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ARTICLE INFO ABSTRACT

Handling Editor: C. O’Cofaigh The most recent deglaciation of the North American Ice Sheet Complex (NAISC: comprising the Innuitian,
Cordilleran, and Laurentide ice sheets) offers a broad perspective from which to analyze the timing and rate of
ice retreat, deglacial sea-level rise, and abrupt climate change events. Previous efforts to portray the retreat of the
NAISC have been focused largely on minimum-limiting radiocarbon ages and ice margin location(s) tied to
deglacial landforms that were not, for the most part, chronologically constrained. Here, we present the first
version of North American Deglaciation Isochrones (NADI-1) spanning 25 to 1 ka in calendar years before
present. Key new features of this work are (i) the incorporation of cosmogenic nuclide data, which offer a direct
constraint on the timing of ice recession; (ii) presentation of all data and time-steps in calendar years; (iii)
optimal, minimum, and maximum ice extents for each time-step that are designed to capture uncertainties in the
ice margin position, and; (iv) extensive documentation and justification for the placement of each ice margin.
Our data compilation includes 2229 measurements of 10Be, 459 measurements of 2°Al and 35 measurements of
36C] from a variety of settings, including boulders, bedrock surfaces, cobbles, pebbles, and sediments. We also
updated a previous radiocarbon dataset (n = 4947), assembled luminescence ages (n = 397) and gathered
uranium-series data (n = 2). After scrutiny of the geochronological dataset, we consider >90% of data to be
reliable or likely reliable. Key findings include (i) a highly asynchronous maximum glacial extent in North
America, occurring as early as 27 ka to as late as 17 ka, within and between ice sheets. In most marine realms,
extension of the ice margin to the continental shelf break at 25 ka is somewhat speculative because it is based on
undated and spatially scattered ice stream and geomorphic evidence; (ii) detachment of the Laurentide and
Cordilleran ice sheets took place gradually via southerly and northerly ‘unzipping’ of the ice masses, starting at
17.5 ka and ending around 14 ka; (iii) the final deglaciation of Hudson Bay began at 8.5 ka, with the collapse
completed by 8 ka. The maximum extent of ice during the last glaciation occurred at 22 ka and covered
15,470,000 km?. All North American ice sheets merged at 22 ka for the first time in the Quaternary. The highly
asynchronous Last Glacial Maximum in North America means that our isochrones (starting at 25 ka) capture ice
advance across some areas, which is based on limited evidence and is therefore somewhat speculative. In the
Supplementary Data, the complete NADI-1 chronology is available in PDF, GIF and shapefile format, together
with additional visualizations and spreadsheets of geochronological data. The NADI-1 shapefiles are also
available at https://doi.org/10.5281/zenodo.8161764.
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1. Introduction

The North American Ice Sheet Complex (NAISC: comprising the
Innuitian, Cordilleran, and Laurentide ice sheets; Fig. 1) was the largest
body of ice in the Northern Hemisphere to grow and recede during the
Quaternary, accounting for roughly ~80 m of global sea level change at
the Last Glacial Maximum (LGM; Clark and Mix, 2002; Clark and Tar-
asov, 2014). Accordingly, the complete (and repeated) deglaciation of
the NAISC offers a long-term perspective from which to analyze the
response of large continental ice sheets to changes in the Earth System.
Moreover, the NAISC contained various settings of glaciation (for
example marine-terminating ice margins, alpine glaciation and regional
ice-streaming), that are now studied, and are of future concern, in
Antarctica and Greenland (Gilbert et al., 2017; Catania et al., 2020;
Miles et al., 2021). A refined understanding of North American ice dy-
namics is important for a wide variety of research fields, such as con-
straining numerical models of ice sheets and global isostatic adjustment
(Tarasov et al., 2012; Peltier et al., 2015; Gowan et al., 2021), under-
standing the timing of arrival and migration route(s) of humans and
other species to the North American continent (Heintzman et al., 2016;
Pedersen et al., 2016; Waters, 2019), constraining global climate dy-
namics such as the timing of meltwater pulses (Teller et al., 2005;
Carlson and Clark, 2012), and determining future change to modern-day
continental ice sheets (Antarctic and Greenland) and their impact on sea
level (Gregoire et al., 2012; Shepherd et al., 2020; Slater et al., 2021).
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There have been over 100 years of research tracing the deglacial
history of the NAISC. Prior to the advent of radiocarbon dating in the
1950s, much of the work was based on broad inferences from the
stratigraphic and geomorphic record (see deglacial landforms and eskers
in Fig. 2). Notably, Dawson (1890) first used the name Laurentide
glacier, and Flint (1943) proposed the term Laurentide Ice Sheet for
what was then believed to be a single large dome centered over Hudson
Bay. Several early workers also mapped terminal moraines around the
Great Lakes (Wayne and Thornbury, 1951; Horberg and Anderson,
1956). Eventually, the onset of radiocarbon dating allowed the
geomorphic record (and thus deglaciation) to be placed into a chrono-
logical perspective and correlated with other regional and global events.
These radiocarbon ages, in combination with dedicated surficial map-
ping across the glaciated region (e.g. Stalker, 1962; Fyles, 1963; Karrow,
1963), were fundamental for tracing the rate and dynamics of ice
recession, and underpinned several first-generation deglaciation maps
for the NAISC (Bryson et al., 1969; Prest, 1969). These maps were
subsequently updated to reflect an ever-increasing collection of radio-
carbon dates and more detailed surficial mapping of the glaciated region
(Dyke and Prest, 1987; Fulton, 1995; Dyke et al., 2003a; Dyke, 2004).
The most recent depiction of North American deglaciation was that of
Dalton et al. (2020), which was a series of updates to the work of Dyke
(2004). All aforementioned studies were based on uncalibrated radio-
carbon ages; this was the only option prior to the 1990s because
radiocarbon calibration had not yet been formalized. The later works of
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Fig. 1. The North American Ice Sheet Complex (NAISC: comprising the Innuitian, Cordilleran and Laurentide ice sheets), along with the 15 regions discussed in the

