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a b s t r a c t

While glacial geologic records track the retreat history of the Laurentide Ice Sheet, constraints on the ice-
sheet build-up history are more elusive. As the Laurentide Ice Sheet expanded to its maximum extent at
the Last Glacial Maximum (26 ka), it erased most evidence of previous glaciations. However, an
increasing number of dated, non-glacial deposits point to a relatively confined Laurentide Ice Sheet
during Marine Isotope Stage 3 (MIS 3; 60-26 ka), suggesting rapid ice growth rates leading to the Last
Glacial Maximum. In this study we demonstrate that predictions of relative sea-level change due to
glacial isostatic adjustment involving a late and rapid growth of the Laurentide Ice Sheet are consistent
with sea-level bounds associated non-glacial deposits of MIS 3 age in Canada. We also run a simple
dynamic ice model that adopts the paleotopography generated from the glacial isostatic adjustment
simulation and show that, using accumulation rates similar to that of the present-day Arctic, rapid
glaciation rates starting at mid-MIS 3 (44 ka) are predicted.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

During the last glacial cycle, ice volumes fluctuated considerably
leading into the Last Glacial Maximum (LGM, 26 ka; Cutler et al.,
2003; Stokes et al., 2012; Lambeck and Chappell, 2001). Yet deter-
mining total ice volumes over much of the growth phase is difficult
because sea-level rise during the last deglaciation destroyed or
submerged the majority of ancient coastlines. The Laurentide Ice
Sheet contained the largest excess ice volume at the LGM,
expanding over most of Canada and large swaths of the northern
United States (Clark and Mix, 2002). Current understanding of the
space-time geometry of the Laurentide Ice Sheet build-up is limited
by the sparsity of relevant observables that were preserved after
the ice sheet reached its maximum extent and most prior ice
margin records were erased. Calibration of numerical models
aimed at simulating North American glaciation is challenged by this
lack of geological constraints (Stokes, 2017). In addition, un-
certainties in paleoclimate conditions make it difficult to assign
climatic parameters to force these ice sheet models.
A glacial isostatic adjustment (GIA) analysis of anomalously high
sea-level markers along the U.S. mid-Atlantic dated to 50-35 ka
suggests a late and rapid eastern Laurentide glaciation (Pico et al.,
2017), and this is supported by increasingly robust evidence that
the Hudson Bay Lowlands were ice-free during this same interval
(Dalton et al., 2016). In this study we compare sea-level constraints
associated with non-glacial deposits in eastern Canada dated to
mid-Marine Isotope Stage (MIS) 3 to gravitationally self-consistent
GIA sea-level predictions in order to assess the model of a reduced
Laurentide Ice Sheet cover during this time interval. We reconstruct
paleotopography using these GIA simulations, which we adopt to
prescribe the initial basal topography for a simple numerical ice
model. We explore the extent to which assumptions about Earth
structure and ice cover duringMIS 3 influence predicted ice-growth
rates in the final stages of the glaciation phase. The ice model
adopts a high-resolution topography starting at mid-MIS 3, and
predicts rapid ice growth rates of 3.6� 1012m3/yr, using a
maximum mass balance of 0.4m/yr, which is consistent with
attaining LGM ice volumes by 26 ka.
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2. Background

2.1. Previous ice modeling studies

The evolution of the Laurentide Ice Sheet in the period prior to
the LGM is characterized by a sparse record with poor geochro-
nological control (Clark et al., 1993; Kleman et al., 2010). Most dy-
namic ice models have not been able to capture the rapid growth of
ice sheets suggested by global sea-level records (i.e. at inception or
MIS 5d; Charbit et al., 2013). The lack of ice margin or ice thickness
constraints poses an additional limitation because these represent
important boundary conditions for general circulation model
(GCM) simulations (Manabe and Broccoli, 1985; Roe, 2001; Beghin
et al., 2014; Charbit et al., 2013; L€ofverstr€om et al. 2014, 2015).
Numerical models for ice evolution are sensitive to topography as
well as initial ice conditions, and these are key to determining
paleoclimate conditions, as it is well established that the presence
of ice sheets impacts atmospheric circulation patterns (Manabe and
Broccoli, 1985; Roe, 2001; Beghin et al., 2014; Charbit et al., 2013;
L€ofverstr€om et al. 2014, 2015).

