features must be a consequence of local, fast ice streaming,
where the response time of the ice dictates whether these features re-
flect a short-term surge event or a long-term occupation of the fjord
by an ice stream. The challenge in using these features to quantify
glacigenic sediment production during an event cycle is partitioning
sediment that was previously deposited and has been remobilized and
reworked into the morainal bank during the advance from newly-
produced sediment that reflects the contemporaneous basal ice condi-
tions and accounts for variable bedrock lithology (Fig. 12; Koppes
et al., 2010).

4.2.3. Post-LGM deglacial timescales
Over the period of the Last Glacial Maximum (LGM), large ice sheets

dominated by ice streams were the major dispersal system generating
and transferring sediments from land to ocean. However, the large
variability in spatial extent of the ice during this period, which at
times extended across the entire transfer zone (Fig. 1), presents a dis-
tinct challenge in preserving a sedimentary record in the sink. To depict
glacigenic sediment production at LGM time scales (Fig. 2B), we postu-
late changes in sediment fluxes based on observations of modern ice
advance-retreat dynamics. For instance, from observations of one the
few contemporary examples of a glacier advance at Taku Glacier in SE
Alaska (Motyka et al., 2006) we can hypothesize that sediment flux to
the terminus will be highest as the ice advances across the transfer
zone (foreland, fjord, shelf, slope) under a cooling climate (Fig. 2A), be-
cause higher flux results from both the recycling of existing deposits in
the transfer zone and increased bedrock erosion associated with the
larger area of ice cover. Given observations of modern dynamics, we
also can postulate that at the maximum stillstand associated with the
coldest ocean and air temperatures,meltwater production, ice velocities
and sediment transfer rates all would be lower (Fig. 2B). During degla-
ciation, sediment transfer to glacial termini would be expected to in-
crease as a result of ice acceleration during retreat and drawdown
(e.g., Koppes et al., 2010).

The global withdrawal of ice sheets from their LGM maximum ex-
tents provides examples of the sedimentary flux associated with the
late-Pleistocene to Holocene deglaciation phase (Henriksen et al.,
2014; Landvik et al., 1998; Ottesen et al., 2005; Evans et al., 2002;
Kempf et al., 2013; Lekens et al., 2005). However, with the exception
of examples from West Greenland, little is known about concurrent
changes in the internal dynamics of the ice during this deglaciation.
The hypothetical spatio-temporal sediment flux associated with
this LGM-Holocene transition will reflect the duration and extent of
the ice in each segment of the S2S system (Figs. 1 and 2C–F). For in-
stance, ice streaming and sediment erosion in fjords and in shelf
troughs during the LGM will transition to net accumulation as the
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terminus retreats past a given point. Moreover, once deglaciation
commences, glacigenic sediment accumulation on the continental
slope and deep sea is rapidly reduced as the ice margin retreats land-
ward (Fig. 2E–F).

In a landmark paper, Elverhøi et al. (1998b) interpreted seismic re-
flection isopachs to establish glacigenic sediment production in Sval-
bard during the LGM-Holocene transition. They used changes in
seismic facies associated with LGM retreat and dated episodic surge
events in fjords to establish a chronology for the isopachs, and found
that glacigenic sediment yields (i.e., mass/drainage basin area/time)
varied by more than an order of magnitude over the Holocene. The
highest rates were associated with deglaciation, decreasing from the
EarlyHolocene to aMidHolocene low, corresponding to the regional cli-
matic optimum. Sediment yields increased again during the Late Holo-
cene reflecting ice readvance; they interpreted this increase in flux to
reflect both increased subglacial erosion and redistribution of
paraglacial sediment that had been stored in the proglacial basin during
the middle Holocene.

In contrast, in West Greenland, marine records of LGM-Holocene
glacigenic sediment fluxes in the fjords and on the shelf are relatively
few, but recent field data have added substantial information about
ice dynamics in this region (Roksandic, 1979; Kuijpers et al., 2007;
Hogan et al., 2011; Schumann et al., 2012; Dowdeswell et al., 2014;
Hogan et al., 2012; Cofaigh et al., 2013). During the LGM, ice
streams from western Greenland extended to the shelf edge through
Uummannaq and Disko troughs, and retreated episodically after
14.8 kya (Cofaigh et al., 2013; Dowdeswell et al., 2014). Sediment accu-
mulation rates from cores collected from the shelf troughs decreased by
a factor of 5–10 from the start of deglaciation to the present (Cofaigh
et al., 2013). Hogan et al. (2012) used seismic reflection isopachs to
quantify sediment volumes and demonstrated that the highest sedi-
ment accumulation rates occurred during deglaciation, comparable to
the highest modern rates from temperate environments (e.g., Hallet
et al., 1996; Koppes and Montgomery, 2009). Whereas the fjords of
West Greenland currently exhibit relatively low glacigenic sediment
fluxes (Lloyd et al., 2005; Lloyd, 2006; Desloges et al., 2002; Cofaigh
et al., 2013), the high sediment accumulation rates during deglaciation
suggest higher meltwater and sediment inputs, and thus higher ice
fluxes, during this period (Hogan et al., 2012).