text. The 22-ka optimal ice margin is shown here.
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Dyke et al. (2003a); Dyke (2004) as well as Dalton et al. (2020) used this
method, in part, to avoid the complications associated with calibration
into calendar years (Reimer, 2021).

Although radiocarbon dating has played a fundamental role in
placing North American deglaciation into a chronological perspective as
well as bracketing intervals of ice advance, these data are not ideally
suited for reconstructing ice-sheet retreat because they typically offer
only minimum-limiting constraints on it. Cosmogenic nuclide dating, on
the other hand, can directly date the emplacement of and retreat from
ice-marginal features (e.g. moraines) as long as the assumptions
regarding exposure to cosmic rays are fulfilled. This surface exposure
technique was developed in the 1980s and 1990s and yields an age by
measuring the cosmogenic nuclide concentration in rock surfaces
exposed to cosmic radiation since deglaciation (e.g. Phillips et al., 1986;
Bierman, 1994; Gosse and Phillips, 2001; Marrero et al., 2016). In recent
years, several studies have integrated cosmogenic nuclide dating with
other geochronological data to create robust deglacial chronologies for
glaciated regions, including the major ice sheets in Eurasia and South
America (Hughes et al., 2016; Clark et al., 2018, 2022a; Davies et al.,
2020). These chronologies benefit from multiple lines of evidence for
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constraining the ice margin, whereas previous efforts were focused
largely on minimum-limiting radiocarbon ages with ice margin location
(s) tied to deglacial landforms that were not, for the most part, chro-
nologically constrained. To date, no such ‘complete’ deglacial chronol-
ogy has been presented for the NAISC, despite an acceleration in the use
of cosmogenic nuclides to directly date the timing of ice retreat of both
the Cordilleran and Laurentide ice sheets (e.g. Balco et al., 2002; Balco
and Schaefer, 2006; Briner et al., 2009a; Stroeven et al., 2010; Ullman
etal., 2016; Corbett et al., 2017; Menounos et al., 2017; Thompson et al.,
2017; Darvill et al., 2018; Lesnek et al., 2018; Margold et al., 2019;
Lesnek et al., 2020a; Norris et al., 2022).