Despite these limitations, various studies have modeled the
evolution of Laurentide Ice Sheet over the glaciation phase. In
particular Kleman et al. (2002, 2013) forced a numerical ice sheet
model with a spliced GRIP-Vostok temperature record, and inferred
the climatological conditions required to predict ice margins
consistent with relative ages of glacial landforms, including relict
glacial lineations. Stokes et al. (2012) constructed a dynamic
thermo-mechanical ice sheet model calibrated to deglacial chro-
nologies, including records of sea-level and glacial isostatic uplift,
and ran a simulation over the entire glacial cycle, comparing to
geological data when available. The study found that the ice sheet
became warm-based during MIS 4 after it grew substantially, and
the model was able to capture rapid ice growth during inception, at
MIS 5e. These simulations, which incorporated glaciological con-
straints, predicted an extensive Laurentide Ice Sheet by MIS 3, with
ice volumes comparable to (~75% of) LGM conditions, though this
period was characterized by several fluctuations in ice extent.

Although the MIS 3 glaciological record is sparse, numerical ice
simulations commonly calibrate predictions using d18O records
from ocean sediment or ice cores (e.g. Charbit et al., 2007). The
Laurentide Ice Sheet is assumed to have largely grown to LGM
extent by ~40 ka because the majority of oxygen isotope records
show values similar to those at LGM by the middle of the glaciation
phase during MIS 4 or MIS 3 (i.e., Lisiecki and Raymo, 2005; Shakun
et al., 2015; Waelbroeck et al., 2002). However, while benthic d18O
records are a proxy for global ice volumes, they are characterized by
large uncertainties associated with local ocean temperatures or
salinity on the order of tens of meters of global mean sea level
(Waelbroeck et al., 2002).

2.2. Empirical evidence

Evidence for Laurentide Ice sheet configuration prior to the LGM
comprises glacial features and deposits, including till, moraines,
glacial striation, and eskers, and non-glacial deposits such as ma-
rine, fluvial, or lacustrine successions (Stokes et al., 2015). In
addition, glacial flow lines can be determined by analyzing satellite
imagery for glacial lineations (Kleman et al., 2010). However these
glacial landforms only allow relative age assignments. Ocean
sediment cores record meltwater pulses indicating whether ice
advanced into certain river drainage basins (Hill et al., 2006;
Wickert et al., 2013). Unfortunately, MIS 3 records are typically
characterized by poor chronological control given that 40e50 ka
reaches the limit of radiocarbon dating. The remaining geological
observations are characterized by sparse dates using methods such
as optical stimulated luminescence (OSL) or cosmogenic nuclides
(Dalton et al., 2016; Briner et al., 2006).

In the Atlantic region of Canada, Dredge & Thorleifson (1987)
reported non-glacial deposits containing mastodon remains, peat,
and marine shells during the last glacial phase. Remillard et al.
(2017) dated these deposits to MIS 3, and these authors
concluded that the Magdalen Islands were deglaciated from 60 to
40 ka. Kleman et al. (2010) reported an Atlantic swarm (a group of
lineations) that shows restricted extent, but in the absence of ab-
solute dates they concluded these might date to MIS 5. In the St.
Lawrence Lowlands there is also evidence of a restricted ice sheet
during MIS 3. Clark et al. (1993) described the St. Pierre non-glacial
fluvial unit, which is dated to 60-45 ka, and Dionne and Occhietti
(1996) dated detrital fragments of unidentified marine shells in
the eastern part of this region to 35-31 14C ka, concluding that the
Laurentide Ice Sheet retreated to the southern edge of the Canadian
shield at this time. In the central St. Lawrence Lowlands, Parent
et al. (2015) dated plant fragments within an alluvial unit to
31.27± 0.20 14C ka and 33.25± 0.24 14C ka (1s), and reported a
marine unit directly overlying these terrestrial deposits, suggesting
a later time of marine incursion in the west.

In southern Ontario, organic deposits were dated to 55-40 14C
ka, and Bajc et al. (2015) noted that a vast region of southern
Ontario might have been ice free during MIS 3 (Bajc et al., 2015;
Mulligan and Bajc, 2017). In the continental U.S. both glacial and
non-glacial records exist, including the Roxana silt, a glacial loess
with basal sediments estimated to have an age of 55 ka (Curry,
1996; Clark et al., 1993). Hill et al. (2006) observed various melt-
water pulses in the Gulf of Mexico from 45 to 28 ka signaling that
the Laurentide Ice Sheet had advanced into theMississippi drainage
basin. Carlson et al. (this issue) dated wood in interbedded lacus-
trine and glacial till to 39.1± 0.4 cal ka in central Wisconsin, indi-
cating that this region experienced rapid ice advance that
concluded by 30.4± 0.9 cal ka. Wood et al. (2010) dated pro-glacial
lake sediments in central Indiana to 40-30 14C ka and concluded
that the ice margin was close to the site at that time, despite evi-
dence that the lower peninsula of Michigan was ice free from 46 to
35 cal ka. Colgan et al. (2015) dated lacustrine deposits in south-
western Michigan, and concluded that lower Michiganwas ice-free
from 65 to 29 14C ka.