Other examples of elevated sediment fluxes during deglaciation
exist in high-latitude fjords. Laberg et al. (2009) determined that
the glacigenic sediment accumulation rate during the LGM retreat
of the Vestfjorden paleo-ice stream, part of the northwestern
Fennoscandian ice sheet, was significantly elevated relative to
overall Holocene rates, with calculated bedrock erosion rates of
N1mm yr−1, equivalent to rates from Svalbard and other Fennoscandian
ice streams (Elverhøi et al., 1998b). The SHALDRIL drill core retrieved
from Maxwell Bay in the Antarctic Peninsula recorded glacigenic sedi-
mentation rates that decreased from 31 mm yr−1 during the LGM-
Holocene transition to 4 mm yr−1 in the late Holocene, reflecting signifi-
cant warming and grounding line retreat at the end of the LGM (Milliken
et al., 2009).

On continental slopes that received sediment directly from the for-
mer LGM ice sheets in Svalbard, Alaska, and British Columbia, individual
cores record the deglaciation transition as an order of magnitude de-
crease in sediment flux that reflects terminus retreat and substantial
contraction of ice (Fig. 13; Barrie et al., 1991; Hendy and Cosma, 2008;
Davies et al., 2011; Lekens et al., 2005; Vorren et al., 1998). Higher
glacigenic sediment fluxes during the initial deglacial period are
recognized both in terms of 14C- or δ18O-established chronologies and
also from lithofacies proxies (e.g., laminated glacimarine mud). Impor-
tantly, these higher fluxes can be directly related to the dynamics of
the ice through meltwater events interpreted from planktonic forami-
niferal δ18O records associated with destabilization of the ice sheets
(Evans et al., 2002; Hendy and Cosma, 2008; Davies et al., 2011;
Lekens et al., 2005).
On continental margins, sediment accumulation rates of
hemipelagic, IRD, and gravity flow deposits also reflect temporal chang-
es associated with LGM ice extents (Fig. 13B). In East Greenland, ice ad-
vance across the shelves to the LGM maximum extent is revealed by
increased mass accumulation rates on the continental slope (Funder
et al., 1998; Evans et al., 2002). Subsequent decreased glacigenic sedi-
ment accumulation and IRD fluxes to the slope likely indicate ice retreat
from the shelf (Funder et al., 1998), which is supported by increasing
glacigenic sediment accumulation rates on the inner shelf (Fig. 13B).
However, Funder et al. (1998) noted that the IRD flux signal on the
East Greenland shelf must be carefully interpreted in terms of ice
dynamics, as high IRD fluxes can occur under both colder conditions
(ice advance to shelf edge) or warmer conditions (no sea ice present
to trap icebergs).

Along the Antarctic margin, the sedimentary record of ice dynam-
ics has been predominantly used to determine the maximum extent
at the LGM and the subsequent history of deglaciation, especially of
the West Antarctic Ice Sheet (WAIS). This region is currently
experiencing accelerated volume loss due to increased ice velocities
of the many outlet glaciers and ice streams (Anderson et al., 2014;
Hillenbrand et al., 2014; Larter et al., 2014; Rignot et al., 2014). In
many respects, this region serves as a key example of how marine
geophysics, sedimentology, and cosmogenic dating can be used to
establish ice extent and dynamics, as is thoroughly discussed in sev-
eral comprehensive review papers (Anderson et al., 2014; Cofaigh
et al., 2014; Hillenbrand et al., 2014; Hodgson et al., 2014; Larter
et al., 2014; Mackintosh et al., 2014). Ice extent and dynamics in
the Antarctic marine realm are determined from dating subglacial
to glacimarine to open-marine lithofacies transitions (see Anderson
et al., 2014; Cofaigh et al., 2014; Hillenbrand et al., 2014; Hodgson
et al., 2014; Larter et al., 2014; Mackintosh et al., 2014 for cited stud-
ies). Because of the scarcity of calcareous fossils in Antarctic shelf
sediments, it is particularly challenging to use marine 14C to develop
constraints on the timing of deglaciation and the accompanying sed-
iment flux (Anderson et al., 2002; Andrews et al., 1999; Hall, 2009;
Hillenbrand et al., 2010a; Larter et al., 2014; Licht and Andrews,
2002). In light of these dating challenges, the ability to recognize
the large-scale regional controls on ice extent (e.g., shelf bathymetry,
oceanographic forcing) is easiest when all chronological controls are
synoptically summarized (Anderson et al., 2014; Cofaigh et al., 2014;
Hillenbrand et al., 2014; Larter et al., 2014). Doing so reveals that the
maximum extent of the WAIS at the LGM was variable across the
shelf. Initial deglaciation was asynchronous, and deglaciation was
variable in space, particularly on the inner shelf (Bentley et al.,
2014). Although chronologies can be established for ice retreat along
the Antarcticmargin, the record is notwell enough resolved to establish
the variability of sediment fluxes associated with retreat (Leventer
et al., 2006; Licht et al., 1996).

