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Abstract We examine the influence of different deglacial histories of the North American ice saddle,
which connected the Cordilleran ice sheet and western Laurentide ice sheet, on the stability of the
fast‐flowing Amundsen Gulf Ice Stream, located in the northwestern Laurentide ice sheet. We use a
simplified marine‐terminating ice stream model to simulate grounding line retreat and compare our
predictions to geologic evidence for the rapid collapse of the Amundsen Gulf Ice Stream at 13 ka. We
show that observations of ice stream retreat can be used to distinguish between past ice unloading
histories, and that the rapid retreat of the Amundsen Gulf Ice Stream near 13 ka is most dynamically
consistent with substantial deglaciation of the North American ice saddle from 13 to 11.5 ka, during the
Younger Dryas cooling episode. These results suggest that short‐lived changes in ice stream behavior may
be used to reveal larger‐scale and longer‐duration ice sheet dynamics.

1. Introduction
1.1. Amundsen Gulf Ice Stream

The Amundsen Gulf, in the Canadian Arctic Archipelago, was formerly occupied by a thick ice stream.
Evidence for this past ice stream was originally based on the geomorphology of topographic depressions
and was later mapped by satellite, marine, multibeam imagery,(Maclean et al., 2015) and seismic reflection
profiles.(Batchelor et al., 2014) The ice stream was a drain for the northwestern Laurentide ice sheet (LIS).
As a conduit of freshwater and sediment supply to the Arctic Ocean,(Batchelor et al., 2014) the ice stream
may have played an important role in ice‐ocean‐climate interactions over the last deglaciation (26 to 11.7
ka3). Over much of this period, ice streams of the northwestern LIS terminated in the Arctic Ocean, at times
flowing over reverse‐sloped bedrock (deepening toward the ice sheet interior), similar to present‐day
Antarctic ice streams.(Joughin & Alley, 2011)

Evidence from the geological record helps to constrain the dynamics of the Amundsen Gulf Ice Stream.
Scours from the former Amundsen Gulf Ice Stream have been identified and used to map ice extent over
time.(Maclean et al., 2015; Stokes et al., 2006) Furze et al.,(Furze et al., 2017) presented evidence of a former
ice shelf in the eastern Northwest Passage (east of the Amundsen Gulf Ice Stream), which may have stabi-
lized the retreating LIS margin until 12.5 ka. A recent study suggested a freshwater event in the Arctic at
12.8 ka was sourced from a rapid retreat of the Amundsen Gulf Ice Stream (250 km of retreat in less than
500 years), based on dated ice rafted debris (cores 44PC and 56 PC) and seismic reflection profiles.
(Lakeman et al., 2018)

1.2. Marine Ice Sheet Instability

The stability of marine‐terminating ice streams is strongly sensitive to the slope of underlying bedrock.
(Schoof, 2007) A marine ice sheet instability occurs when the grounding line retreats on a reverse‐sloped
bed, which results in a greater ice mass flux (that increases nonlinearly with bed depth at the grounding
line), and fuels additional retreat. In formerly glaciated regions, bedrock topography (and therefore changes
in slope) is strongly modulated by the time‐dependent glacial isostatic adjustment (GIA) of the crust.(Gomez
et al., 2010) The dynamics of former marine‐terminating ice streams were therefore sensitive to changes in
bed slope that occurred in response to prior variations in the regional ice thickness.
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1.3. Timing of Ice Unloading

Evidence for the timing and rapid retreat of the Amundsen Gulf Ice Stream at 12.8 ka(Lakeman et al., 2018)
motivates our model investigation of North American deglacial ice histories because ice sheet dynamics
depend on bedrock topography. This topography is, in turn, controlled by the history of previous ice cover.
While the timing and source of ice melt from North America during the last deglaciation can be constrained
by tracking the age of retreat of past ice margins, as well as the timing of freshwater flux to the oceans in
sedimentary cores(Menounos et al., 2017)–15, these methods do not provide a direct measure of past ice
thickness. Records of ice stream retreat can provide insight into past ice thickness because the stability of
the ice stream depends on bedrock slope changes induced by GIA, and these changes are ultimately gov-
erned by ice sheet volume, rather than ice margin locations.

