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[1] Glaciers and ice sheets play an active role in the climate system and the global hydrological cycle. The
stability of continental ice sheets must be better understood for assessments of future sea level rise and to
uncover the causes of millennial-scale climate variability that characterized the last glacial period. Ice-rafted
debris (IRD) in the midlatitude oceans and subpolar seas tells of widespread calving of icebergs from the
Northern Hemisphere ice sheets during the last glacial period, but the climatic implications of this IRD are
unclear. Does the sediment record indicate repeated dynamical collapse of the ice sheets, with ice sheets actively
forcing the climate system? Alternatively, were ice sheet margins simply advancing and retreating in response to
climate vacillations? On the basis of simulations of iceberg delivery to the ocean during the last glacial cycle we
argue that the marine record exemplifies both of these phenomena. Heinrich events were clearly episodes of
internal dynamical instability of the Laurentide Ice Sheet, while millennial-scale IRD is more simply interpreted
as a response of the circum-Atlantic ice sheets to Dansgaard-Oeschger climate cycles. Ice sheets in different
coastal regions respond differently to climate fluctuations, but overall iceberg fluxes increase in cold periods,
peaking within a few centuries of climatic cooling. Regions with relatively warm, wet climates (Scandinavia,
western North America, and Svalbard) are the most sensitive to millennial climate variability, with rapid

response times and large millennial variability in iceberg fluxes.
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1. Introduction

[2] The question of whether continental ice sheets are
intrinsically unstable, prone to dynamical collapse, is crit-
ical to predictions of global sea level rise in the decades and
centuries ahead, as the Greenland and Antarctic Ice Sheets
adapt to ongoing climate change [e.g., Church and Gregory,
2001]. Ice sheets respond to atmospheric and oceanic
conditions through accumulation and ablation of snow and
ice, calving of ice at marine-based margins, and basal
melting beneath floating ice shelves. These mechanisms
can be classified as mass balance controls on ice sheet
advance and retreat. Glacier-climate models are generally
able to capture the mass balance response of ice sheets to
changing temperature and precipitation regimes [e.g.,
Ohmura et al., 1996; Gregory and Oerlemans, 1997,
Huybrechts and de Wolde, 1999], although uncertainties
arise because of the emerging understanding that glaciolog-
ical responses to climate change will not be linear. For
example, ice shelf breakup [Vaughan and Doake, 1996;
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Scambos et al., 2000] and meltwater-lubricated basal flow
are threshold processes that lead to accelerated ice sheet
flow and increased ice sheet sensitivity to climate warming
[Zwally et al., 2004; Rignot et al., 2004; Parizek and Alley,
2004].

[3] While parameterizations of these mass balance pro-
cesses need to be refined in ice sheet models, their potential
impact on sea level rise can be estimated [Church and
Gregory, 2001; Gregory and Oerlemans, 1997; Huybrechts
and de Wolde, 1999]. Internal dynamical instabilities in
glaciers and ice sheets are another matter. Surges of valley
glaciers and ice cap outlets are commonplace and are well
documented [Clarke, 1987; Bjérnsson et al., 2003], but the
subglacial controls of surge instabilities are not fully under-
stood. For this reason, parameterizations of surge dynamics
as well as fast flowing ice streams are absent or unreliable in
current ice sheet models [Marshall et al., 2000]. Although
such instabilities are theoretically predicted in continental
ice sheets, it is unknown whether the Greenland and
Antarctic Ice Sheets are vulnerable to dynamical instabil-
ities analogous to those observed in glaciers and ice caps
[MacAyeal, 1993; Marshall and Clarke, 1997]. If a surge
event destabilizes a large area of an ice sheet, it is capable of
tapping into a vast reservoir of inland ice and generating
significant sea level impacts on decadal and centennial
timescales. Heinrich events testify to precisely this type of
dynamical instability in the Laurentide Ice Sheet (LIS)
during the last glaciation.
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Figure 1. (a) The §'%0 forcing for the last glacial cycle
from the Greenland Ice Sheet Project 2 (GISP2) ice core
(%o0) [Grootes et al., 1993]. Heinrich events are indicated at
60, 45, 36, 28, 23 and 16 kyr B.P., with dates taken from
Hemming [2004]. (b) Modeled ice sheet volume (10> m?)
in North America (bold solid line), Eurasia (dotted line),
Greenland (thin solid line), and Iceland (dashed line).
(c) Areally averaged mass balance (thick solid line) and
calving rates (thin solid line) for the North American ice
sheets (m/yr ice equivalent). Mass balance, b, is net
accumulation minus losses due to melting and calving.
The dotted line indicates b = 0, the condition for a steady
state ice sheet.

1.1. Heinrich Events

[4] Heinrich [1988] identified layers with high percen-
tages of coarse lithic grains in oceanic sediment cores from
the North Atlantic. These large, unweathered lithic clasts
must have been delivered to the open ocean by iceberg
release or sea ice drift, and are hence termed ice-rafted
detritus (IRD). The six dominant IRD layers in the North
Atlantic were subsequently dated between 60—16 kyr B.P.
[Bond et al., 1992, 1993] and are referred to as Heinrich
events H6 to H1 (Figure 1a). Hemming [2004] provides a
detailed review of the paleoceanographic record of Heinrich
events; we provide a brief summary here, with an emphasis
on their implications for ice sheet behavior.

[5] As discussed by Hemming [2004], a high percentage
of IRD during these events could be due to a high flux of
IRD or a low flux of foraminifera. Events H1, H2, H4, and
H5 show a high flux of IRD, whereas H3 and H6 appear to
be periods of low foraminiferal flux [Gwiazda et al., 1996a;
1996b]. Geochemical analysis of Heinrich layers has deter-
mined a Hudson Strait source for grains in H1, H2, H4, and
HS5 [Andrews and Tedesco, 1992; Grousset et al., 1993;
Hemming et al., 1998, 2002; Farmer et al., 2003]. However,
H3 and H6 could be different [Gwiazda et al., 1996b].
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While H3 resembles the other Heinrich events in the
Labrador Sea [Hillaire-Marcel et al., 1994; Stoner et al.,
1998], its chemical composition in the North Atlantic is
enigmatic, suggesting more circum-Atlantic sources
[Gwiazda et al., 1996b; Grousset et al., 1993, 2001;
Snoeckx et al., 1999]. If H3 corresponds with an ice
dynamical instability in Hudson Strait, it may have been
muted relative to events H1, H2, H4 and H5. H6 has been
less studied [Hemming, 2004] and is difficult to compare
with the later events. This picture will continue to clarify,
but for purposes here the essential message from the North
Atlantic is that the last glaciation was characterized by
intermittent, episodic fluxes of IRD from the Hudson Strait
region, with 4 to 6 of these events over the last 60 kyr.