Here, we present the first version of North American Deglaciation
Isochrones (NADI-1). We use the term “deglaciation isochrones” because
it is well-suited to the overall trend of ice retreat through this interval.
However, readers should bear in mind that some areas of the NAISC
underwent advance during this interval, especially prior to 20 ka. Our
work is based on a fully checked chronological database including: (i)
cosmogenic nuclide exposure ages that have been re-calculated and
standardized across the entire dataset; (ii) calibrated radiocarbon ages,
and (iii) luminescence and uranium-thorium ages. Ice margins are
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Fig. 2. Distribution of major deglacial landforms (eskers and moraines) associated with the North American Ice Sheet Complex, with locations/features mentioned in
the text. Eskers are shown for Canada only after Storrar et al. (2013). Moraines are after Prest et al. (1968) and supplemented with major moraines in Manitoba
(Gauthier, 2022a), as well as from the United States, as detailed in Supplemental Document 1. Degacial varve records include the new North American Varve
Chronology in the eastern United States (Ridge et al., 2012) and glacial Lake Agassiz in south-central Canada (Breckenridge et al., 2021). The broad grey region
covering much of central/eastern Canada is the Canadian Shield. SLL= St. Lawrence Lowland. All moraine and esker outlines in this figure are drawn with the same
line thickness. Accordingly, some may appear larger or more prominent in this figure than in real life (ie. several moraines in Manitoba, including the Brandon hills,
Alexander, Darlingford and the Bowsman Lake moraines). The reader is encouraged to consult regional maps for more accurate depiction of major and minor
moraines, some of which are available online (for example, https://www.manitoba.ca/iem/info/libmin/geofilel.zip).
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informed by the glacial geomorphological record from the last deglaci-
ation and surficial geology as displayed in the Glacial Map of Canada
(Prest et al., 1968) and several local studies (e.g. Teller et al., 2005;
McMartin et al., 2012; Barnett and Karrow, 2017; McMartin et al., 2021;
Gauthier, 2022a). To facilitate both transparency and future re-
interpretations, we have included extensive documentation of all de-
cisions that guided the reconstruction of each of the presented ice
margin positions at each time-slice (Supplementary Document 1). The
result is a fully documented series of maps showing deglaciation of the
NAISC from 25 to 1 ka in 0.5-kyr intervals (49 maps in total), with
uncertainties quantified to include our optimal, minimum, and
maximum ice extent estimates for each isochrone. All maps and data are
presented in calendar years. Our isochrones capture ice advance across
some areas, which is based only on limited evidence and is therefore
somewhat speculative. In this study, we exclude small mountain ice
masses in the western United States that did not coalesce with the NAISC
(Marcott et al., 2019). The Greenland Ice Sheet, which was merged with
the NAISC in earlier parts of the deglaciation sequence, is beyond the
scope of this study. Readers interested in the Greenland Ice Sheet can
consult the extensive relevant regional literature (e.g. Larsen et al.,
2014; Sinclair et al., 2016; Young et al., 2020; Carlson et al., 2021; Leger
et al., 2023).
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2. Methods

Our assembly and treatment of geochronological data was similar to
that of Hughes et al. (2016), who reconstructed the Eurasian ice sheets
(40-1 ka) based on a comprehensive geochronological database. Thus,
our first task was the compilation of a comprehensive geochronological
database (detailed below in Sections 2.1 to 2.4). We then assessed these
data in terms of utility for constraining the ice margin, and their reli-
ability (Section 2.5). Finally, we reconstructed the ice margin based on
integration of the geochronological database with geomorphic data from
the local area (Section 2.6). Extensive justification on the placement of
ice margins is available in Supplementary Document 1. The census date
for most of our geochronological database is December 31, 2021.
However, cosmogenic nuclide data from some 2022 studies were also
included here because these data are critical for defining some ice
margins. The distribution of geochronological data is plotted spatially in
Fig. 3 and temporally in Fig. 4. As a final note, given the enormity of our
work, certain data (including geochronological constraints and regional
maps) are likely to have been missed. We request to be notified of these
omissions so that these data may be integrated into evolving databases
and considered in updated versions of the NADI. We herein use the term
“LGM” to refer to the maximum ice extents that varied both in extent and
timing across the NAISC.
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Fig. 3. Areal distribution of reliable and likely reliable geochronological data (ranks 1 and 2) that constrain the North American Ice Sheet Complex (NAISC;
Laurentide, Cordilleran and Innuitian ice sheets) from 25 to 1 ka. The broad grey region covering much of central/eastern Canada is the Canadian Shield.
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Fig. 4. Temporal distribution of reliable and likely reliable geochronological data (ranks 1 and 2) that constrain the North American Ice Sheet Complex (NAISC) from
25 ka to 1 ka. Data were rounded to the nearest 0.5 ka and binned. A) Numbers and temporal distribution of landscape features that we consider to be reliably dated
using cosmogenic nuclide methods. In most cases, these directly anchor the ice margin in each time-slice. B) Numbers and temporal distribution of radiocarbon, U-
Series and luminescence ages. In most cases, these data offer only minimum constraints on the ice margin in each time-slice.

2.1. Compilation of the cosmogenic nuclide database

Cosmogenic nuclide data are highly valuable for reconstructing the
dynamics of past ice sheets because they offer a direct age constraint on
the abandonment of ice-marginal features. This dating method employs
cosmogenic nuclides such as 1°Be and 2°Al that are produced in rocks
exposed to cosmic rays at the Earth’s surface (Nishiizumi et al., 1989;
Lal, 1991; Gosse and Phillips, 2001). Assuming the previously
un-exposed rock was sufficiently eroded by the last ice sheet and that it
has been continuously exposed to cosmic rays since the ice disappeared,
the concentration of cosmogenic nuclides in the rock sample can be
converted into a deglacial age (Balco, 2011; Heyman et al., 2011). The
theoretical upper time limit for cosmogenic nuclide dating using °Be
and 2°Al extends far beyond the last glacial cycle, with nuclide half-lives
of 1.4 and 0.7 million years, respectively (Nishiizumi, 2004; Chmeleff
et al., 2010; Korschinek et al., 2010), and the method has been suc-
cessfully applied to date glacial deposits younger than 1000 kyr
(Schaefer et al., 2009; Young et al., 2015). Over the last 30 years,
cosmogenic nuclide dating has become a major geochronological tool
for studies of past glaciations, including dating of glacial retreat and
investigation of glacial erosion and burial under non-erosive ice (Briner
et al., 2003, 2014; Staiger et al., 2005; Margreth et al., 2016).