Finally, a site of major importance for Laurentide Ice Sheet
configuration during MIS 3 is the Hudson Bay Lowlands (HBL). This
region lies between the two major ice domes (Keewatin and
Quebec) inferred to exist at LGM, and is therefore a critical location
for understanding the shape and volume evolution of the Lauren-
tide Ice Sheet (Kleman et al., 2010; Andrews, 1973). Clark et al.
(1993) described the non-glacial Missinaibi formation and fresh-
water silt in the Nelson River formation, dated to 46-30 ka using
thermoluminescence dating, and noted that the HBL was possibly
ice free from MIS 5a to MIS 3. Recently Dalton et al. (2016) dated
these lacustrine and marine deposits, using both radiocarbon and
OSLmethods, toMIS 5a andmid-MIS 3, demonstrating that the HBL
was likely ice-free during MIS 3, and potentially from MIS 5a
through MIS 3, since there is no glacial evidence that remains from
this time period. In addition, recent GIA modeling of anomalously
high elevation sea-level data from the U.S. mid-Atlantic dated to
mid-MIS 3 strongly suggested a reduced eastern Laurentide Ice
Sheet at mid-MIS 3 and a rapid growth into the LGM (Pico et al.,
2017).
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3. Methods

3.1. GIA modeling

We reconstruct paleotopography by running GIA simulations
with a prescribed ice loading history. Our calculations are based on
the theory and pseudo-spectral algorithm described by Kendall
et al. (2005) with a spherical harmonic truncation at degree and
order 256. These calculations include 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; Milne et al., 1999; Lambeck et al., 2003;
Kendall et al., 2005). Our predictions require models for Earth's
viscoelastic structure and the history of global ice cover. We adopt
the viscosity profile VM2, which is designed to be paired with the
ICE-5G ice history (Peltier, 2004). We will explore the sensitivity of
our results to plausible variations in the Earth model.

3.2. Initial ice configurations

Previous work shows that dynamic ice models are sensitive to
initial topography. We construct a series of initial ice configurations
Fig. 1. The location of non-glacial deposits dated to mid-MIS 3 that are discussed in the
text. Upward blue triangles denote marine indicators (relative sea-level must be above
this elevation) and downward green triangles denote terrestrial indicators (relative
sea-level below this elevation). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 2. A. Global mean sea level history for ice history ICE-5G (dotted black) and ICE-PC2 (b
extent at LGM is shown by gray line in C. (For interpretation of the references to colour in
based on geological constraints (Dalton et al., 2016) and GIA
modeling (Pico et al., 2017). Each MIS 3 ice configuration belongs to
a distinct ice history spanning the entire glacial cycle (120-0 ka). An
ice history spanning the entire glacial phase is necessary when
predicting GIA-corrected topography, as crustal deformation will
depend on the full prior history of ice loading.

The first model we constructed is based on the ICE-5G ice his-
tory (Fig. 2A/B; dotted black). In our version of ICE-5G, the ice ge-
ometry during the glaciation phase is assumed to be identical to the
post-LGM geometry whenever the global mean sea-level values are
the same. The remaining model ice histories (ICE-PC2 and ICE-PC3)
are modified from ICE-5G to be consistent with results from recent
GIA analyses. In particular, following the Pico et al. (2016) analysis
of sedimentary core records from the Bohai Sea, peak global mean
sea level during MIS 3 is placed at �37.5m at 44 ka in these model
ice histories. Moreover, we also adopt global mean sea-level values
of �15m and �10m for MIS 5a and 5c, respectively; these values
are within bounds (5a: �18m to 0m, 5c: �20m to 1m) derived by
Creveling et al. (2017) on the basis of globally distributed sea level
markers from both periods. The global mean sea-level curve for
ICE-PC2 and ICE-PC3 is shown in Fig. 2A (blue line).