In summary, the fast terminus retreat and rapid drawdown of ice as-
sociated with the retreat phase of modern tidewater glaciers suggest
that ice fluxes and corresponding sediment fluxes should be elevated
during deglaciation (Humphrey and Raymond, 1994). Examination of
temperate and polar sedimentary records reveals high sediment accu-
mulation rates at various points along the retreating ice margin during
deglaciation. This decreased substantially over time, with a few in-
stances of increased accumulation in the late Holocene associated
with periods of renewed ice advance (Davies et al., 2011; Evans et al.,
2002; Kempf et al., 2013). Sediment isopach thicknesses vary as a func-
tion of retreat rate, but in several examples the total sediment flux dur-
ing deglaciation derived from isopachs argues for greatly elevated flux
during retreat relative to the present (Hogan et al., 2012). For
many marine-terminating systems from Alaska to East Greenland,
the sedimentary record does support the hypothesis that retreat of
the ice margin results in elevated glacigenic sediment production
that may reflect an increased ice flux during deglaciation. For polar
iceberg-dominated systems of Antarctica, where sediment fluxes



Fig. 13. Two examples of continental slope sedimentary records of LGM ice extent. (A, Top) Comparison of North Pacific/Cordilleran ice extent with the North Atlantic, from Hendy and
Cosma (2008). A = ice-rafted debris or IRD, B = percent of terrigenous sediment, 2–4 μm (red), C = sedimentation rate (cm ka−1), D = core lithology and interpretation, E = N.
pachyderma δ18O (MD02-2496, Vancouver Island), F = comparison with GISP2 δ18O from the Greenland ice sheet. Major climate events correlate between the core and GISP2 (intersta-
dials dashed red line; North Atlantic Heinrich events (H1-H5) dashed green lines). (B, Bottom) Terrigenous and IRD accumulation rates from the continental slope east of Scoresby Sund,
East Greenland, from Funder et al. (1998). Amount of IRD and flux rates of terrigenous sediment plotted versus reservoir-corrected radiocarbon ages. Shaded intervals indicate timing of
major pulses of IRD discharge associated with maximum ice extent and subsequent retreat.
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are modulated by floating ice shelves and/or sea ice, there are relatively
insufficient data at this time to quantitatively resolve how deglaciation
influences glacigenic sediment production and sediment release at the
grounding line.
4.2.4. Quaternary glacial–interglacial cycles
The distinctive trough-bankmorphology of high latitude continental

shelves is a testament to prevalence of ice in shaping glacigenic sinks
over Pleistocene timescales. Ice streaming and rapid calving maintain

Image of Fig. 13


Fig. 14. Two examples of chronostratigraphic control of seismic reflection data. (A, Top) Correlation of seismic units (debris flowunits) in the trough-mouth fans of northeastern Atlantic/
Barents Sea margin with MIS (marine isotope stages) from global oxygen isotopic stratigraphy. Debris flows are assumed to occur during periods of maximum ice extent across shelves.
FromVorren and Laberg (1997). (B, Bottom) Integrated seismic and core stratigraphy,NorwegianChannel Ice Stream, fromNygård et al. (2007). B1: Oxygen isotope (δ18O) profile [N. pach.
(s)] and calibrated radiocarbon ages of core MD99-2283; B2: Along-slope deep-tow boomer profile with interpreted reflectors R1–R5, showing position of core MD99–2283; B3:
Interpreted single airgun profile shot alongside boomer profile, showing regional stratigraphy. Light gray shading indicates glacigenic debris flows; dark gray indicates slide debrites;
white background represents layered sediments of hemipelagic origin.
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a high ice flux through the S2S system that is capable of eroding and
reshaping both bedrock and glacigenic strata (Livingstone et al., 2012).
Advances in marine geophysics and swath bathymetry have allowed
us to map at high spatial resolution the flow of ice across these regions,
documenting the dispersal pathways from source to sink over orbital
timescales (Section 3). Establishing glacial sediment fluxes over the
same timescales has proven more challenging, however, because ice
advance through the transfer zone removes prior strata (Berger et al.,
2008a; DaSilva et al., 1997; Powell and Cooper, 2002; Wellner et al.,
2006). Consequently, the most complete stratigraphic record of
glacial–interglacial ice dynamics is found beyond the continental shelf
break. To first order, former ice extents can be determined from the bi-
nary, proxy sedimentary records found in gravity-flow deposits and IRD
accumulating on the continental slope and in deeper basins (Auffret
et al., 2002; Cofaigh et al., 2004; Hendy and Cosma, 2008; Davies et al.,
2011; Dowdeswell et al., 1998; Nielsen et al., 2005; Rebesco et al.,
2006; Patterson et al., 2014; Simon et al., 2014). Further establishing
the ice flux dynamics from glacigenic sediment volumes requires
spatially distributed seismic reflection data linked to a chronology that
is based on a long drill-core record (e.g., Fig. 14; Dowdeswell et al.,
2010; Nygård et al., 2007; Reece et al., 2011; Vorren and Laberg, 1997).