[6] The age and duration of Heinrich events is difficult to
constrain. Estimates range from a few hundred to a few
thousand years [Bond et al., 1992, 1993; Andrews et al.,
1994; Francois and Bacon, 1994; Thompson et al., 1995,
Vidal et al., 1997; Cortijo et al., 1997; McManus et al.,
1998; Veiga-Pires and Hillaire-Marcel, 1999; Grousset et
al., 2001]. Hemming [2004] provides a thorough review of
the timing of Heinrich events and concludes that their
average duration can be estimated at 495 + 255 years.
Heinrich events were associated with freshwater dilution,
cold surface waters, and disruptions in North Atlantic
deepwater formation [e.g., Broecker, 1994; Vidal et al.,
1997; Zahn et al., 1997, Elliot et al., 2002; McManus et
al., 2004]. These events have been noted as being coinci-
dent with Northern Hemisphere climate changes seen in the
Greenland ice cores [Bond et al., 1993; Broecker, 1994] and
also appear to have had far-reaching climatic impacts [e.g.,
Lowell et al., 1995; Porter and An, 1995; Broecker and
Hemming, 2001; Voelker, 2002].

[7] Estimates of the total freshwater input to the North
Atlantic range from 1-2 m [e.g., Roche et al., 2004] to
more than 15 m of global sea level rise over a few hundred
years [Chappell, 2002; Siddall et al., 2003; Rohling et al.,
2004]. Dowdeswell et al. [1995] used estimates of total IRD
mass in Heinrich layer debris, combined with consideration
of typical sediment concentrations in icebergs, to suggest a
sea level rise of 0.39 to 3.9 m in Heinrich events, although
Hemming [2004] notes that their estimate of total IRD mass
may be high by a factor of ~2. This would argue for a 0.2—
2 m contribution to global sea level, consistent with Roche
et al. [2004]. The glaciological modeling of Alley and
MacAyeal [1994] suggests the potential for 0.01 m/yr of
sea level rise associated with a 200—300 year period of ice
stream activity in Hudson Strait, or a total sea level
contribution of 2—3 m. Hemming [2004] estimates a sea
level rise of 10-20 m for a 500-year event, based on the
§'%0 record of freshwater dilution in the North Atlantic, a
50- to 100-m mixed layer, and estimates of the advective
input of Gulf Stream water to the North Atlantic current.

[8] There are myriad other ice-rafted deposits in the North
Atlantic from the last glacial period [e.g., Bond and Lotti,
1995]. However, Heinrich events are clearly distinctive
layers that are superimposed on this background IRD flux.
Heinrich events most likely represent intermittent ice sheet
instabilities in Hudson Strait, as proposed by MacAyeal
[1993] and supported by glaciological modeling [Marshall
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and Clarke, 1997; Calov et al., 2002]. In this paper we
consider the possibility that millennial-scale variations in
ambient IRD are a simple response to mass balance driven,
hemisphere-scale ice sheet response to millennial-scale
climate variability. This interpretation has also been sug-
gested by Alley et al. [1999], Elliot et al. [2001] and
Hemming [2004]; here we test the idea with an ice sheet
model.

1.2. Dansgaard-Oeschger Cycles

[v] The last glacial period was characterized by 1- to
3-kyr oscillations between warm interstadials and cold
stadials (Figure la), known as Dansgaard-Oeschger (D-O)
cycles. As documented by the ice core record of central
Greenland, D-O cycles featured rapid (decade scale) warm-
ing events of 10—15°C followed by a gradual return to deep
glacial temperatures [Johnsen et al., 1992; Dansgaard et
al., 1993; Grootes et al., 1993]. D-O cycles have a
widespread IRD signature and paleoceanographic imprint
in the North Atlantic region [Bond et al., 1993; Bond and
Lotti, 1995; Dokken and Jansen, 1999; Elliot et al.,
1998, 2001, 2002; van Kreveld et al., 2000]. The timescale
of D-O cycles suggests that variations in deepwater circu-
lation play a central role [Broecker, 1994], but the oscil-
lations could be internal [e.g., Rahmstorf, 2002] or they
could be a resonation in response to stochastic [Alley et al.,
2001] or freshwater forcing [e.g., Keigwin et al., 1991;
Clark et al., 2002].

[10] The degree to which Greenland §'*0 records repre-
sent temperature variability needs to be better understood.
Denton et al. [2005] present evidence for large changes in
seasonality during the glacial period, with severe cold
accentuated in wintertime. This has important implications
for our simulations, because glacier mass balance is most
sensitive to summer temperatures. Another recent study by
Li et al. [2005] shows that the isotopic oscillations in
Greenland ice cores may be influenced by millennial-scale
variability of the extent of the winter sea ice edge, with
concomitant impacts on the seasonality of precipitation
(hence isotopic signatures) in central Greenland. Hence
the true magnitude of temperature changes associated with
the D-O cycles may be damped compared to the current
interpretation of isotopic variations in Greenland ice cores.
However, gas-phase isotope fractionation data from Green-
land provides independent evidence that there were large
local temperature shifts associated with the §'*0 oscilla-
tions, at least during the Belling transition [Severinghaus
and Brook, 1999]. The Belling was a major millennial-scale
warming event that punctuated the last deglaciation (14.7 kyr
B.P.), and it closely resembles the glacial age interstadial
warmings in the Summit, Greenland ice cores. We therefore
adopt the ice core §'*0 record as a proxy for mean annual
temperature variations in our simulations, but recognize that
summer temperature changes may be overestimated by this
assumption [Denton et al., 2005]. Sensitivity tests explore the
impact of this assumption on our results.