In some reconstructions of North American deglaciation, the ice saddle connecting the Laurentide (LIS) and
Cordilleran (CIS) ice sheets is assumed to have melted primarily during Meltwater Pulse 1a (MWP‐1a; 14.5
ka(Deschamps et al., 2012)). For example, an ice sheet modeling study(Gregoire et al., 2012) predicted a
rapid collapse of the ice saddle equivalent to a global mean sea level (GMSL) rise of ~10.5 m in 0.5 ky and
connected this event to MWP‐1a, though the modeled event did not match the timing of MWP‐1a inferred
from sea level records. The global ice model ICE‐6G sources a large contribution to MWP‐1a from a rapid
ice thinning between the CIS and LIS equivalent to 6.9 m GMSL from 14.5 to 14 ka.(Peltier &
Fairbanks, 2006)

A recent study has modified ICE‐6G to delay this substantial melt of the saddle at 14.5 ka until 13 ka in order
to reconcile sea level constraints imposed by the two‐phased flooding history of the Bering Strait.(Pico et al.,
2018) In this proposed ice history (GI‐31), substantial melting occurs from 13 to 11.5 ka. The difference in
timing and rates of unloading in the saddle region between the ICE‐6G and GI‐31 ice histories would drive
different GIA signals and retrodicted paleotopographies at 13 ka in the Amundsen Gulf Ice Stream region. In
the GI‐31 ice history, there is a persistent regional ice load until 13 ka, which causes a more depressed bed in
the interior and greater reverse slopes near the ice margin at 13 ka relative to the ICE‐6G case.

Here we combine a simple numerical model for the evolution of a marine‐terminating glacier to simulate the
migration of the Amundsen Gulf Ice Stream grounding line position with a model of GIA‐induced sea level
to test the consistency of the above ice loading histories with ice stream retreat rates observed in the geologic
record.(Lakeman et al., 2018) Notably, we show that certain models of ice sheet deglaciation are more dyna-
mically consistent with observed geologic evidence for rapid ice stream retreat.

2. Methods
2.1. GIA Modeling

The decay of ice sheets across the last deglaciation drove a complex spatiotemporal pattern of sea level
change due to deformational, gravitational, and rotational effects of GIA. Our simulations are based on
the sea level theory and pseudospectral algorithm described by Kendall et al.(Kendall et al., 2005) at a sphe-
rical harmonic truncation at degree and order 256. This treatment includes the impact of load‐induced Earth
rotation changes on sea level,(Milne & Mitrovica, 1996) evolving shorelines and the migration of grounded,
marine‐based ice.(Johnston, 1993; Kendall et al., 2005; Lambeck et al., 2003; Milne et al., 1999) These predic-
tions require models for Earth's viscoelastic structure and the spatiotemporal history of ice cover.

For the first of these, we adopt a mantle viscosity profile based on a GIA analysis of local sea level records in
our region of interest.(Gowan et al., 2016) Specifically, the Earth model is characterized by a lithospheric
thickness of 96 km and an upper and lower mantle viscosities of 4 × 1020 and 1022 Pa s, respectively. We per-
form sensitivity tests by varying these values to show that our results are insensitive to this choice. Paleo‐
bedrock topography at 13 ka is calculated by subtracting the computed spatial field of sea level change from
modern‐day topography.

As we have noted, ICE‐6G(Peltier et al., 2015) is characterized by a rapid loss of ice mass in the saddle region
(Cordilleran and western Laurentide) equivalent to 6.9‐mGMSL from 14.5 to 14 ka. The model sources addi-
tional meltwater from this region from 14 to 13 ka, equivalent to 3.7‐m GMSL. GI‐31 was constructed by
modifying the deglaciation geometry of the ICE‐6G model while requiring that the total ice volume (or
GMSL) history of that model be preserved to satisfy far‐field sea level constraints.(Pico et al., 2018) The
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GI‐31 ice history is characterized by a melting of the ice saddle equivalent
to 14.3‐m GMSL from 13 to 11.5 ka.(Pico et al., 2018) Since the GI‐31 his-
tory is based on deglacial snapshots of the ICE‐6Gmodel, the two histories
are characterized by the same pattern of deglaciation; however, they differ
in the timing and rate of ice melt.