The sedimentary record of ice extent on Quaternary time scales is
commonly established from IRD and other sedimentologic/geophysical
proxies (Section 3). The challenges associated with developing glacial–
interglacial chronologies in high-latitude sediments can be overcome
by the combined use of multiple chronometers (Fig. 15; Alexanderson
and Murray, 2012; Fuchs and Owen, 2008; Hillenbrand et al., 2010b;
Simon et al., 2012; Brachfeld et al., 2003; Stoner et al., 2000; Hendy
and Cosma, 2008; Davies et al., 2011; Praetorius and Mix, 2014).
Where distinctive bedrock geology is present, the relative contributions
of glacially eroded sediments from different ice sources can be
established through temporal analyses of sediment provenance
(Andrews et al., 2014; Andrews and Vogt, 2014; Cook et al., 2014;
Reyes et al., 2014; Simon et al., 2014; Pierce et al., 2014; Flowerdew

Image of Fig. 14


Fig. 15. Simplified Baffin Bay paleogeography during the last glacial cycle. (a) Partially open bay characterized by IRD sediments originating from the northern ice streams (yellow, brown
arrows), and by meltwater plumes from Baffin Island ice streams (blue arrows). West Greeland Current traps GIS IRD along coast. (b) Full glacial mode characterized by Greenland and
Baffin Island diamicts corresponding to a permanently ice-covered bay, and by extended fast-flowing ice streams feeding an ice shelf in the bay. From Simon et al. (2014).
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et al., 2012, 2013; Bailey et al., 2013). For example, several attempts
have been made to integrate the numerous glacigenic, seismic reflec-
tion, and proxy records of ice sheet extent in the Barents–Kara sea re-
gion (Ingólfsson and Landvik, 2013; Jakobsson et al., 2014a; Mangerud
et al., 1998; Svendsen et al., 2004). Synthesizingmany different datasets
with their own temporal and spatial resolution results in a glacial histo-
ry that is a compromise and often does notmatchwith local stratigraph-
ic records, but the benefit of this approach is that the driving
mechanisms of ice dynamics (climate, oceanography, sea level) can be
explored and tested against observations (Ingólfsson and Landvik,
2013; Jakobsson et al., 2014b).

In contrast, amore simplified view of ice dynamics can be developed
from a single, central location that integrates the spatial and temporal
variability of Quaternary ice sheet dynamics, such as that done by
Simon et al. (2014) in Baffin Bay (Fig. 15). Using a multiproxy approach
fromonedistal, deep basin, they document variable glacigenic sediment
production from the northeastern Laurentide, southern Innuitian and
western Greenland ice margins over the last 115 ka. Contrary to the hy-
pothesized high (glacial advance)–low (glacial maximum)–high (gla-
cial retreat) sediment flux expected over a full glacial–interglacial
cycle (Fig. 2B), the highest sediment accumulation rates were found
during the MIS 1-2 deglacial transition, associated with elevated input
from the Laurentide and southern Innuitian ice sheets, while sediment
delivery from the fast-flowing ice stream in the Uummannaq Trough
dominated the LGM period from ~32 to ~16 ka.
It can be argued that a temporal examination of sediment fluxes at a
single site may not capture the total sediment flux generated from the
source because of variable sediment routing to the sink (Jerolmack
and Sadler, 2007; Gilbert et al., 2002). Adequately testing the high-
low-high sediment flux scenario for a full glacial–interglacial cycle re-
quires a) chronologically constrained seismic reflection data and b) a
closed-system sink (i.e., all sediment delivered to the sink can be
accounted for) over the timescale of interest. However, glaciated
continental-margin settings present tremendous logistical and analyti-
cal challenges for collecting such geophysical data. It is difficult to recov-
er sediment from diamicts by conventional drilling or to develop
chronologies from barren sediments. Accordingly, there are few exam-
ples where even parts of the glacial–interglacial cycle can be examined
at a temporal resolution equal to the response time of the ice.