ICE-PC2 is distinguished from our version of ICE-5G in the
following ways: (1) the eastern sector of the Laurentide Ice Sheet is
ice-free from 80 to 44 ka; and (2) the ice removed in this exercise,
equivalent to 6.8m of global mean sea level, is distributed uni-
formly over the western sector of the Laurentide Ice Sheet, and the
Cordilleran and Fennoscandian Ice Sheets (Fig. 2C). While a uniform
ice thickness in the Cordilleran Ice Sheet is unrealistic, altering its
volume has minimal impact on sea level predictions in eastern
Canada. Finally, in the ice history ICE-PC3 the eastern sector of the
Laurentide Ice Sheet is ice-free (as in ICE-PC2) from 80 to 44 ka
except for northern Quebec, which remains glaciated, according to
retrodicted patterns of snow accumulation (e.g. L€ofverstr€om et al.,
2014; See Appendix Fig. 1).

3.3. Ice modeling

We used a simple ice flow model that reduces the three-
dimensional Stokes flow equations to two dimensions using the
shallow ice approximation (Cuffey and Paterson, 2010) with
methodology adopted from Oerlemans (1981) as further developed
in Birch et al. (2018). The resulting nonlinear diffusion equation
represents ice flow by evolving ice thickness H in time based on the
horizontal gradients of the surface elevation H* and the additional
input of the surface mass balance G:
lue). B. Ice thickness at 44 ka for ice history ICE-5G (B) and ICE-PC2 (C). Maximum ice
this figure legend, the reader is referred to the Web version of this article.)
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The surface elevation (H*) is defined as

H*¼BþH,

where B is the basal topography. The non-linear shear thinning of
ice flow is represented by diffusivity (D), which depends on both
the ice thickness and surface elevation gradients:
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We adopted a value ofm¼ 3 for all model simulations, which is a
typical value for realistic ice simulations (Cuffey and Paterson,
2010). The coefficient A, the creep parameter that influences the
viscosity of the ice, is based on the temperature of the ice (i.e. colder
ice flows more slowly). We adopted a value of
A¼ 2.4� 10�24 Pa�3 s�1 based on work by Cuffey and Paterson
(2010), where the value of A is based on the temperature at the
base of the ice sheet, near the melting point (typical of large ice
sheets; Dowdeswell et al., 1997; Cutler et al., 2000; Oerlemans,
2003). The basal sliding velocity is assumed to be zero. The nu-
merical scheme used to integrate this ice model is described in
Appendix 2.

The ice model requires that surface elevation (H*), ice thickness
(H), and mass balance (G) be specified as inputs. The ice thickness
(H) and surface elevation (H*) are derived from the initial ice con-
figurations described above (Fig. 2B/C) and the resulting paleo-
topography changes predicted by GIA simulations adopting the ice
histories in Fig. 2A.We specified a grid size of 20 km and a time step
of 0.25 yr. We idealized the yearly surface mass balance (G) based
on previous studies, where G increases linearly with height until an
elevation plateau (Weertman, 1976; Oerlemans, 1989). This upper
limit on the mass balance is based on the elevation desert effect,
where high elevation ice sheets receive less precipitation (Mahaffy,
1976; Oerlemans, 2003; Birch et al., 2018; Gardner et al., 2011;
Dowdeswell et al., 1997). We chose a mass balance slope, which
varies as a function of height, of 1m/yr for every 600m of elevation
gain and a maximum mass balance (net accumulation at high
elevation) of 0.4m/yr for the plateau, according to studies simu-
Fig. 3. Predicted paleotopography at mid-MIS 3 (44 k
lating Arctic Canadian glaciers (Dowdeswell et al., 1997; Gardner
et al., 2011; Birch et al., 2017).

4. Results

4.1. Predicted topography at MIS 3

We first performed calculations with the ice history ICE-5G. The
resulting paleotopography predicted at 44 ka is shown in Fig. 3A. In
this case, the simulation predicts that the Hudson Bay Lowlands is
largely below sea level, which contradicts terrestrial markers dated
to this time interval (Dalton et al., 2016). Moreover, the ice
configuration at 44 ka is inconsistent with geological data
described above, as ice covers many regions with ice-free markers
dated to mid-MIS 3. We next adopted ice history ICE-PC2, charac-
terized by the global mean sea-level history in Fig. 2A (blue line),
which has a reduced eastern sector of the Laurentide Ice Sheet until
44 ka (Fig. 2C). The reconstructed topography in the ICE-PC2
simulation predicts that most of Quebec and the Hudson Bay
Lowlands are terrestrial, consistent with the majority of the
observational data shown in Fig. 1.