[11] We do not address the origin of D-O cycles in the
simulations presented here. Rather, we ask the simpler
question: how did the Northern Hemisphere ice sheets
respond to the millennial-scale climate variability that they
were subject to? The fundamental nature of mass balance
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driven ice sheet response to climate change has yet to be
resolved. For instance, it is not even clear whether increased
iceberg fluxes are expected during periods of ice sheet
advance (stadials) or ice sheet decay (interstadials)
[McCabe and Clark, 1998; Clarke et al., 1999]. To explore
this question we run simulations of iceberg delivery to the
ocean from the circum-Atlantic ice sheets over the past
120 kyr. Our analysis focuses on the timing and extent of
modeled iceberg discharge from different coastal zones.

2. Simulations of the Last Glacial Cycle:
Model Design

[12] The last glacial cycle in the Northern Hemisphere is
simulated using a model of ice sheet dynamics and ther-
modynamics that is driven by general circulation model
(GCM)- and ice-core-derived climatology for the last
120 kyr [Marshall et al., 2000, 2002]. The model includes
simple treatments of floating ice and iceberg calving
dynamics, which allow ice to advance onto the continental
slope. The model domain is 27°—85°N and 360° in longi-
tude, with a resolution of 0.5° in latitude and 1° in longitude
over the whole domain and nested higher-resolution grids
for Greenland (1/6° by 1/3°) and Iceland (1/10° by 1/6°).

[13] The ice sheet model solves the 3-D conservation
equations for mass, momentum, and energy to predict ice
thickness, velocity, and temperature. Temperature influen-
ces ice dynamics through the effective viscosity of the ice
and the evolution of the basal thermal regime; regions of the
ice sheet that are at the melting point at the base are able to
undergo basal flow via sliding and sediment deformation.
The ice dynamics model is coupled to a viscoelastic Earth
model to simulate isostatic adjustments through the glacial
cycle [Marshall et al., 2002]. An ice sheet is present in
Greenland at the beginning of the simulation (120 kyr B.P.),
based on a spin-up simulation of Greenland Ice Sheet
evolution from 160 to 120 kyr B.P. [Marshall and Cuffey,
2000]. All other regions are prescribed to be ice-free at the
beginning of the simulation.

[14] Ice shelf dynamics are simplified in our model. Ice
margins that advance onto open water (the continental shelf
or an interior water body such as Hudson Bay) will initially
float and will be subject to creep thinning and calving at the
marine interface. We prescribe calving as a function of ice
thickness H and water depth H,,,

O. = k(T)H H,, (1)

where k(7) is a parameter that decreases with ice
temperature 7 [Marshall et al., 2000]. This approximates
the effects of temperature on tensile strength of the floating
ice tongue, to empirically capture the higher rates of calving
that are known to occur in temperate ice (e.g., tidewater
glaciers in Alaska versus Antarctic ice shelves). If floating
ice thickens it can ground, promoting further ice advance
onto the continental shelf. There is no bathymetric limit on
the advance of floating (ice shelf) or grounded ice. Further
details regarding model treatment of calving dynamics and
grounding-line migration are discussed by Marshall et al.
[2000].
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Figure 2. Modeled iceberg flux to the North Atlantic
Ocean and subpolar seas from dlfferent coastal zones
through the last glacial cycle (km?® /yr): (a) Hudson Strait
(dashed line), Cabot Strait (thick solid line), Labrador (grey
line), and Baffin Bay (dotted line); (b) north Greenland
(dashed line) and south Greenland (solid line); (c) Iceland
(thick line) and western Europe (thin line); and (d)
Scandinavia (thin solid line), Svalbard (dashed line), and
the Barents Sea (thick solid line).

[15] Climate forcing for the simulations is based on
precipitation and temperature fields from GCM snapshots
of present-day and last glacial maximum (LGM) climate
[Vettoretti et al., 2000], interpolated onto the model grid
Temporal chmate variability is introduced through a “gla-
cial index” derived from the GISP2 ice core §'°O stratig-
raphy [Grootes et al., 1993]. The §'%0 record is resampled
to 100-year values and the glacial index time series is
translated to a climate forcing through a weighted interpo-
lation of LGM and present-day (interglacial) climate, cor-
rected for changing ice surface elevations during the glacial
period. This is a crude climate forcing, but its primary
purpose in our numerical experiments is to drive the North-
ern Hemisphere ice sheets through a glacial-interglacial
cycle, including millennial climate variability. The Green-
land ice core records are well suited to this end, and
uncertainties in the ice core age scales (e.g., discrepancies
between GISP2, GRIP, and NGRIP) do not impact the
conclusions of our numerical experiments.

[16] More important to our investigation is the concern
that isotopic oscillations experienced in Greenland may
overestimate temperature variability [e.g., Li et al., 2005;
Denton et al., 2005] and will not be representative of
hemispheric-scale climate fluctuations. For this reason we
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do not use the inferred D-O or glacial-interglacial temper-
ature variability from Greenland to drive our climatology;
the amplitude of local temperature variability comes from
the GCM simulations, which have spatially variable climate
perturbations throughout the domain, including (for in-
stance) a muted glacial climate change signal in western
North America relative to the North Atlantic region
[Vettoretti et al., 2000]. Our greater concern is how much
of the D-O isotopic shift in central Greenland represents a
temperature signal compared to the effects of varying
seasonality of precipitation. Sensitivity tests presented
below test the impact of diminishing the amplitude of the
millennial climate perturbations during the glacial period.

3. Simulations of the Last Glacial Cycle: Results

[17] Figure 1b plots simulated ice sheet volume over the
last 120 kyr from North America, Eurasia, Greenland and
Iceland, while Figure 1c shows the average mass balance
variability over the North American ice sheets in the
simulation. The ice-core-based climate forcing contains
large millennial variability, with evident impacts on mass
balance. However, the relatively long timescale of conti-
nental ice sheet dynamics integrates this high-frequency
mass balance variability to give a relatively smooth evolu-
tion of total ice sheet volume through the glacial cycle.