Here, we used the expage compilation of cosmogenic °Be and 2°Al
ages (http://expage.github.io/) to constrain the deglaciation of the
NAISC. We started with all samples from the region covered by the
Laurentide and Cordilleran ice sheets (n = 2688) including all samples
from Alaska. As detailed in Supplementary Table 1, this includes 2229
measurements of °Be and 459 measurements of 2°Al from a variety of
settings, including boulders (n = 1854), bedrock surfaces (n = 664),
cobbles (n = 115), pebbles (n = 41), and sediments (n = 14). The
samples were primarily derived from the eastern, western, and southern
regions of the NAISC (Supplementary Document 2), with 58% of all
samples located east of 81° W, and 37% of all samples located on Baffin
Island. The cosmogenic nuclide data were derived from studies pub-
lished from 1994 to August 2022, and include the data from Stoker et al.
(2022) and Clark et al. (2022b).

We calculated °Be and 26Al exposure ages using the expage calcu-
lator version 201912 (http://expage.github.io/calculator). This calcu-
lator is based on code from the CRONUS calculator v.2 (Balco et al.,
2008) and the CRONUScalc calculator (Marrero et al., 2016), and uses

the nuclide-specific 1°Be and 2°Al LSD production rate scaling and the
geomagnetic framework from Lifton et al. (2014). Since the region of the
NAISC has been affected by different amounts of glacioisostatic uplift
following deglaciation, both the calibrated production rates and the
calculated exposure ages use time-dependent atmospheric pressure
based on interpolated uplift histories (see Supplementary Document 2).
As part of our calculations on the expage database, we used the ANU
uplift reconstruction from Lambeck et al. (2017) for all samples within
the uplift reconstruction domain, and the global ICE-6G_C reconstruc-
tion (Argus et al., 2014; Peltier et al., 2015) for the samples outside the
domain (samples west of 140° W and east of 60° W). For further details
of the exposure age calculations (including comparisons between data-
bases with different uplift and erosion parameters), we refer the reader
to Supplementary Document 2 and to the open-source code that is
available at http://expage.github.io/.

All exposure ages were calculated with input from the expage data-
base and assume no erosion. Because we present cosmogenic °Be and
26A] ages assuming a rate of 0 mm/kyr of erosion, they provide a min-
imum age of deposition. While erosion rates can vary greatly depending
on sample lithology, the vast majority of cosmogenic !°Be and 2°Al ages
collated in the NADI-1 database are derived from crystalline lithologies.
These resistant lithologies typically exhibit low erosion rates of
<0.5-2.0 mm/kyr (Zimmerman et al., 1994; Gosse and Phillips, 2001;
Balco, 2011; Davies, 2022). While the impact of erosion on an exposure
age will increase with the duration of exposure, an erosion rate between
<0.5 and 2.0 mm/kyr would have a minimal effect on the age of a
sample that is less than ~30 kyr (Gosse and Phillips, 2001; Balco, 2011;
Davies, 2022). For example, assuming an average erosion rate of 1
mm/kyr, the exposure age of a sample would increase by 1.0% on
average (~0.3% for 5 kyr years of exposure, ~1.2% for 15 kyr of
exposure).

To finalize the 1°Be and 26Al cosmogenic nuclide database, we
reduced it to include only those dates that were relevant to our new
interpretation of North American deglaciation. This included removal of
most ages from Alaska (n = 435) because we adopt the ice margins from
the Alaska PaleoGlacier Atlas (Kaufman et al., 2011), with the exception
of those from Lesnek et al. (2018, 2020b) that are relevant for the central
sector of the Cordilleran Ice Sheet region. Second, we removed data (n =
922) focusing on glacial erosion and preservation of landscapes under
non-erosive ice (Bierman et al., 1999; Briner et al., 2006; Margreth et al.,
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2016) as well as data outside the 25 to 1 ka range (Crump et al., 2017;
Ceperley et al., 2019). Third, we removed all landscape features that
were dated only with a single age (n = 92), including transects built
using sites with single ages (i.e. McQuinn, 1996; Carlson et al., 2007;
Rice et al., 2019). Lastly, we removed all data from ice bodies that are
independent of the ice sheets (i.e. Menounos et al., 2017 dated advances
of valley and cirque glaciers that were independent from the Cordilleran
Ice Sheet). The result of this data screening was 1239 cosmogenic
nuclide ages (1121 '°Be ages; 118 26Al ages) that we then grouped into
164 landscape features (Fig. 4a).