4.2. Comparing relative sea-level predictions with empirical data

We next compared the predicted paleotopographies, and asso-
ciated shorelines, with the geologic constraints on sea level. In
particular, we examined data that specifically constrain the relative
location of the shoreline with respect to the geologic marker. For
example, marine sediments (Fig. 4; upward triangles), including
marine species such as molluscs, indicate that the shoreline is
above this elevation, while fluvial deposits, peats, or lacustrine
sediments are terrestrial indicators (Fig. 4; downward triangles),
and demonstrate the shoreline lies below this elevation. To sum-
marize, data from the St. Lawrence River Lowlands record a tran-
sition from terrestrial to marine environment at approximately 35
ka (Parent et al., 2015; Dionne and Occhietti, 1996). At theMagdalen
Islands marine, terrestrial, and shoreline indicators have been
dated from 60 to 40 ka (Remillard et al., 2017). At the Hudson Bay
Lowlands recent dates obtained with OSL methods suggest a ma-
rine environment to the northwest and terrestrial environment to
the southeast. Fig. 5 shows the predicted relative sea level curves
from 65 ka to LGM based on the ICE-PC2 ice history at the Hudson
a) using ice history ICE-5G (A) and ICE-PC2 (B).



Fig. 4. Location of sea-level markers in eastern Canada. Upward triangles denote
marine indicators, downward triangles denote terrestrial indicators. Circles indicate a
shoreline marker (data information in Appendix 1). Black lines show present-day
shoreline.
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Bay Lowlands, the St. Lawrence River Lowlands, Southern Ontario
and the Magdalen Islands.

In the HBL we focused on two well-dated sites: 12-PJB-109, a
terrestrial marker dated using OSL to 42.8± 3.75 ka at 130m
elevation at 50.87� N, 84.85 �W and Severn Marine, a marine
sediment dated using OSL to 52.5± 5.05 ka (BG3807) and 42.2± 4
ka (BG3808), found at 55m elevation, at 55.43 �N, 88.2 �W (Dalton
et al., 2016). We note that at the site 12-PJB-109, we adopt the OSL
date since the radiocarbon dates included non-finite ages. Pre-
dicted relative sea-level curves for both sites are shown in Fig. 5A.
The Severn Marine site (Fig. 5A; blue triangle) is predicted to be
50e150m higher than present-day sea level, in agreement with the
dated marine indicators that place sea level above 55m from 58 to
Fig. 5. Relative sea level predictions adopting the ICE-PC2 ice history and VM2 Earth model
C. Southern Ontario and Magdalen Islands. Upward triangles denote marine indicators, dow
information in Appendix 1). Location of these markers is shown in Fig. 4. Labels provide ide
reported 1s errors.
38 ka. The terrestrial marker site, 12-PJB-109 (Fig. 5A; purple), is
predicted to be below present-day by up to 80m from 47 to 38 ka,
and is not predicted to experience marine flooding until ~40 ka.
This is consistent with the elevation of 12-PJB-109 at 130m, indi-
cating sea level is below this elevation.

At the eastern St. Lawrence Lowlands, predicted relative sea
level is lower than present-day (signaling a higher elevation of
these markers) until ~35 ka, which is consistent with fluvial de-
posits dated between 60 and 45 ka (Clark et al., 1993). The predicted
marine incursion at ~35 ka agrees with evidence of marine sedi-
ments dated to 35-31 14C ka (Dionne and Occhietti, 1996). The
western St. Lawerence Lowlands experiences a delayed sea-level
rise relative to the eastern site. Terrestrial markers dated to 33-31
14C ka (Beta-54140, TO-3990) by Parent et al. (2015) were deposited
when sea level is predicted to have risen quickly to submerge this
site. The elevation of these markers is ~14m (Fig. 5B; orange tri-
angle), consistent with the prediction that relative sea level was
0e25m below present-day sea level at the sites. In Southern
Ontario, terrestrial markers were dated to 45.4± 1.8 14C ka (A2392)
and 49.5± 3.1 14C ka (A2447) (Mulligan and Bajc, 2017), and at this
site relative sea level is predicted to be 25e40m below present-day
from 60 to 40 ka (Fig. 5C; green triangle).

Finally we examined relative sea-level at the Magdalen Islands
(Fig. 5C; red circle and triangle) and found that throughout the last
glacial cycle from 65 to 26 ka, relative sea-level is predicted to be
below present-day, suggesting that there was a terrestrial envi-
ronment during MIS 3, which is inconsistent with marine deposits
dated from 60 to 45 ka (Remillard et al. 2016, 2017). Furthermore, at
this site shoreline markers have been dated to 50-35 ka (OSL03,
OSL02, OSL55, OSL53, UCIAMS-84792/84793), and this data is
similarly inconsistent with GIA predictions that suggest relative sea
level at this site was well below this elevation across this time
period.