The predominance of cross-margin troughs on high-latitude mar-
gins suggests that ice streams are the principal mass dispersal path-
ways, and offer some of the best geographic locations to quantify mass
fluxes over full glacial cycles (Vorren and Laberg, 1997). Onenotable ex-
ample of attempting to quantify such a system is the work by Nygård
et al. (2007), who used a dense seismic reflection network with
millennial-scale age control to document the sediment flux at the outlet
of theNorwegian Channel ice stream, within the 100-kyr cycle (Fig. 15).
Extremely high sediment yields of up to 1.1 Gt yr−1 (equivalent to
yields from the largest modern rivers) from glacigenic debris flows
persisted for a short time between ~20 to 19 ka, suggesting that the

Image of Fig. 15
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ice streamwas highly dynamic during this period. Estimated ice stream
velocities associated with this high flux were 1.3–2.7 km yr−1. Assum-
ing a transport distance from source to sink of 300–600 km, the poten-
tial transfer time of the signal from the upper reaches of the source was
equal to, or slightly faster than, the duration of the event (Nygård et al.,
2007).

Another notable example of integrating geophysical, sedimentolog-
ical, and chronstratigraphic approaches to establish the erosive dynamic
state of ice is by Laberg et al. (2009). They examined the sedimentary re-
cord produced in Vestfjorden, a former major ice stream of the north-
western Fennoscandian ice sheet (Boulton et al., 2001; Ottesen et al.,
2005). The chronostratigraphy is relatively well established for the
latest glacial cycle (~35–10 ka; Andersen, 1975; Lauritzen, 1991;
Olsen et al., 2001; Baumann et al., 1995; Dahlgren and Vorren, 2003;
Bergstrøm et al., 2005). Significant erosion of N100m of unconsolidated
sediments was observed in the outer part of the fjord during the LGM,
and it is believed that themajority of erosion occurred under temperate
bed conditions in the lower tributaries of the ice stream (Stroeven et al.,
2002). The resultant sediment volume that accumulated between 26
and 18 kya (the limit of their temporal resolution) equates to an average
erosion rate of 1.7 mm yr−1 and a glacigenic sediment discharge of
N108 t yr−1, which is comparable to modern glacifluvial systems in
Alaska (Jaeger et al., 1998) yet an order of magnitude less than that ob-
served by Nygård et al. (2007). The lack of a high-temporal-resolution
chronostratigraphy directly tied to the seismic-reflection dataset in
the Laberg et al. (2009) study precluded the ability to determine if the
sediment flux was limited to a very short time period during the maxi-
mum ice extent, as was done by Nygård et al. (2007) (e.g., Fig. 14).

The studies byNygård et al. (2007) and Laberg et al. (2009) illustrate
the need to capture and date the full seismic volume associated with an
ice stream cycle from source to sink if the goal is to use sediment fluxes
as ameans of partitioning glacigenic sediment production through time
(Fig. 14). While these two studies document sediment fluxes within a
100-kyr glacial–interglacial cycle with relatively high temporal fidelity,
additional examples integrating seismic-and chrono stratigraphy exist
where sedimentfluxes have been determined at lower temporal resolu-
tion for the LGM (Dahlgren et al., 2005; Knies et al., 2009; Dowdeswell
et al., 2010; Laberg et al., 2010; Laberg and Vorren, 1996; Nielsen
et al., 2005; Vorren et al., 1988).

Although the stratigraphic record over a glacial cycle has the poten-
tial to be more volumetrically complete in deep sea basins than in shelf
and fjord settings (Elverhøi et al., 1998b; Laberg et al., 2009), care must
Fig. 16. Measured (solid) and hypothesized (dashed) sedimentation rates for the Lofoten Basin
failures and glacigenic debris flows) are the volumetrically dominant sediment transfer mechan
exist between glacial and interglacial sedimentation rates associated with the mode of sedimen
periods. Variations in rates reflect the time varying sediment input to the Bjørnøya trough
sedimentation rate scale. Smoothed GRIP δ18O record (in gray) and marine oxygen isotope sta
be taken in interpreting changes in sediment volumes as a reflection of
the dynamic state of the ice. Seismic isopachs from glacially influenced
deep-water basins can be interpreted to track the mode of dispersal
and its relation to ice extent (Fig. 16; Taylor et al., 2002b). In theNorwe-
gian and Lofoten deep-sea basins during the LGM (30–10 ka), sediment
fluxes were dominated by large-scale submarine mass failures eroding
pre-Quaternary strata (Fig. 16; Dowdeswell et al., 1996; Vorren et al.,
1998; Dowdeswell and Siegert, 1999; Taylor et al., 2002b). Although pe-
lagic, hemipelagic, and glacimarine processeswere active over a glacial–
interglacial cycle, they represented only 10% of the total deep-water
sediment volume. In these settings, large-scale mass failure deposits
may dominate the stratigraphic record, but the smaller glacigenic debris
flows and glacimarine fluxes that could be used to constrain ice flux dy-
namics (e.g., Nygård et al., 2007) comprise a greatly reduced fraction of
the record (Figs. 11 and 15; Taylor et al., 2002b; King et al., 1998).