[18] Consideration of just the total ice volume obfuscates
the systematic, D-O-driven variability at the margins of the
ice sheets. Figure 2 plots modeled iceberg flux to the North
Atlantic and subpolar seas over the last 120 kyr, based
on discrete coastal zones of North America, Greenland,
Iceland, and Europe. Our coastal zones are illustrated in
Figure 3 and defined in Table 1. They are designed to
account for the entire marine margin of the Northern
Hemisphere ice sheets, noting that the ice sheet margins
migrate with time. Iceberg flux in each coastal zone is the
sum of all icebergs that calve to that sector of the ocean,
regardless of distance offshore. The millennial variability of
iceberg flux to the oceans is evident in Figure 2 and is
produced by sequences of ice sheet advance and retreat
from the continental shelves/slopes. This reflects the re-
sponse of the ice sheets to the changing mass balance
conditions during D-O cycles; ice margins advance during
cold stadials and retreat during warm interstadials. Green-
land is the only significant source of Holocene icebergs in
the model (Figure 2b), although small fluxes issue from
Svalbard and the Canadian Arctic islands (Baffin Bay
coastal zone).

[19] Figure 3 plots the integrated iceberg flux from each
model grid cell over the entire glacial cycle. Every circum-
Atlantic grid cell that experienced calving at some point in
the glacial cycle is represented in Figure 3. The width of the
calving zones gives an indication of the moving margin of
the ice sheet through time, as only ice marginal cells are
able to calve. Submarine channels show up clearly in
eastern North America and the Norwegian Sea; these are
areas where ice flux was concentrated, with thick ice and
high velocities combining to produce high rates of calving.
Table 2 summarizes this integrated iceberg flux for each of
our coastal zones. The “normalized” iceberg flux from each
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Figure 3. Cumulative iceberg flux from the circum-North Atlantic ice sheets through the last glacial
cycle (120 kyr B.P. to present) (km?). Contours are plotted on a log scale. The plot indicates all areas that
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coastal zone is calculated from the total 120-kyr discharge
divided by the approximate length of the coastline for each
zone. Note that this is not the true geographical coastline but
the breadth of the numerical model grid cells across which
iceberg fluxes are delivered to the oceans.

[20] The total modeled iceberg discharge into the North
Atlantic and its adjacent subpolar seas was 180.3 x 10° km®
through the last glacial cycle, with a maximum 100-year
discharge of 4375 km?>/yr. This peak discharge is equivalent
to 0.12 x 10° m’/s (Sv) of freshwater forcing. For the
period 60—20 kyr B.P., the main phase of the last glaciation,
mean iceberg discharge to the entire North Atlantic basin was
2251 km*/yr (0.06 Sv), which compares with 855 km?/yr
(0.02 Sv) to the North Pacific and 201 km*/yr (0.005 Sv) to
the Arctic basin.

[21] The model predicts intensive iceberg delivery to the
oceans from three main sectors of the Northern Hemisphere:
the Cordilleran Ice Sheet in western North America, the
Scandinavian Ice Sheet, and Hudson Strait. Significant
contributions also originate from the southeastern Lauren-

tide Ice Sheet, the Labrador coast, Svalbard, and the marine-
based ice sheet in the Barents/Kara Seas. Column 4 of
Table 2, rsp, indicates the correlation between the GISP2
isotopic (climate) forcing and the iceberg flux Q for the full
glacial cycle in each coastal zone. Negative correlations
indicate the association of high iceberg fluxes with cold
periods. On the 120-kyr (orbital) timescale, this is an unsur-
prising confirmation that icebergs peak during the glaciation
while the interglacial period is relatively iceberg-free. The
story becomes more interesting on millennial timescales.

3.1. Ice Margin Response to D-O Cycles

[22] Figure 4 presents a more detailed view of the period
60—-20 kyr B.P. for select coastal zones and gives evidence
of the rich range of behavior from different sectors of the ice
sheets. The GISP2 ice core forcing is shown in Figure 4a
[Grootes et al., 1993], while Figure 4b provides an example
of the regional temperature variability driven by this forc-
ing, for the southeastern Laurentide Ice Sheet (the ice-
covered area in the region 35°N—52°N, 75°W—55°W). In
general there are three systematic classes of ice margin
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Table 1. Coastal Zones Used to Calculate Regional Iceberg Fluxes

MARSHALL AND KOUTNIK: MILLENNIAL-SCALE IRD VARIABILITY

Coastal Zone

Longitude Range

Latitude Range

North Pacific 165°W—120°W 35°N-60°N
Bering Sea 165°W—139°W 60°N-71°N
Canadian Arctic 165°W—139°W 71°N-85°N

85°W-80°W 70°N-85°N

72°W-T70°W 63°N-70°N
Baffin Bay 80°W—-45°W 70°N—-85°N

70°W —45°W 63°N-70°N
Hudson/Foxe Basins® 95°W-85°W 51°N-67°N

85°W-72°W 51°N-70°N

72°W —65°W 51°N-63°N

65°W—45°W 60°N—-63°N
Labrador 65°W —45°W 52°N—-60°N
Southeast Laurentide 75°W—45°W 35°N-52°N
North Greenland 75°W-5°W 71°N-85°N
South Greenland 45°W-5°W 57°N-71°N
Iceland 2°E-30°E 57°N—-72°N
Great Britain 10°W-2°E 50°N—-61°N
North Sea 2°E—-10°E 50°N—-57°N
Scandinavia 2°E-30°E 57°N-72°N
Svalbard® 10°W-35°E 72°N—-85°N
Barents/Kara Seas’ 35°E-95°E 65°N—-85°N
Laptev/Siberian Seas 95°E—180°E 66°N—85°N

“The Hudson Strait outlet cells in Table 1 include all icebergs generated
in Hudson Bay and the Foxe Basin, so the high normalized flux through
Hudson Strait may be exaggerated. Icebergs originating from Hudson Bay
and the Foxe Basin are routed to the Labrador Sea via Hudson Strait, so it
does act as a throttle; however, some of the icebergs from the interior
regions will not have survived to reach the continental slope off of Hudson
Strait. Even if these icebergs melted prior to their exodus through the Strait,
however, their fresh water will have flooded the Labrador Sea via this
coastal zone.

®Svalbard and the Barents/Kara Sea regions could be combined, as these
ice masses were confluent at the Last Glacial Maximum; we have separated
the contributions from these two source regions because there were times
when the ice masses were distinct (e.g., the modern state, with active ice
masses in Svalbard as well as Novaya Zemlya in the Barents Sea).

response to D-O cycles: (1) regions where iceberg flux
increases during the cold phase of the D-O cycles (e.g.,
Scandinavia, Iceland, southeast Laurentide), (2) regions
where iceberg flux peaks during warm episodes (e.g., the
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marine-based ice caps in Svalbard and the Barents/Kara
Seas), and (3) regions that are ambivalent to D-O cycles
(e.g., Greenland, the Canadian Arctic).