Following the screening of the °Be and 26Al cosmogenic nuclide
database, we obtained the average age for each dated landscape feature
(e.g. moraine), removing any outliers identified in the original publi-
cation. We then rounded this number to the nearest 0.5-ka interval and
considered this as the ‘optimal’ position for the ice margin (e.g. 9.8 ka =
10 ka). Next, we averaged the errors for each dated landscape feature
and the oldest and youngest possible ages are incorporated into the
minimum and maximum uncertainties. In cases where the cosmogenic
nuclide errors were less than 1 kyr, we applied a 1-kyr error. We also
considered 3°Cl cosmogenic nuclide data, however, following Hughes
et al. (2016) we made no recalculation of the ages (see Supplementary
Table 1). Age recalculations on 2°Cl cosmogenic nuclide data sometimes
result in a 10-15% reduction in age, with a further 1-5% reduction
when erosion is taken into account (Margold et al., 2019).

Boulders and bedrock were the most common sample types for
cosmogenic nuclide dating, having been used to date ~144 and ~30
sites across the NAISC, respectively. Bedrock samples were combined
with samples collected from erratics to date one landscape feature in
some locations (Darvill et al., 2018; Clark et al., 2022b). A large number
of cosmogenic nuclide ages from bedrock samples were excluded from
NADI-1 because they are from studies aimed at determining exhumation
and erosion rates, rather than ice retreat (e.g. Fame et al., 2019).
Similarly, most of the samples taken from cobbles and pebbles were
removed from our database, with only five samples remaining after the
database was screened. Of the boulder samples, samples collected from
moraine boulders were used to date ~43 sites, while the remaining
boulder samples came from erratics.

2.2. Compilation of radiocarbon database

Radiocarbon dates offer a minimum constraint on the retreating ice
margin because they date the establishment of organic material, which
occurred with or at some point after ice withdrawal. Our radiocarbon
database (n = 4947 dates; Supplementary Table 2) is an update to
previously published compilations (Dyke et al., 2003a; Dyke, 2004;
Dalton et al., 2020). All radiocarbon dates were calibrated using CALIB
Rev. 8.1.0 (Stuiver and Reimer, 1993) and the IntCal20 calibration
curve (Reimer et al., 2020), with the marine curve for marine samples
(Heaton et al., 2020). Similar to Hughes et al. (2016), we reported the
ages in calendar years, with the midpoint of all age ranges at 2-sigma,
and errors as + half the total age range. This was chosen to capture all
errors in the same way. The difference between our midpoint and the
median was below 100 years in ~91% of the cases, between 100 and 200
years in ~8% of the cases, and between 200 and 330 years in ~1% of the
cases. Thus, at our 0.5 kyr time-steps, the choice of median age or
midpoint is moot. Ages and errors were rounded to the nearest 10 years.

Marine reservoir corrections were based on a synthesis of local
reservoir corrections for the Arctic region (Coulthard et al., 2010), or
more recent information from pairs of marine and terrestrial samples, if
available. A more recent summary of marine reservoir corrections (AR)
for North America was published after our census date and was therefore
unavailable for use here (Pienkowski et al., 2022). In the NADI-1 data-
base, local AR corrections were applied on a regional basis and typically
range from 0.05 to 0.8 kyr (Supplementary Table 2). We acknowledge
that AR corrections in large-scale ice sheet reconstructions are a po-
tential source of error, and we detail these concerns in Section 4.4.1.
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Overall, approximately 38% of radiocarbon dates were from marine
shells, many of which were samples specifically collected to ascertain
local deglaciation and sea level change (e.g. England, 1996; O Cofaigh
et al.,, 2000). Some marine shell samples were from marine sediment
cores and can be used to directly constrain retreat of the ice margin
(King, 1996; Pienkowski et al., 2014). The remaining 62% of radio-
carbon ages were from the terrestrial environment, largely basal dates
from lake and peat cores (e.g. Richard and Labelle, 1989; Lacourse et al.,
2019).