In addition to core-based sediment accumulation rates or seismic
reflection isopachs on continental shelves and slopes, subaqueous land-
forms provide another high-resolution record of ice dynamics. Trans-
verse ridges and/or morainal banks found from temperate to polar
settings are interpreted as seasonal/annual re-advances of the terminus
(Fig. 10), and the spacing of these features provides a proxy for the rate
of terminus retreat (Domack et al., 1999; Baeten et al., 2010; Boulton,
1986; Boulton et al., 1996; Ottesen and Dowdeswell, 2006, 2009;
Ottesen et al., 2008a; Kempf et al., 2013; Livingstone et al., 2012;
Shipp et al., 2002; Dowdeswell et al., 2008b; Cofaigh et al., 2008).
Some grounding zone wedges are observed in Antarctic troughs
where retreat rates during deglaciation were estimated to be rapid,
and thus the sedimentflux to the terminusmust have been correspond-
ingly high for them to form (Livingstone et al., 2012; Kilfeather et al.,
2011). Perhaps the best-constrained record of the variability between
ice dynamics and sediment fluxes on Antarctic shelves is from the east-
ern Ross Sea, where Bart and Owolana (2012) were able to develop a
detailed chronology of sediment fluxes for a prominent grounding
zone wedge (Fig. 17). Fluxes were partitioned between sediment
recycled during re-advance and sediment contemporaneously eroded
from the drainage basin, with the highest sediment fluxes during the
penultimate interglacial and in the LGM.

4.3. Modeling ice dynamics and sediment fluxes to the sink

The logistical and chronological challenges of data collection in high-
latitude margins currently limit our ability to relate ice flux dynamics
, Norwegian Sea based on seismic stratigraphic interpretation. Gravity flows (large mass
ism for this glacier-influencedmargin during at least the last 30–100 ka. Notable contrasts
t supply, with the majority of sediments accumulating in a short time span during glacial
mouth fan, the Lofoten Channel and elevated glacial hemipelagic rates. Note breaks in
ges for timescale. From Taylor et al. (2002b).
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and sediment production. Accordingly, a forward modeling approach
similar to the numerical models used to quantify glacial erosion rates
and topographic development (Section 2.2.3) provides another means
to assess the potential for the sedimentary record to contain a signal
of ice dynamics and to establish testable hypotheses that can be
constrained with future field programs.

The leading example to date of a model relating climate, ice dynam-
ics, and sediment production from source to sink is the one developed
for a 30-kyr glacial cycle in the Barents–Kara Sea region as part of the
European Science Foundation's QUEEN (Quaternary Environment of
the Eurasian North) program (Dowdeswell and Siegert, 1999; Siegert
et al., 1999; Siegert and Dowdeswell, 2002, 2004). The Siegert model
is based on empirically established relationships between ice stream
flow and deformation, and transport of water-saturated basal sediment
(Alley, 1989). Themodel assumes that the topography at the start of the
model run at 30 kya is analogous to the modern topography, and the
model accounts for the time-evolution of topography and sea level
due to ice loading. Global estimates of eustatic sea-level (Fairbanks,
1989; Shackleton, 1987) are used tomodify local sea-level at the calving
front (Siegert and Dowdeswell, 1995) and empirically derived relation-
ships are used to model calving rates (Pelto andWarren, 1991; Hughes,
1992). Ice dynamics in the model depend on air temperature and pre-
cipitation as a function of geographic location and altitude. The regional
climate dynamics described by Pelto et al. (1990) are used to drive net
surface mass balance of the ice sheet, and the ELA is related to temper-
ature through a regional adiabatic lapse rate (Fortuin and Oerlemans,
1990). Temporal changes in regional air temperature are assumed to
empirically follow global proxies of climate, with the atmospheric CO2

concentration used as the proxy of choice; little difference occurs if
sea level or oxygen isotopic forcing functions are used instead
(Siegert, 1993; Siegert and Dowdeswell, 1995). The validity of the ice
dynamics output from the model is tuned using an inverse approach
by adjusting the climatic input to best match the known extent of ice
over the 30-kyr period and to the glacio-isostatic response (Siegert
et al., 1999; Landvik et al., 1998; Svendsen et al., 1999). The validity of
the resulting sediment fluxes, however, remains unconstrained.

The model predicts spatial and temporal evolution of sediment flux
to the margin (Fig. 18). In it, ice streams transported sediments to the
margin from27 to 16 ka at a relatively constant rate,withmaximumde-
livery around ~15 ka associated with rising sea level that stimulated in-
creased ice velocity and sediment transfer rate within the ice streams to
the troughmouths (Fig. 18). Sediment volumes produced by the model
compare favorably with the total volume inferred from seismic records
of the Bear Island and Storfjorden fans. Sensitivity experiments show
that adjustments to model environmental inputs or dynamics of sedi-
ment generation at the bed using the chosen empirical relationships
do not significantly affect their sediment flux results.