[23] This generalized behavior reflects ice dynamical
timescales and the importance of mean regional climatology
in governing ice sheet response to climate perturbations. In
the Canadian Arctic, for instance, conditions are almost
always too cold for the high-latitude ice sheets to respond to
interstadial warmth; there is little or no melt at these
latitudes during any stage of the glacial period. D-O cycles
therefore have little effect on the margins of the ice sheet in
this sector, and therefore little effect on iceberg delivery to
the Arctic or to Baffin Bay during the glacial period.
Changing precipitation rates create a modest high-latitude
response to the millennial climate forcing, but this is minor
relative to the temperature sensitivity of most coastal zones.

[24] We argue that behavioral regimes 1 and 2 are actually
indicative of the same mode of temperature-driven mass
balance response. Ice sheet margins in Scandinavia, the
Barents/Kara Seas, and western North America are excep-
tionally sensitive in our simulations and analysis of these
sectors explains this mass balance response. These are
regions with relatively mild conditions and high precipita-
tion rates, making the ice sheets very responsive to inter-
stadial warmth. The ice margins withdraw from the coast
during warm periods in these regions, producing an initial
flush of icebergs when the ice sheets collapse. This is most
dramatic from the marine-based ice cap in the Barents/Kara
Seas. Retreat from the coastal areas is followed by a period
of diminished iceberg flux to the oceans. This is seen in all
sub-Arctic coastal zones. During ensuing cold stadials, ice
margins readvance onto the continental shelf/slope and
calving resumes. Iceberg fluxes then increase throughout
the stadial phases, although the timescales of ice sheet
advance and retreat differ in each coastal zone.

[25] To focus on the D-O response of the ice sheets during
the glacial period, Table 2 presents correlations between
iceberg discharge (Q) and GISP2 §'%0 for the period 60—

Table 2. Iceberg Statistics Through the Last Glacial Cycle for Northern Hemisphere Coastal Regions®

Coastal Total Iceberg Normalized 750, rso (T =10), 5o (Max), Lag,

Zone Flux, 10° km® Flux, 10° km? 120 kyr 60—20 kyr B.P. 60—20 kyr B.P. year
North Pacific 52.7 19.8 —0.66 —0.52 —0.88 400

Canadian Arctic 13.7 4.2 —0.31 —0.38 —0.50 1000
Baffin Bay 16.8 6.9 —0.51 —0.21 700
Hudson Strait 18.3 54.9 —0.34 —0.23 —-0.47 700
Labrador 11.5 12.9 —0.58 —0.38 —0.67 800
Southeast Laurentide 11.0 8.2 —0.48 —0.16 —0.43 600

North Greenland 12.1 4.0 0.42 0.12 0.37 2800

South Greenland 17.8 7.1 —0.32 0.08 0.26 3000
Iceland 2.2 1.6 —0.61 —0.47 —0.59 300
Great Britain 0.5 0.4 —0.22 —0.21 —0.69 400
Scandinavia 62.7 37.7 —0.69 —0.28 —0.80 500
Svalbard 19.8 14.9 —0.34 0.31 0.37 100
Barents/Kara Seas 7.6 3.6 0.28 0.50 0.68 200
Laptev/Siberian Seas 1.6 0.5 —0.11 0.19 0.34 200
Full North Atlantic 180.3 9.3 —0.57 —0.17 —0.68 600

Normalized iceberg flux from each coastal zone (third column) is calculated from the total 120-kyr discharge (km> of ice) divided by the length of the
coastline for each zone (km). Fourth column indicates the linear correlation between the climate forcing time series (GISP2 §'®0) and iceberg flux (Q) for
the full glacial cycle, while fifth and sixth columns indicate this correlation for the time period 60—20 kyr B.P. (with no lag, T = 0, and for the maximum
lagged correlation). The time lag for this maximum correlation is given in last column.
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Figure 4. Climatic conditions, ice sheet response, and iceberg flux in northwestern Europe and eastern
North America from 60 to 20 kyr B.P. (a) GISP2 §'*0 forcing during this period (%o). (b) Air temperature
anomaly (difference from present) in the southeastern sector of the Laurentide Ice Sheet (°C). (c) Mass
balance gthin line and left axis, m/yr ice equivalent) and ice sheet volume (thick line and right

axis, 10"

m?) in the Scandinavian sector of the Eurasian ice sheet. (d) Mass balance (thin line and left

axis, m/yr ice equivalent) and ice sheet volume (thick line and right axis, 10'> m®) in the southeastern
(Cabot Strait) sector of the Laurentide Ice Sheet. (e) Iceberg flux from Scandinavia (solid line) and
Svalbard (dotted line) and in the Barents/Kara Seas (dashed hne) (km*/yr). (f) Iceberg flux from the
southeast Laurentide (solid line) and Baffin Bay (dotted line) (km*/yr).

20 kyr B.P., 1nclud1ng the maximum lagged correlation of
iceberg ﬂux and §'®0 in each region. As above, negative
numbers indicate peak calving during cold intervals, while
positive numbers indicate that warming induces calving.
The total circum-Atlantic response is included at the bottom
of this table and it indicates that maximum iceberg delivery
occurs during the cold phase of the D-O cycles, with a time
lag of 600 years from the peak cooling. This reflects the
superimposed response of the majority of coastal zones, and
the circum-Atlantic signal is particularly dominated by the
behavior of the Scandinavian ice sheet in our simulations.
Peak iceberg flux lags the cooling because of the delay in
ice sheet advance to the coast. Ice margins in Svalbard, the
Barents/Kara Seas, and the Siberian shelf exhibit the oppo-
site behavior, as discussed above: a brief and rapid increase
in iceberg flux during warm periods. This flushing of
icebergs during interstadial retreats in these regions indi-
cates that marine-based ice sheets are more prone to
dynamical collapse than their terrestrial brethren (e.g.,
Scandinavia) and have a longer recovery time for readvance
onto the continental shelf.