2.3. Compilation of luminescence database

Luminescence dating methods provide an age for the last exposure of
sediment to sunlight. Thus, in general, they offer a minimum age
constraint on ice retreat from a given region. The signal can be extracted
in a laboratory either via optically or infrared stimulated luminescence
(OSL and IRSL) methods. Thermoluminescence (heat-based) techniques
can also be used, however they are prone to age underestimation due to
anomalous fading (Huntley et al., 1985). We compiled 397 lumines-
cence ages in our database (Supplementary Table 3). In most cases, these
data relate to the establishment of proglacial lake beaches (Teller et al.,
2018) or the establishment of stable sand dunes at some point (often
immediately) following deglaciation (Wolfe et al., 2004; Munyikwa
et al., 2017). However, some ages offer a more precise constraint on the
ice margin position, for example, dates on beach ridges that formed at
the margins of ice-dammed proglacial lakes can be related to former
margins of the glacier (Teller et al., 2018). We make no adjustments or
re-calculation of the luminescence ages from those presented in the
original sources.

2.4. Compilation of uranium-series database

Uranium-series (U-Series) methods constrain the time elapsed since
burial of a material. Here, we compiled two U-Series ages in our data-
base (Supplementary Table 4). These data constrain the timing of ice
advance in the northwestern margin of the Laurentide Ice Sheet (Lacelle
et al., 2013).

2.5. Assessment of geochronological data

Once all geochronological data were assembled, we categorized each
entry in terms of utility for constraining the ice margin (Table 1).
Following the work of Hughes et al. (2016), we considered ‘ice--
marginal’ data to be the most useful for directly constraining the timing
and position of the ice margin. In our database, these data were largely
cosmogenic nuclide ages. We categorized geochronological data as
‘deglacial’ if they very closely dated the emergence of the landscape
from under the former ice sheet (e.g. kettle hole in a moraine). This is the
same approach as taken with efforts to reconstruct European ice evo-
lution (Hughes et al., 2016); however, we note some issues with this
methodology in the Discussion. Overwhelmingly, 83% of our database
consisted of ‘ice-free’ age constraints (mostly radiocarbon ages) that
suggest the absence of ice with no indication of precisely when the ice
sheet disappeared from the site (Fig. 4b). Finally, geochronological data
were categorized as ‘advance’ if they constrain the timing of ice advance
over a given area (e.g. radiocarbon ages from tree stumps buried under
till; U-Series ages on a calcite concretion buried under till). Because our
work is focused on the deglaciation of the NAISC, most ‘advance’ ages
represent readvances or oscillations of the ice margin during retreat.

After individually assessing all geochronological data in terms of
utility for constraining the ice margin (Table 1), we evaluated their
reliability following quality assurance procedures for diverse geochro-
nological databases outlined by Small et al. (2017) (see Table 2).
Throughout this process, each data point was categorized as reliable (1),
likely reliable (2) or unreliable (3). This ranking system addressed
various concerns arising in the geochronological database, including
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Table 1
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Categories for geochronological data in terms of utility for constraining the ice margin. All geochronological data are detailed in Supplementary Tables 1-4.

Category Definition

Examples from the database

Relative presence in
database

Ice marginal
(ice-contact)

Directly dates the ice margin

Cosmogenic nuclide dating of a moraine; certain cases of radiocarbon
ages on terrestrial plant macrofossils in basal lake sediments; certain

Focused on certain
regions; Uncommon (3%)

cases of marine sediments containing drop stones; radiocarbon ages on
shells contained in ice-contact delta sediments

Deglacial Very closely dates the landscape emergence from under
the former ice sheet, ideally within 100s of years.

Ice-free Suggests the absence of ice with little or no indication of
when the ice sheet retreated from the area (minimum- animal bones.
constraint on the ice margin).

Advance Constrains the timing of ice advance over a particular

region

Radiocarbon dating of organic material that accumulated directly over
till or other glacial feature, i.e. kettle holes, katabatic dunes.
Radiocarbon age on basal sediment in a lake core; radiocarbon age on

Radiocarbon age from tree stumps or other organic remains buried
under till; U-Series age on calcite concretion buried under till.

Uncommon (6%)

Widespread and common
(83%)

Focused on certain
regions; somewhat
common (8%)

marine reservoir uncertainties in radiocarbon-dated shells, poorly
clustered cosmogenic nuclide data and anomalous fading in lumines-
cence ages. After scrutiny of the database, we consider 70% of
geochronological data to be reliable or likely reliable (ranks 1 or 2),
while 30% of the database is likely to be unreliable. Cosmogenic nuclide
ages underwent a slightly different screening and ranking system and
were recalculated as described in Section 2.1.

2.6. Constructing the NADI-1 ice margin sequence

The initial set-up for this work involved overlaying several databases
onto a map. We first imported elevation data from the United States
Geological Survey’s Center for Earth Resources Observation and Science
(EROS) (2010), which has a grid-spacing of 30 arc seconds (~1 km), as
well as ocean bathymetry representing the continental shelf (less than
1000 m depth; http://www. naturalearthdata.com/). We then overlayed
the Canadian Shield (Precambrian rock covering a large portion of
Canada) as well as political boundaries for the United States and Canada.
The political boundaries were included because they might reflect a shift
in resolution of geological mapping or an abrupt map boundary, espe-
cially as it relates to the border between United States and Canada. We

Table 2

Ranking system for the geochronological database. Uranium-series data are
excluded from this table because only two data points were available for this
work (see Supplementary Table 4).