2.2. Marine‐Terminating Ice Stream Model

The glaciological properties (such as basal friction, degree of buttressing,
or surface accumulation rate) of the Amundsen Gulf Ice Stream at 13 ka
are poorly constrained. Thus, to simulate a range of possible retreat his-
tories for this ice stream, we use a simple two‐equation model that cap-
tures the essential aspects of evolving marine‐terminating ice stream
dynamics and accumulation rate with a minimum of parameters.(Robel
et al., 2018) The model, described in detail in supporting information,
reconstructs the temporal evolution of grounding line position and the
spatially averaged ice stream thickness.(Robel et al., 2018) At time scales
longer than a few decades, it is an excellent approximation of the ground-
ing line migration predicted in spatially extended ice stream models.
(Robel et al., 2018) Thus, it is an ideal tool to efficiently simulate themulti-
centennial migration of the Amundsen Gulf Ice Stream at 13 ka with a
given paleotopography, under a wide range of parameter values.

We predicted paleotopography by calculating GIA associated with the GI‐
31 ice history. We used the two‐equation marine‐terminating glacier
model, initiated at 13 ka, to calculate the evolution of the grounding line
and therefore, retreat rates, of the Amundsen Gulf Ice Stream. We

adopted the ice thickness and paleo‐bedrock profile associated with the GI‐31 history at 13 ka (transect in
Figure 2; Figure 3a) as the initial conditions.

The two‐equation model requires values for the spatially averaged surface accumulation rate, degree of but-
tressing from an ice shelf, and friction between ice and the underlying topography. We varied these para-
metric values and densely sampled the corresponding parameter space. Specifically, we varied the friction
coefficient from 1 × 106 to 6 × 106 Pa m−1/3 s−1/3, the buttressing coefficient (which we label as θ) from
0.5 to 1 (strongly buttressed to no buttressing at the grounding line), and the accumulation rate from 0.1
to 0.3 m/year, consistent with previous estimates of regional accumulation rate at this time.(Ullman et al.,
2015) This parameter sweep resulted in 1,000 distinct simulations.

3. Results
3.1. Paleotopography

Figure 2 shows ice thickness and the solid Earth elevation at 13 ka retrodicted using the ICE‐6G and GI‐31
models. Figure 3b plots profiles of paleo‐bedrock topography (or paleotopography) at 13 ka across these two
fields along a transect through the former position of the Amundsen Gulf Ice Stream (Figures 1 and 2). A
bedrock sill is located ~180 km upstream of the initial ice stream margin.

The difference in the profiles in Figure 3b is shown in Figure 3c. The average bedrock slope underlying the
Amundsen Gulf Ice Stream over the 250‐km segment upstream of the initial grounding line position is 1.816
m/km for the prediction based on the ice model GI‐31 and 1.560 m/km for the ICE‐6G simulation. A steeper
retrograde slope is predicted on the GI‐31 simulation because the interior region has greater isostatic depres-
sion at this time due to the more persistent local ice cover. We note that the ice stream has disappeared in the
ICE‐6G simulation by 13 ka.

3.2. Ice Stream Retreat

We predicted the evolution of grounding line retreat of the Amundsen Gulf Ice Stream beginning at 13 ka
over a period of 500 years (gray lines in Figure 4a). We found that 210 of 1,000 simulations predicted a total
grounding line retreat of 250 km or more over the 500‐year simulation (Figure 4b).

Figure 1. Location and age of sites that constrain the timing of ice rafted
debris and freshwater influx.(Lakeman et al., 2018) Contours show ice
thickness at 13 ka in the GI‐31 ice history. Transect of Amundsen Gulf Ice
Stream used in simulations is shown by the dark gray line. Inset shows
location of Cordilleran (CIS) and Laurentide (LIS) icemargins at 13 ka in the
GI‐31 ice history.
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Histograms showing values of the three parameters that resulted in a total
retreat of more than 250 km are shown in Figure 5. A rapid retreat of the
Amundsen Gulf Ice Stream on the GI‐31 paleotopography is not predicted
in the cases of small friction coefficients (< 2 × 106 Pa m−1/3 s−1/3) or a
high degree of buttressing (θ < 0.8). However, a rapid retreat was possible
for the full range of accumulation rates we considered (0.1–0.3 m/year).

Over the simulation time window (13–12.5 ka), the unloading of ice
from the retreating Amundsen Gulf Ice Stream, in addition to melting
ice in the saddle region, caused isostatic rebound, which may have pre-
vented grounding line retreat. Since our simulations did not evolve
topography over the 500 years modeled, we investigated whether the
time‐dependent isostatic adjustment of the crust would have prevented
grounding line retreat. We performed simulations that used the same
range of parameter values in Figure 4 and the GI‐31 ice profile in
Figure 3a but adopted the paleotopography associated with the GI‐31
history at 12.5 ka (rather than 13 ka), the end of our simulation time
interval. In this case, we found that 190/1,000 simulations produced
over 250 km of grounding line retreat within 500 years (supporting
information Figure S1). Therefore, crustal rebound from 13 to 12.5 ka
only slightly reduces the set of parameter sets consistent with rapid
retreat. That is, despite some crustal rebound from melting ice, the
paleotopography at 12.5 ka had not experienced sufficient uplift to
impede extensive (>250 km) retreat of the ice stream.