[26] Figure 5 plots correlations as a function of lag for
several regions, illustrating the range of behavior in differ-
ent climatic and physiographic settings. The brief pulse of
icebergs during the onset of the D-O warm phase occurs in

most sub-Arctic coastal regions (e.g., Figures 4e and 4f), but
only dominates s in Svalbard and the Barents/Kara Seas
(grey lines in Figure 5). The strongest negative correlations
are predicted for western North America and Scandinavia,
where steep terrain and high precipitation rates lead to a
rapid and spirited ice sheet response to cooling (Figure 4e
and dashed lines in Figure 5). Ice margin response in most
other sub-Arctic regions is similar to that of Scandinavia,
but with less climatic sensitivity and longer response times
for the eastern flanks of the Laurentide Ice Sheet.

[27] Greenland is enigmatic in our simulations, showing
little overall climate sensitivity. Ice margins in Greenland
are advanced to the continental shelf through most of the
glaciation, which explains their lack of sensitivity to stadial
periods. Greenland’s weak sensitivity to interstadial warmth
differs from that in the Barents/Kara Sea sector, however;
there is no brief flush of icebergs associated with rapid
collapse of marine margins. In contrast, warm periods are
associated with a weak and long-lived increase in iceberg
flux. We interpret this as a response to increases in accu-
mulation that accompany warm periods. There is a relatively
long timescale for advection of this mass balance perturba-
tion from the interior of the ice sheet to the ice margins.
Overall, however, the signal from Greenland is weak in our
simulations, with low variability in iceberg flux from
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Figure 5. Lagged linear correlation coefficient between
the climate forcing time series (GISP2 §'®0) and iceberg
flux (Q) from select Northern Hemisphere coastal zones for
the time period 60—20 kyr B.P., calculated for 100-year lags
from 0 to 3000 years. Plotted are (from top to bottom at
0 lag) Barents/Kara Seas (gray solid line); Svalbard (grey
dashed line); north Greenland (black dotted line); all
circum-Atlantic sources (thick black line); Hudson Strait
(thin black line); the North Pacific (thick dashed line);
Labrador (long dashed line); and Scandinavia (dash-dotted
line).

Greenland and little of this variability attributable to climate
fluctuations.

3.2. Sensitivity of Results to the Climate Forcing

[28] We conducted additional experiments with only 50%
of the D-O isotopic shift ascribed to temperature fluctua-
tions. This has an interesting effect on the overall ice sheet
evolution and a complex impact on modeled iceberg fluxes.
Figure 6a presents the muted temperature variability in this
experiment, as represented by the average air temperature
over the North American and Eurasian ice sheets. Both
interstadial and stadial periods are less extreme in this
scenario (thick line in Figure 6a), inducing a markedly
different ice sheet evolution. Because ice sheet mass bal-
ance is extremely sensitive to warm temperatures, the
weaker interstadial events in the muted D-O scenario allow
ice sheets in North America and Eurasia to grow to a greater
LGM extent than in the reference model; warm periods are
less intense and are unable to thwart the advance of ice.

[29] This also leads to subdued millennial-scale ice mar-
gin fluctuations (Figure 6b) and increased total iceberg
efflux to the oceans during the glacial cycle (Table 3).
Because the ice sheets have greater volume and are less
prone to retreat, they spend more time advanced onto the
continental shelf. Total iceberg fluxes increase by approx-
imately 50% in most coastal zones. Midlatitude regions
behave like the polar coastal zones of the reference model,
with diminished climate sensitivity. Cold periods still lead
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to ice sheet advance and increased iceberg flux to the North
Atlantic, with an overall circum-Atlantic response time of
600 years, as seen in the reference model (Table 3 and
Figure 7). However, the response to cold periods is weak-
ened to the degree that the brief flushing events during
interstadial events become equally significant for the total
circum-Atlantic iceberg flux. Overall, the millennial vari-
ability of iceberg fluxes is greatly diminished and the
climatic control of iceberg flux is weaker.

[30] Because the phasing of iceberg fluxes from both North
America and Eurasia under muted D-O cycles differs from
that of the reference model, the qualitative results of these
simulations need to be considered carefully. Millennial-scale
IRD fluxes can still be anticipated with muted climatic
variability. However, the stadial pulses of IRD that we predict
with weaker D-O cycles would be set against a more steady
background of IRD, which would make them less distinct in
the sediment record.

4. Discussion

[31] The advance of ice during the cold phase of D-O
cycles creates a succession of millennial-scale iceberg
discharge cycles, with maximum iceberg flux to the North
Atlantic predicted approximately 600 years into each stadial
event. This echoes the millennial-scale IRD deposits seen in
the North Atlantic [e.g., Bond et al., 1993; Grousset et al.,
1993], the Nordic Seas [Dowdeswell et al., 1999], and the
Irminger Basin [Elliot et al., 2001; van Kreveld et al.,
2000], which appear to correspond to the cold phase of
D-O cycles [Elliot et al., 1998, 2001; Andrews and Barber,
2002].

Temperature (°C)
22 ‘ ‘

Iceberg flux (km3/yr)

4000

3000

2000

60 55 50 45 40 35 30 25 20
Time (kyr B.P.)

Figure 6. Sensitivity tests with muted Dansgaard-
Oeschger (D-O) climate forcing: results for the period
60—20 kyr B.P. Thick lines indicate the muted D-O
simulations, and thin lines indicate the reference model of
Figure 2. (a) Average air temperature over the North
American and Eurasia ice sheets (°C). (b) Iceberg flux to
the North Atlantic, circum-Atlantic sources (km3/yr).
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Table 3. Iceberg Statistics as in Table 2 but With Muted Dansgaard-Oeschger Cycles

Coastal Total Iceberg Normalized 750 rso (T=0), 5o (maximum), Lag,

Zone Flux, 10° km® Flux, 10° km? 120 kyr 60—20 kyr B.P. 60—20 kyr B.P. year

North Pacific 94.3 354 —0.79 —0.52 —0.91 400
Canadian Arctic 29.3 9.1 —0.54 0.26 0.29 200
Baffin Bay 21.8 8.9 —0.62 0.20 0.21 100
Hudson Strait 25.6 76.9 —0.53 0.26 0.35 200
Labrador 23.7 26.6 —0.73 —0.27 —0.65 900
Southeast Laurentide 28.5 214 —0.49 0.17 0.39 2000
North Greenland 12.6 4.2 0.57 0.12 0.38 2200
South Greenland 15.8 6.3 —0.23 —0.11 0.26 2300
Iceland 2.6 1.9 —0.55 —0.25 —0.41 300
Great Britain 0.5 0.4 —0.12 0.14 0.14 0
Scandinavia 101.0 60.7 —-0.72 —0.06 —0.59 500
Svalbard 29.2 21.9 —0.51 0.35 0.39 100
Barents/Kara Seas 8.6 4.1 0.29 0.33 0.52 200
Laptev/Siberian Seas 1.6 0.5 —0.11 —0.01 —0.30 800
Full North Atlantic 268.1 14.1 —0.65 0.26 —0.26 600