Rank Examples from the database

1 (reliable) Radiocarbon: Identified terrestrial plant fragments; animal
bones; charcoal; insects.

Luminescence: Dated feature yields a well-grouped age cluster
with limited outliers; no anomalous fading.

Cosmogenic nuclide: Dated feature yields a well-grouped age
cluster with limited outliers.

Radiocarbon: Marine shell/foraminifera age that includes a local
reservoir correction shell age that is based on down-core
extrapolation.

Luminescence: Invalid coordinates; errors not reported; any
anomalous fading has been corrected.

Cosmogenic nuclide: Dated feature yields a somewhat well-
grouped age cluster with limited outliers.

Radiocarbon: unclear stratigraphic context; impacted by
hardwater effects; high probability of sample contamination;
unreported errors; deposit-feeding marine shells (England et al.,
2013); bulk peat/sediment age; gyttja.

Luminescence: anomalously old age in an otherwise
well-grouped cluster; sample failed the dose recovery test;
suspected post-depositional sediment mixing and/or poor solar
resetting.

Cosmogenic nuclide: Poor clustering of ages on a given feature;
sample suffers from inheritance.

2 (likely
reliable)

3"(unreliable)

# Some ages are also considered unreliable (rank = 3) if they are deemed
incorrect according to original author or subsequent analysis. See Supplemen-
tary Tables 1-4 for further information.

then overlayed glacial geomorphological features onto our maps. At the
continental scale, a key source of geomorphic data was the Glacial Map
of Canada, which includes (but is not limited to) moraines, hummocky
terrain, eskers, meltwater channels and flow features (Prest et al., 1968).
We supplemented observations on the Glacial Map of Canada with ice
flow indicators and landforms (i.e. lineations and striations) that are
mapped in more recent regional and local studies (e.g. Boulton and
Clark, 1990; Kleman et al., 2001; Teller et al., 2005; McMartin et al.,
2012; Barnett and Karrow, 2017; McMartin et al., 2021; Gauthier,
2022a). For the glaciated United States, we use the glacial geological
map of Flint et al. (1959) along with numerous studies of surficial
mapping and geomorphology (e.g. Leverett, 1902; Clayton and Moran,
1982; Stone and Borns, 1986; IllinoisState Geological Survey, 2004;
Martin et al., 2004; Wisconsin Geological and Natural History Survey,
2011; Blewett et al., 2014; Johnson et al., 2016). We then overlayed the
checked geochronological data (described above in Sections 2.1-2.5).
These data were color-coded on the maps for their utility to constrain the
ice margin (see Table 1). As a final step in the set-up process, we divided
the NAISC into 15 regions having similar glacial history (e.g. retreat
patterns) to facilitate extensive regional discussions of the ice history
(Supplementary Document 1). We then created 49 empty GIS shapefiles,
spanning 0.5-kyr intervals from 25 to 1 ka.

As a first step in constructing the ice margins, cosmogenic nuclide data
(when/where available) were used to anchor the ice position through the
deglaciation sequence. Basal radiocarbon ages from terrestrial plant
macrofossils in lakes were also given high priority for delineating the ice
margin,; this is discussed below. Although rare, if two different features in
the same region yielded the same average age, the ice margin was placed
at the midpoint. Because we re-calculated cosmogenic nuclide data
(Section 2.1), our resulting pattern of ice retreat is sometimes slightly
different from what is presented in the regional studies. However, these
regional studies were nonetheless extensively consulted and used to infer
the overall pattern of ice retreat and information specific to the ice margin
behavior. For the Laurentide Ice Sheet, nunataks were recognized by
consulting with the original publication as well as local geomorphological
records. During deglaciation of the Cordilleran Ice Sheet, geomorpho-
logical evidence indicates that the high mountain peaks became ice free
before the valleys, forming nunataks around the edge of the ice sheet,
however, due to the complex topography of the Canadian Cordillera and
lack of understanding on the ice sheet thickness (Menounos et al., 2017;
Darvill et al., 2022; Dulfer et al., 2022), we chose to draw generalized ice
margins without nunataks there.