These results indicate that ice history ICE-PC2 produces GIA
simulations consistent with geologic records of sea level in the
Hudson Bay Lowlands, and St. Lawrence lowlands, but not in the
Magdalen Islands, implying that eastern Atlantic sector of the ice
loading history may not be accurate.
compared with sea-level markers in A. Hudson Bay Lowlands B. St. Lawrence Lowlands
nward triangles denote terrestrial indicators. Circles indicate a shoreline marker (data
ntification numbers cited in original publications (as in Table 1). Age uncertainties are



Fig. 6. Ice growth rates averaged over 4.5 kyr using initial ice configuration ICE-PC2 at
44 ka and the paleotopography shown in Fig. 3B.

T. Pico et al. / Quaternary Science Reviews 195 (2018) 171e179176
We conclude by reiterating that these published ages to which
we compare our predictions are at the limits of radiocarbon dating,
and many of these chronologies include both finite and non-finite
ages at the reported site. Alternative dating methods such as OSL
are challenged by different uncertainties in age determination.
While caution is required in using these dates, the preponderance
of MIS 3 ages in these deposits necessitates testing whether GIA-
modeling is consistent with the relative sea-level markers associ-
ated with these sites.
4.3. Ice growth rates at MIS 3

We ran numerical simulations using the simplified ice flow
model described above for 5 kyr to calculate ice growth rates. We
initiated the model with the basal topography and ice thickness
associated with ice history ICE-PC2 at 44 ka as shown in Fig. 2C and
Fig. 3B, respectively, and assign a maximum mass balance (net
accumulation at high elevation) of 0.4m/yr (see Methods and
Appendix 2). The resulting rate of ice growth, averaged over a 4.5
kyr period, is shown in Fig. 6. Ice flows rapidly into the unglaciated
Hudson Bay Lowlands, and the region over Quebec and Labrador,
including the Torngat Mountains, experiences rapid glaciation.
Over this 4.5 kyr time period the volume of the Laurentide Ice Sheet
more than doubles, growing at a rate of 3.55� 1012m3/yr, and at-
tains a volume of 2.33� 1016m3/yr by 39 ka.

Adopting the basal topography and ice thickness associatedwith
ice history ICE-5G (Figs. 2B and 3A) we predicted an ice volume
growth rate of 3.75� 1012m3/yr over the same region (Appendix
Fig. 2). A moderately higher rate of ice volume growth is pre-
dicted in the ICE-5G case compared to Fig. 5 because ice thickness is
greater in the ICE-5G ice history at 44 ka than in ICE-PC2 and
therefore in our numerical ice simulations these high elevation
regions receive the maximum mass accumulation rate.

To explore the impact of the assumed ice-loading history on
predicted ice growth rates, we ran a numerical simulation in which
we adopted the basal topography associatedwith ice history ICE-5G
at 44 ka (Fig. 3A), characterized by significant isostatic subsidence
under a heavy Laurentide ice load, and paired this with the reduced
ice thickness at 44 ka in the ICE-PC2 ice history (Fig. 2C). In this
simulation the initial basal topography is at a lower elevation than
that associated with ICE-PC2 (Fig. 3B), and therefore the predicted
rates of ice volume growth are reduced to 2.46� 1012m3/yr,
approximately 70% of the rate predicted using the ICE-PC2 paleo-
topography (Fig. 3B). Thus, the Laurentide Ice Sheet is predicted to
glaciate more slowly, and fewer regions experience rapid, instan-
taneous glaciation (Appendix Fig. 3).
5. Discussion

5.1. Climate parameters adopted in ice modeling

Climatological conditions are uncertain over much of the last
glaciation phase (Charbit et al., 2007; Beghin et al., 2014; Brandefelt
& Kjellstr, 2011). We use values for the slope of the mass balance
profile and maximum mass balance similar to those adopted in
previous studies (Mahaffy, 1976; Pfeffer et al., 1997; Oerlemans,
2003; Cutler et al., 2000; Birch et al., 2018). In numerical simula-
tions using the basal topography and ice thickness associated with
ICE-PC2 we varied the slope from 1m/yr per 300m to 1m/yr per
3000m (a value of 1m/yr per 600m was adopted in above simu-
lations). We found that the perturbation to the mass balance slope
resulted in similar ice spreading rates, and thus ice volume growth
rates are relatively insensitive to this parameter. In contrast, ice
volume growth rates are highly sensitive to the value of maximum
mass balance; reducing themaximummass balance by 50% relative
to the case considered in Fig. 5 resulted in more than a 50%
reduction in ice volume growth rate, yielding a predicted rate of
1.68� 1012m3/yr averaged over a 4.5 kyr period (Appendix Fig. 4).