Higher spatial resolutionmodels have been attempted with variable
success in matching known ice dynamics. Kirchner et al. (2011b)
modeled ice dynamics within the subdomain of Svalbard using a zero-
order force balance where the ice surface velocities are proportional to
the ice surface gradient and the ice thickness. They compared their re-
sults of ice velocity to the reconstructions of Svalbard paleo-ice streams
by Ottesen et al. (2007). In contrast to the simpler Siegert model, ice
streams were created where expected under full LGM conditions de-
pending on whether LGM or present topography is used as a boundary
condition. However, a high-resolution (5 km) numeric ice-sheet model
constraining past ice dynamics in the Antarctic Peninsulawas able to re-
create both the ice sheet thickness and the flow directions of the major
outlets and ice streams (Golledge et al., 2013; Cofaigh et al., 2014). For
Fig. 17. Cartoon of flux of glacigenic sediment over a 100-kyr glacial cycle on a high-latitude cont
seismic isopachs and a long drill-core record. Sediment at the shelf edge (right panel) is partitio
iment reworked and recycled inprograding grounding zonewedge (GZW) (black). Averagepos
highlighted. From Bart and Owolana (2012).
most othermodeling studies of glaciated regions, however, the coupling
of Global Circulation Models (GCMs) with 3D thermomechanical ice
sheet models to reconstruct paleo-ice sheet dynamics has failed to re-
produce the geologic evidence of former ice extent, because ice sheet
dynamics appear to be highly sensitive to the downscaling of global cli-
mate to the “local” ice sheet (Kirchner et al., 2011a). Improving coupled
GCM-ice sheet dynamics is clearly needed, and requires developing
higher-spatial-resolution ice sheet models with bidirectional ice sheet-
atmosphere feedbacks, improved treatment of the surfacemass balance,
and more precise regional climate data and paleoclimate reconstruc-
tions (Kirchner et al., 2011a).

5. Conclusions and future directions

The ultimate goal of studying a glacial source-to-sink system is to re-
late changing boundary conditions with the ice response and the sedi-
mentary record. Documenting the impact of ice on the landscape is a
fundamental component of Quaternary geomorphology. Yet, modern
glacial environments remain among the most logistically challenging
environments in which to try to study the processes that generate and
transfer sediment from the landscape to its sink and to provide a mod-
ern analog for Quaternary landscape change. However, some of these
processes are well enough constrained that predictive relationships
can be demonstrated. In this review,wehave highlighted those process-
es of sediment generation and transfer that are well understood in both
time and space, and those that remain poorly constrained and where
further focus is needed. We recognize that the dynamic state of the ice
is viewed differently between the communities studying the source
(i.e., glaciology and glacial geomorphology communities) and the sink
(i.e., Quaternary and marine geology communities). For the former,
the ice flux and mass response to climate change are of most interest,
while for the latter, the emphasis has been on documenting temporal
and spatial changes in ice extent, which defines the boundary condi-
tions that influence ice sheet development, but does not necessarily elu-
cidate the ice flux.

Observations from contemporary glaciated systems, primarily
through marine geophysics (swath bathymetry, seismic), geochronolo-
gy, and advances in sedimentary provenance, have proven instrumental
in establishing genetic relationships. However, to interpret the dynamic
state of the ice, the sedimentary signal must be resolved in terms of
mass fluxes of characteristic glacial facies. Doing so requires chronolog-
ical control at the timescale of the ice response function, which funda-
mentally limits the types of climate forcing that can be evaluated.
Establishing absolute rates of sediment transfer is easiest at annual
timescales in modern ice-proximal settings, but becomes increasing
difficult for the Pleistocene because of reduced chronometric preci-
sion. Moreover, to isolate the glacial/climatic signal in the sink
record, it is necessary to account for transfer mechanisms from ice-
proximal (fjord) to ice-distal (deep sea) locales that complicate the
signal, e.g., mass redistribution, gravity flows, ice rafting, and ocean
circulation.

Advancements in our understanding of the mechanics of glacial
source-to-sink systems will be predicated upon the collection and
examination of additional sedimentary records that were deposited
under a variety of climatic and ice flux boundary conditions to estab-
lish sediment fluxes that can be tied to evolving ice dynamics.
Documenting the relative roles of the glacier thermal regime and
ice dynamics on sediment production and strata formation should
be a fundamental goal of future research in Quaternary geomorphology,
glaciology, and glacial sedimentology. We conclude by offering some
inental shelf and slope, Great Challenger Basin, Antarctica. Sediment volumes derived from
ned into new sediment generated by glacial erosion in the drainage basin (gray) and sed-
ition of the icemargin at 20 ky time slices, and average sedimentflux for each time slice, are
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potential avenues for future studies that can advance the field in the
coming decade.
5.1. Deriving erodibility metrics for landscape evolution