4. Discussion

Approximately one fifth of the simulations based on paleotopography
computed using the GI‐31 ice history resulted in rates of ice stream
retreat consistent with the observed retreat in the geologic record.
Assuming that the simple marine‐terminating ice stream model we
have adopted is representative of conditions at 13 ka close to the
Amundsen Gulf Ice Stream, we can use the results of our simulations

Figure 3. (a) Amundsen Gulf Ice Stream thickness at 13 ka in the GI‐31 ice
history (transect shown in Figures 1 and 2). In the ICE‐6G history, the ice
stream has disappeared by 13 ka. Paleotopography across the same transect
at 13 ka for simulations based on GI‐31 (gray) and ICE‐6G (blue). (c)
Difference in paleotopographies in frame B. The initial grounding line
position adopted in the simulations is shown by the vertical dashed gray line
(~85 km upstream from initial ice margin). Note that the ice margin and
grounding line positions are different because there is floating ice.

Figure 2. Paleo topography at 13 ka computed using ice histories GI‐31 (a) and ICE‐6G (b). Ice thickness for each history
is shown by colored contours. The dark blue line from A to A′ shows the transect through the Amundsen Gulf Ice Stream
used in the ice stream simulations described in the text. Black contours show the present‐day shoreline. Magenta dot
shows location of sill in Figure 3b.
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to infer glaciologic conditions. Specifically, the simulations that satisfied constraints on ice stream retreat
required a high buttressing coefficient θ (corresponding to a low degree of buttressing) and a relatively
high friction coefficient, suggesting that the ice stream was not significantly buttressed and that it was
underlain by regolith.

We also explored the sensitivity of our results to the choice of Earth model adopted in GIA simulations. We
repeated the calculations in Figures 4–6 using an alternate Earth model characterized by a lithospheric
thickness of 48 km and an upper and lower mantle viscosities of 5 × 1020 and 5 × 1021 Pa s, respectively, con-
sistent with previous inferences of mantle viscosity profiles based on GIA data sets.(Lambeck et al., 1998;
Mitrovica & Forte, 2004) We found that the number of simulations that produced a retreat of the ice stream
of more than 250 km in 500 years remained precisely the same—210—although the timing and total retreat
distance varied from those obtained in the main results (supporting information Figure S2).

We next performed ice stream simulations using the ice thickness of the Amundsen Gulf Ice Stream in
ICE‐6G at 14.5 ka (Figure 2b) and the associated GIA‐corrected paleotopography at this time. With the
same range of parameter sets adopted in Figure 4, we found that 350/1,000 simulations for ICE‐6G at
14.5 ka predict over 250 km of grounding line retreat within 500 years (supporting information Figure
S3). These results suggest that, at 14.5 ka, paleotopography was sufficiently isostatically depressed to
allow the grounding line to retreat past the sill ~180 km upstream of the initial ice margin. However, this
timing for rapid retreat of the Amundsen Gulf Ice Stream is inconsistent with geologic evidence docu-
menting the collapse of this ice stream at 13 ka.

Figure 4. (a). Grounding line position (relative to the initial position) calculated from the marine‐terminating glacier
model using the GI‐31 (gray) paleotopography. (b) Histogram showing the number of simulations (of 1,000 total) pre-
dicting specific ranges of grounding line retreat after 500 years. The dotted red line is the total grounding line retreat of the
Amundsen Gulf Ice Stream reported by Lakeman et al. (2018); reaching this retreat extent with our model runs requires
~300 years or longer.