Precipitation patterns, and therefore the realistic mass balance,
likely varied substantially geographically and through time because
the growth of large ice sheets alters atmospheric circulation
through changes in stationary wave patterns (Roe& Lindzen 2001).
However, while it is simplistic to model the variable climatology
over the Laurentide Ice Sheet with a single mass balance, we
believe that our numerical simulations demonstrate that the pre-
dicted ice growth from 44 to 39 ka in the case of a reduced Lau-
rentide Ice Sheet extent (Fig. 2C) is sufficiently rapid to attain LGM
ice volumes by 26 ka. We note, in this regard, that the maximum
mass balance values adopted here are similar to those calculated at
high elevations in the Arctic region at present day (Dowdeswell
et al., 1997). In our simulations, we assume that accumulation
patterns maintained the Torngat Mountains region in ice-free
conditions until 44 ka, but later atmosphere circulation changes
caused the region to glaciate rapidly. Nevertheless we explored
simulations that initiate with a glaciated Torngat Mountains in ice
model ICE-PC3 (Appendix Fig. 5A/B).

To accurately model the evolution of the Laurentide Ice Sheet
over the MIS 3 period from 44 ka to 26 ka it will be necessary to
realistically simulate changes in climatology associated with a
delayed growth during the glaciation phase, an evolution that has
previously not been taken into consideration (i.e. Charbit et al.,
2007). In particular, the significantly reduced mid-MIS 3 Lauren-
tide Ice Sheet inferred from the non-glacial deposits in Fig. 1 and
GIA simulations shown in Fig. 4 may point to a distinct regime of
atmospheric circulation across early MIS 3 relative to LGM. In order
to explain that the regions containing some of the thickest ice at
LGM were ice-free at MIS 3, precipitation patterns must have been
quite different than those considered in previous modeling of the
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glaciation phase. Furthermore our simulations suggest that the
prior history of ice loading during MIS 4 may impact the Laurentide
Ice Sheet volume growth rate at MIS 3. Future studies should assess
the likelihood of a substantially reduced Laurentide Ice Sheet over
much of the glaciation phase from MIS 5a to MIS 3.

5.2. Sensitivity to assumptions of ice thickness and Earth model

Next we assessed the sensitivity of our results to a change in the
ice distribution and Earth model adopted in GIA simulations. First
we considered the alternate ice history ICE-PC3, characterized by
the same global mean sea-level history as ICE-PC2 (Fig. 2A; blue),
but distinguished on the basis of the spatial distribution of ice
during MIS3. In this ice history, at 44 ka, much of Quebec, including
the Torngat Mountains, is glaciated, with an ice-free swatch over
the Hudson Bay region. Running our numerical simulations using
the basal topography and ice thickness associated with the ICE-PC3
ice history (Appendix Fig. 5A/B) we predicted ice volume growth
rates of 3.36� 1012m3/yr, with a total ice volume of 2.33� 1016m3

by 39 ka. These values are negligibly different from the ICE-PC2
based simulation in Fig. 5.

We also tested the sensitivity of our predictions to the choice of
Earth model adopted in GIA simulations. We predicted paleo-
topography at 44 ka using ice history ICE-PC2 and an Earth model
characterized by an upper and lower mantle viscosity of
5� 1020 Pa s and 5� 1021 Pa s, respectively, and a lithospheric
thickness of 48 km (Appendix Fig. 5C and D). The resulting pre-
dictions of ice growth indicated that using an alternative Earth
model does not impact modeled spreading rates of the ice sheet. In
particular, we predict rates of 3.61� 1012m3/yr, with a total ice
volume of 2.36� 1016m3 by 39 ka in this case.