A major challenge in understanding the role of glacial erosion in
modifying the earth's surface, and in producing sediment, is the tuning
of an ‘erosion rule’ for given climatic inputs that is applicable over the
long periods required for the development of topography. We know
that climate dictates the ice flux and thus the geomorphic work done
by the ice generating the sedimentary mass flux signal, and that the
most work occurs in fast moving ice and in the presence of meltwater,
through temperate outlet glaciers and ice streams. However, while gla-
ciers wax and wane, the degree to which subglacial regions are subject
to fast ice flow and erosion is still debated. Moreover, the proportion of
glacier motion due to basal sliding, which depends on a number of fac-
tors including bed type, water pressure fluctuations at the bed, and ice
temperature, will vary significantly over both time and space, and likely
varies by orders of magnitude over glacial–interglacial cycles. Addition-
al measurements of glacial sediment yields over a range of climatic
settings and parameters including varying substrate lithology, ice flux,
ice temperature and meltwater discharge rates are required to better
constrain the erosion parameter space and its evolution over glacial cy-
cles. These can help address the outstanding question as to the erosive
versus protective nature of ice.
Fig. 18.Modeled changes in predicted ice-sheet parameters and sedimentation rates over the p
sheet-landscapemodel. (A) Ice sheet volume, in 103 km3. (B) Annualwintermass balance of ice
The rate of model-predicted sediment delivery along transects across the western and norther
margin between Svalbard and Severnaya Zemlya. The sedimentation rate, in m yr−1, is given fo
lapse of the ice streams. From Dowdeswell and Siegert (1999).
5.2. Chronostratigraphic control of geomorphic and seismic stratigraphic
features

Remotely sensed data have greatly expanded our view of the role of
ice in shaping Quaternary landscapes. Radar-based ice thickness mea-
surements, LIDAR, and multibeam bathymetry have revolutionized the
mapping of glacigenic morphologic features. High-resolution multi-
channel seismic reflection and higher-resolution CHIRP/TOPAS 3.5 kHz
reflection profiles give detailed subsurface images of glacimarine strata.
For both surface and subsurfacemapping, chronostratigraphic control is
frequently lacking, often due to inability to collect long cores or develop
chronologies for collected strata. Sampling that provides more precise
chronological control of stratigraphic horizons is required to address
the glacial response to external forcing. New developments in scientific
drilling (e.g., ANDRILL, SHALDRIL, IODP) have made fundamental
advances in recovery of these challenging strata. Novel chronologic
tools have been developed formicrofossil-barren strata, offering the po-
tential for improved age control to maximize interpretation of existing
geophysical data.

5.3. Deciphering local (autogenic) from regional/global (allogenic) controls
on ice dynamics and sediment production

Regional topography is influenced by tectonics, glacioisostacy, and
the balance between erosion and deposition. Topography in turn
influences local climate, ice fluxes, accommodation for sediment
ast 30 k.y. for the Barents–Kara and Scandinavian ice sheets, derived from the QUEEN ice-
sheet (ice accumulation), in km3 yr−1. (C) Annual volume of iceberg calving, in km3. (D–E)
n Eurasian continental margin, for (D) Barents Sea–Svalbard margin and (E) Arctic Ocean
r time slices at 25, 20, and 15 ky. The highest sedimentation rates are associated with col-
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accumulation, and sediment dispersal pathways. The relative impor-
tance of these different local influences on topography will vary in
space and time. A major challenge is to interpret the signal of these in-
fluences fromgeophysical and sedimentary records. Examples of identi-
fying allogenic climate signals from the sedimentary record exist for
local basins, where all glacigenic sediment can be accounted for in
mass budgets. A larger challenge is to scale up in space and time to ad-
dress fundamental questions about the ability of the glacial sedimentary
record to capture ice dynamics in light of potential autogenic controls.
Recent and proposed scientific drilling of Pleistocene strata that
establishes chronologies for interpreted seismic volumes and sediment
dispersal pathways and rates will help address these challenges.

5.4. Modern analog approach to glacial source-to-sink studies

Our observational dataset of active glacial processes has been col-
lected entirely within a time of rapid climate change following a major
Neoglacial (LIA) period. Short-lived interglacial periods such as the
one we are experiencing today are atypical relative to the majority of
the Pleistocene. Most Quaternary glacial landscapes likely formed
under conditions quite different from the present. If the physics of gla-
cial erosion and glacigenic sedimentation can be well established, par-
ticularly in polar settings that have not yet experienced rapid climate
warming, this information should be transferrable to the past if the ap-
propriate climatic boundary conditions are known. There is a need for
more mechanistic-level studies that integrate the principal processes
governing ice–sediment–ocean interactions over both short and long
time periods, with the appropriate temporal resolution to examine the
various response time functions. These processes should include subgla-
cial sediment production and evacuation and how both water and sed-
iment are routed through each component of a source-to-sink system.
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