[32] This behavior is consistently predicted in our ice
sheet simulations and is largely dominated by advance-
retreat sequences on the marine margin of the Scandinavian
Ice Sheet. Similar behavior is seen in most midlatitude
coastal zones, with timescales of ice sheet response varying
in each region as a function of the glaciological and climatic
setting. Model results are not sensitive to the calving
parameterization that we adopt; millennial-scale variability
in iceberg fluxes is governed more by whether the ice sheet
margin is advanced onto the continental shelf. On the
timescales that we are analyzing, this is determined by the
total flux of ice across the grounding line, which is dictated
by ice marginal mass balance and the dynamical advance of
ice in each region. Uncertainties in the calving parameter-
ization are secondary to those associated with the overall
climate forcing.

[33] Model resolution is inadequate to veraciously capture
coastal fjord regions that channeled much of the coastal ice
advance during stadial periods. Ice flux in the model is still
concentrated in major outlet valleys (e.g., Hudson Strait,
Cumberland Sound, Scoresby Sund), and for the reasons
described above (overall ice marginal mass balance controls
on ice advance), we are confident in the overall ice fluxes
that are predicted from each coastal region. However, the
model will predict a more spatially diffuse coastal flux than
would be expected in Nature, and high-resolution modeling
is needed to allow a comparison of modeled IRD with
nearshore paleoceanographic records. Errors associated with
poor resolution of outlet fjords will make our simulations
conservative, as fjord environments increase iceberg deliv-
ery to the oceans and are also climatically sensitive [e.g.,
Andrews et al., 1996, 1997; Luckman and Murray, 2005].
Indeed, we appear to underestimate the sensitivity of ice
margins in southeast Greenland in our simulations, relative
to paleoceanographic observations of millennial-scale IRD
emanating from east Greenland [van Kreveld et al., 2000].
This undersensitivity in the model reinforces our assertion
that the millennial-scale iceberg variability that we predict is
conservative.

[34] In the paleoceanographic record, millennial IRD
layers in the East Greenland, Irminger and Nordic Seas

are distinct from Heinrich layers and they dominate the IRD
record in the these regions, with little or no input from the
Laurentide Ice Sheet [Elliot et al., 1998, 2001; Dowdeswell
et al., 1999]. In contrast, sediments from Heinrich events
are dominant in the Labrador Sea [Andrews and Tedesco,
1992; Andrews and Barber, 2002] and the IRD belt
[Ruddiman, 1977] of the North Atlantic [Bond et al.,
1992; Grousset et al., 1993]. Elliot et al. [2001] demonstrate
that periods of increased IRD delivery to the Nordic Seas
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Figure 7. Lagged iceberg response for the period 60—
20 kyr B.P. under muted D-O climate forcing. Thick lines
indicate the muted D-O simulations, and thin lines indicate
the reference model with full D-O forcing (compare
Figure 5). Plotted are (from top to bottom at 0 lag)
Barents/Kara Seas, full D-O forcing (thin grey dotted line);
Barents/Kara Seas, muted D-O forcing (thick grey dotted
line); all circum-Atlantic sources, muted D-O forcing (thick
solid line); Scandinavia, muted D-O forcing (thick dashed
line); all circum-Atlantic sources, full D-O forcing (thin
solid line); and Scandinavia, full D-O forcing (thin dashed
line).
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are consistent with increased iceberg flux and not simply
enhanced preservation of icebergs, although both effects
may play a role.

[35] Our results resolve an outstanding issue regarding ice
sheet behavior during the last glacial period. It is clear that
the millennial IRD deposits originated nearly simultaneously
from numerous circum-Atlantic sources, including ice
sheets in eastern Greenland, Iceland, Scandinavia, Svalbard,
and the Barents Sea. This has been interpreted as a climat-
ically orchestrated instability in the circum-Atlantic ice
sheets [Bond et al., 1993], but this interpretation is difficult
to reconcile with glaciological understanding of ice sheet
surges or dynamical instabilities [Clarke et al., 1999;
Dowdeswell et al., 1999; Alley et al., 1999]. Surges are
not subject to climatic triggers and would not occur simul-
taneously from different ice sheets or different sectors of an
ice sheet. A synchronized climate-driven advance of the
marine margins of the various ice sheets is more plausible to
account for the millennial-scale IRD deposits [Alley et al.,
1999].

[36] The relative timing of IRD delivery from different ice
sheets can be ascertained [Bond and Lotti, 1995; Grousset et
al., 2001; Elliot et al., 2001], but absolute dating at
submillennial timescales is difficult so the precise phasing
with D-O cycles in the Greenland ice cores is unclear
[Andrews and Barber, 2002]. On centennial timescales,
the response of ice sheet margins to D-O climate forcing
differs in each coastal region, so systematic depositional
sequences can be expected. Near-coastal sites should wit-
ness an increase in locally derived IRD within 100 years of
climate warming or cooling in most regions. For instance,
Iceland responds quickly to cold phases and Icelandic IRD
would appear first at sites proximal to Iceland. Further from
local influences in the Nordic Seas and eastern North
Atlantic, IRD may be dominated by sources from coastal
Norway and the Barents Sea, based on the rapid response
times and more dynamic ice sheets in these regions. Our
simulations suggest that Norwegian-derived IRD would be
expected to arrive first under a cooling, while Barents-
derived IRD may peak following a warming event. An
oceanographic model with iceberg trajectory and melt
modeling is needed to simulate the detailed depositional
sequence that one would expect in the open ocean or at a
particular marine core site. On multicentury to millennial
timescales, D-O driven icebergs from different circum-
Atlantic sources would appear simultaneous.