A rapid growth of the Laurentide Ice Sheet late in the glacial
build-up phase drives a delayed growth of the Laurentide periph-
eral bulge in GIA simulations, and this could potentially influence
estimates of global ice volumes at the LGM. While the majority of
sites used to determine global sea level at the LGM (~26 ka) are
located in the far-field (i.e. Cutler et al., 2003; Stokes et al., 2012;
Lambeck and Chappell, 2001), sites in the intermediate-field of the
Laurentide Ice Sheet should be corrected for GIA using an updated
MIS 3 ice history prior to considering implications for global ice
volumes. For example, we found that at Barbados, a key site used to
reconstruct LGM global ice volumes (Peltier& Fairbanks, 2006), GIA
simulations adopting the Earth model VM2 and the standard ice
history ICE-5G (Peltier & Fairbanks, 2006) predicted that relative
sea level is more than 3m lower at LGM (26 ka) compared to the
GIA simulations adopted in Pico et al. (2017), which are based on an
Table 1
Observational data presented in text and Figs. 4 and 5.

Latitude Longitude Age (ka) Age error (kyr) 1s Method E

50.87 84.85 42.8 3.75 OSL 1
55.43 88.2 52.5 5.05 OSL 5
55.43 88.2 42.2 4 OSL
44.28 79.62 45.4 1.8 14C 1
44.28 79.62 49.5 3.1 14C 1
47.27 61.70 55 5 OSL 3
47.27 61.70 51 4 OSL 3
47.22 61.99 47.1 2.3 14C 1
47.22 61.99 47.8 2.5 14C 1
47.22 61.99 41 4 OSL 1
47.22 61.99 44 4 OSL 1
48.10 69.71 29.28 0.68 14C 3
48.10 69.71 34.51 0.38 14C 3
45.70 74.17 31.27 0.2 14C 1
45.70 74.17 33.25 0.24 14C 1
ice history characterized by rapid Laurentide Ice Sheet growth.
Thus, if we correct the Barbados RSL record for GIA effects with an
ice history characterized by a late and rapid Laurentide Ice Sheet, a
larger global ice volume (equivalent to ~3m global mean sea level)
would be required to reconcile that record.
6. Conclusion

This study was motivated by recent work suggesting a Lauren-
tide Ice Sheet of limited extent during mid-MIS 3. In particular, we
investigate the robustness of the recently proposed Laurentide Ice
Sheet configuration by comparing GIA predictions based upon it to
RSL bounds implied by non-glacial deposits in the near-field of the
Laurentide Ice Sheet. The resulting agreement lends support for
arguments of a reduced Laurentide Ice Sheet during MIS 3, and
potentially over much of the glaciation phase, implying a rapid
growth of the ice sheet leading into the LGM.

Finally, we ran a simple numerical ice simulation to assess
whether it is feasible to predict ice growth rates that are consistent
with achieving LGM ice volumes in a 15 ky period from mid-MIS 3
to the LGM. We demonstrate, using mass balance values similar to
those calculated in the present-day Arctic region, that our numer-
ical ice simulations predict sufficiently rapid ice growth rates at 44
ka during mid-MIS 3 to reconcile the necessary growth towards
LGM volumes.
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Appendix 1
levation (m) Indicator ID/Reference

30 terrestrial 12-PJB-109 Dalton et al., 2016
5 marine BG3807 Dalton et al., 2016

marine BG3808 Dalton et al., 2016
68.65 fluvial A2447 Mulligan and Bajc, 2017
68.65 fluvial A2392 Mulligan and Bajc, 2017
0 shallow marine OSL53 Remillard et al., 2017
7 beach OSL55 Remillard et al., 2017
5 terrestrial UCIAMS-84792 Remillard et al., 2016
5 terrestrial UCIAMS-84793 Remillard et al., 2016
4.8 beach OSL03 Remillard et al., 2016
5.6 beach OSL04 Remillard et al., 2016
0 marine Beta-54140 Dionne and Occhietti, 1996
0 marine TO-3990 Dionne and Occhietti, 1996
4.6 fluvial Parent et al., 2015
3.8 fluvial Parent et al., 2015
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Appendix 2. Finite difference approximation

We use the flux form for the finite difference approximation.We
use forward Euler and second order centered difference, where n
denotes the time step, i the node in the x direction, and j the node in
the y direction:
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Finally, our use of flux form requires the following expressions:
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This model uses a 0.25 yr time step. At each time step, a new ice
thickness is calculated based on the equations above. Thenwith the
new ice thickness and basal topography known, a new surface
elevation is calculated (H*¼BþH). The edge and center of the ice
sheet can lead to a situation in which D¼ 0, which is unrealistic
behavior. Thus, we set a minimum D; as noted by Oerlemans
(1981), and as confirmed in our simulations, the ice model does
not depend strongly on this choice.
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