Figure 5. Histogram showing parameters (a, accumulation rate; b, friction coefficient in Pa m−1/3 s−1/3; and c, buttres-
sing coefficient) that produce a total grounding line retreat of over 250 km using the GI 31 paleotopography predicted
using the GI‐31 ice history. Shaded regions represent the range of parameters explored.
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As an additional sensitivity test, we performed simulations adopting the ice profile in GI‐31 at 13 ka
(Figure 3a) and the paleotopography associated with ICE‐6G at 13 ka (Figure 3b, blue). In contrast to
simulations using GI‐31, none of the 1,000 based on the ICE‐6G paleotopography predicted a total
grounding line retreat of more than 100 km (supporting information Figure S4, blue). This result illus-
trates well the sensitivity of ice stream retreat to bedrock topography. Correcting topography for GIA
using these two ice histories produces different paleotopographies and therefore different bedrock slopes
underlying the Amundsen Gulf Ice Stream. Specifically, along the Amundsen Gulf Ice Stream transect,
the ICE‐6G paleotopography is 50‐ to 100‐m higher than the GI‐31 paleotopography at 13 ka. Ice stream
simulations based on the GI‐31 ice thickness at 13 ka and reconstructed bed topographies using the GI‐31
and ICE‐6G are characterized by much lower ice flux at the grounding line in latter case. Indeed, the
computed ice flux when the ICE‐6G reconstruction of topography is adopted is sufficiently low to prevent
the ice stream from retreating past the bedrock sill upstream from the initial ice margin. This sill repre-
sents a critical gatekeeper for unstable retreat in this area.

4.1. Implications for Younger Dryas

Freshwater discharge into the Arctic has been hypothesized to have slowed the Atlantic Meridional
Overturning Circulation and triggered the Younger Dryas cooling episode.(Broecker & Denton, 1989;
Tarasov & Peltier, 2005; Tarasov & Peltier, 2006) Evidence for a meltwater pulse event has been discovered
in geochemical and geologic signals of sediment core records(Andrews & Dunhill, 2004; Deschamps et al.,
2018; Keigwin et al., 2018; Klotsko et al., 2019; Spielhagen et al., 2005) and on‐land geologic evidence of
flooding,(Murton et al., 2010) although the freshwater volume and flux rate have not been quantified.
Spielhagen et al. (2005) observed a freshwater peak in Siberian Arctic sediment cores near 13 cal ka. In
the Canadian Arctic, a freshwater peak is similarly observed near the Mackenzie Delta from 12.7 to 11.6
cal ka in core P189AR‐P45(Andrews & Dunhill, 2004) and from 12.9 to 12.2 cal ka in core HLY1302‐
JPC15,27,9.(Keigwin et al., 2018)

This body of evidence has been used to argue that a catastrophic flood sourced from Glacial
Lake Agassiz brought large volumes of freshwater to the Arctic via the northern proto‐Mackenzie
drainage(Keigwin et al., 2018) and/or North Atlantic via the southern Laurentian drainage.
(Leydet et al., 2018) Lakeman et al.,(Lakeman et al., 2018) in contrast, suggested that the retreat of
the Amundsen Gulf Ice Stream, as indicated by seismic reflection data and ice rafted debris, could
have been the source of a large flux of freshwater at this time. In particular, they inferred a
minimum of 250 km of ice stream retreat in less than 500 years and invoked the marine
ice sheet instability as a mechanism for the event. Our simulations based on ice history GI‐31
support their suggestion that ice stream retreat played a role in the flux of freshwater into the Arctic
at 13 ka.

5. Conclusion

Our analysis demonstrates that evidence of past ice stream dynamics may provide a new tool for inferring ice
loading histories. Since the stability of ice streams is sensitive to underlying bedrock slope, and bedrock
slopes are sensitive to local ice history, evidence of past ice stream collapse has the potential to impose
important physical constraints on the history of deglaciation.

We used a simple ice flow model and different paleotopographies retrodicted using a GIA‐based sea level
theory to demonstrate that the rapid retreat of the Amundsen Gulf Ice Stream at 13 ka inferred by
Lakeman et al.(Lakeman et al., 2018) is dynamically consistent with substantial melting of the saddle region
between the Cordilleran and the western LIS from 13 to 11.5 ka. The timing of deglaciation of the saddle
region strongly modulates the stability of any nearby marine‐terminating ice streams and therefore also
has an important control on the timing of freshwater influx into the Arctic and the associated
climatic response.

Our results are consistent with independent evidence for a large freshwater flux into the Arctic during the
Younger Dryas and lend support to the hypothesis that this freshwater is sourced, at least in part, from a
melting ice sheet in addition to outburst flooding. Additional analyses of geochemical proxies in sediment
core records may aid in refining constraints on the timing and source of freshwater into the Arctic during
the Younger Dryas.
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