[37] We argue that Heinrich events and D-O-driven ice-
bergs reflect different glaciological processes. However,
circum-Atlantic-derived IRD coincides with Heinrich
(northeastern North American) sediments in the North
Atlantic [e.g., Bond and Lotti, 1995; Grousset et al.,
2001]. We believe that the widespread cooling leading up
to Heinrich events induced a broad mass balance driven
advance of marine-based ice, similar to all other D-O cold
phases. The climatic impact of Heinrich events may also
have influenced the downstream ice sheets. The freshwater
flux and North Atlantic cooling associated with the Hudson
Strait icebergs induced a southward displacement of the
polar front [Vidal et al., 1997], which would have promoted
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preservation and transport of European-derived IRD to the
midlatitude IRD belt.

[38] Cool mixed layer temperatures at these times would
also have increased IRD delivery by sea ice transport. The
Holocene record indicates that sea ice can play a significant
role in IRD transport [Bond et al., 2001], and that IRD
fluctuations can occur even in the absence of significant
iceberg fluxes. The results of Bond et al. [2001] probably
reflect sea ice expansion and enhanced preservation of both
sea ice and Greenlandic icebergs during cool periods of the
Holocene. During glacial periods, and particularly during
stadial events, expanded sea ice and enhanced preservation
would add to the accentuated IRD transport caused by the
high efflux of icebergs.

5. Conclusions About Ice Sheet Stability

[39] We argue for a distinction between IRD derived from
ice sheet instabilities (Heinrich events) and that derived
from large-scale climate (i.e., mass balance) fluctuations.
Figures 2—4 should be interpreted as the ambient climate-
driven flux of icebergs to the northern oceans. Our simu-
lations indicate that this millennial-scale variability in
iceberg fluxes is governed primarily by whether the ice
sheet margin is advanced onto the continental shelf. This in
turn is controlled by ice sheet history and, in the presence of
mature ice sheets, by century- to millennial-scale climatic
fluctuations.

[40] Ice sheets advance during cold periods, with peak
iceberg fluxes predicted within 500 years of the cooling.
Different coastal regions have different sensitivities to
millennial climate variability, with relatively warm, wet
climates (e.g., Scandinavia, western North America) exhib-
iting the highest millennial variability in iceberg flux and
the most rapid response to D-O cycles.

[41] These results are independent of the iceberg calving
parameterization that we adopt in our simulations; ice sheet
flux across the grounding line is the first-order control on
iceberg flux. This in turn is governed by ice dynamics and
by the extent of ablation on the ice sheet margins. When it is
warm enough that ablation drives a retreat of the ice sheet
margin, iceberg fluxes decline. When ice dynamics and/or
cooler climates permit ice advance onto the continental
shelf, iceberg fluxes increase. In addition to this dominant
mode of D-O driven iceberg variability, secondary peaks in
iceberg flux occur as a result of “flushing” or collapse of
marine-based ice sheets in the Barents Sea. These are rapid
events, precipitated by millennial warming.

[42] Heinrich events will superimpose on these climate-
driven ice fluxes as brief, extreme episodes that result from
dynamical ice sheet destabilization. This difference between
Heinrich events and D-O cycles has been broadly misun-
derstood in the paleoclimate community. The processes at
play in triggering ice sheet dynamical instability in Hudson
Strait remain open to debate. Heinrich events do not occur
in our simulations; they do not arise spontaneously in the
ice sheet model. This is a well-known shortcoming of
current glaciological models. Thermally regulated surge
cycles can be simulated [MacAyeal, 1993; Marshall and
Clarke, 1997; Calov et al., 2002] and are expected to occur
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in ice sheets, but the numerical representation of ice streams
in continental-scale ice sheet models is still under develop-
ment. The main limitation is that the subglacial mechanisms
governing glacier and ice sheet surges (basal hydrology,
basal sediment deformation) are not fully understood and
are absent or overly simplified in current ice sheet models
[Marshall et al., 2000]. This prohibits a diagnostic predic-
tion of when and where ice streams or surges will arise in
ice sheets.

[43] Our interpretation implies that dynamical ice sheet
instabilities do occur, but they are infrequent, high-impact
events that originated primarily (if not exclusively) in
northeastern North America. Millennial cycles in IRD
concentration and the co-coordinated delivery of IRD from
a variety of ice sheet sources are most easily interpreted as
advance/retreat sequences from circum-Atlantic marine
margins, driven by large-scale climate (i.e., mass balance)
fluctuations. Enhanced iceberg preservation during the cold
phase of D-O cycles may also contribute to the marine IRD
concentrations. We conclude that the sediment record con-
tains evidence of intermittent ice sheet collapse as well as
more frequent, mass balance controlled IRD releases from
the ice sheet margins. The IRD record should not be
interpreted as a proxy for millennial-scale ice sheet insta-
bility. This reconciles a long-standing confusion between
the reaction of ice sheets to climatic change and their active
role in delivering enormous quantities of ice to the North
Atlantic during Heinrich events.

[44] If our interpretation is correct, it implies that ice sheet
dynamical collapse occurred during the glaciation, but it
was not commonplace: Only 4—6 IRD events during the last
60 kyr can be convincingly argued to be a result of ice sheet
surges.

[45] The sea level impact of these events is still a matter
of debate. While the quantities of IRD testify to large fluxes
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of ice [e.g., Dowdeswell et al., 1995; Alley and MacAyeal,
1994; Hemming, 2004], more work is needed to constrain
the amount of ice truly involved in a Heinrich event.
Dramatic sea level impacts [Chappell, 2002] are difficult
to conjure during cold parts of the glacial period. The cold
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realistic surge simulations argue for more moderate sea level
impacts [Marshall and Clarke, 1997], but glaciological
models of ice streaming and surging physics need further
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[46] Even the more modest sea level scenarios would pose
a large societal impact if a similar event were to occur in
Antarctica or Greenland. Further study of the North Atlantic
sediment record and advances in ice sheet modeling are
needed to assess the innate stability of ice sheets. Our
simulations offer a predictive model for the sequence of
IRD deposition in D-O cycles that can be tested by high-
resolution paleoceanographic data. Because of the large
sensitivity of our simulations to the magnitude of D-O
climate fluctuations, we also believe that the IRD record
can offer insight into the true severity of the fluctuations
recorded in Greenland, as well as their geographical extent.
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