We then turned our attention to available radiocarbon dates and
other minimum-limiting data. We plotted these data on our maps in
successive 0.5-kyr increments starting at 25 ka and moving toward
progressively younger isochrones. For each isochrone, local studies were
consulted, and the ice margin was drawn up-ice of radiocarbon dates. In
some cases, we adopted the ice margin as suggested by relevant local
studies (e.g. position of the Frontier Moraine; Parent and Occhietti,
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1999). In select regions, the ice position was informed by varve chro-
nologies, which offer precise constraint on ice retreat based on annual
varve counts instead of radiometric geochronological constraints (e.g.
Northeastern United States and Quebec; Antevs, 1925; Ridge et al.,
2012). Finally, radiocarbon ages from organic materials buried below
glacial deposits were used as maximum-limiting evidence for local ice
re-advance (e.g. ~12 ka ice advance over Lake Superior; Lowell et al.,
1999). Regardless of the methodology used to derive the ice margins,
they were drawn in accordance with available moraines and/or
ice-contact features, and we used eskers to infer direction of the retreat
and subsequent retreat pattern/timing (e.g. glacial map of Canada; Prest
et al., 1968; extensive esker mapping of Storrar et al., 2013).

As a last resort, if no reliable geochronological information was
available in a region, we made informed decisions about the ice margin
based on glaciological principles and assumptions. When adopting this
method, we assumed a constant rate of retreat and drew the ice margin
by consulting local maps. For example, we might have depicted a spe-
cific ice margin roughly following local topographic relief. A key loca-
tion where there is a lack of certainty regarding the timing of ice extent
is on the continental shelf around the Queen Elizabeth Islands (see
Section 3.1). Geomorphological evidence from (Margold et al., 2015b)
confirms the presence of large ice streams, and therefore an extension of
the ice margin, on the continental shelf. However, the timing of this is
not well constrained (see Margold et al., 2018 for a discussion of the
local LGM ice extent in these regions). Moreover, we assume that ice
extended to the continental shelf break over the entire extent of the
Queen Elizabeth Islands and was not limited to areas where there is
evidence for ice streaming. We assumed the LGM occurred at 25 ka, with
progressive retreat toward the coastline. Finally, in some cases, local
inferences were applied more broadly over distances of 200-500 km. For
example, radiocarbon dates suggest the ice margin was stalled off the
coast of Labrador at the continental shelf break until ~15 ka (see Section
3.3); we apply this assumption to the ice margin off the neighboring
continental shelf. Although this approach has shortcomings, it offers a
practical solution to portraying the ice margin in regions where no
geochronological information is available. Very rarely, when no reliable
radiocarbon ages were available for a given region, we sometimes
cautiously considered radiocarbon ages derived from bulk organic ma-
terial, assigned a reliability rank of 3, to glean something useful about
the ice margin (e.g. configuration of ice margin based on an ice-marginal
shell deposit; very broad deglacial time constraint based on the dating of
basal lake organics). When this was the case, we adopted wider min/-
max ice margins for the given area, and sometimes relied on linear
interpolation between areas with reliable constraint and those without.
We acknowledge there are uncertainties associated with this approach,
however, our reasoning is that ‘something is better than nothing” when
very little data are available for constraining the ice margin. Supple-
mentary Document 3 contains an overlay of ice margins from NADI-1
with geochronological data used for delineating the optimal ice
margin - this visualization is useful for understanding the geochrono-
logical data available (or absent) in each region at a given time slice.

Once the optimal ice margin was finalized and fully described for
each time-step, we turned our attention toward minimum and maximum
ice extents. In regions where cosmogenic nuclide data were available,
we use the youngest sample in the cluster as the minimum ice estimate
and the oldest sample as the maximum ice extent, both rounded to the
nearest 0.5 ka (excluding outliers; see Section 2.1). For example, if
‘Moraine X’ yielded 5 reliable (e.g. outliers removed) samples with ages
of 14.6 ka, 17 ka, 13.2 ka, 14.2 ka and 15.5 ka, then the minimum/
maximum errors on that feature would be 13 ka and 17 ka, respectively.
Under this scenario, the following 3 actions were taken (i) the ice margin
at 15 ka (average of samples) would be aligned to Moraine X, (ii) the
minimum ice extent for 17 ka, 16.5 ka, 16 ka and 15.5 ka would be
aligned to Moraine X, and (iii) the maximum ice extent for 14.5 ka and
14 ka would be aligned to Moraine X. This method was chosen to cover
all uncertainties involved in cosmogenic nuclide dating. In regions
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where the ice retreat was controlled only by minimum-limiting radio-
carbon ages, we generally assigned the minimum and maximum ice
extents as the + 1-kyr isochrone. This approach accounted for un-
certainties inherent to defining the ice margin using minimum-limiting
radiocarbon ages, as well as any uncertainties in the radiocarbon data-
base (including errors on the radiocarbon ages and uncertainties related
to marine reservoir corrections). In regions where there was little
constraint on the ice margin, we apply broader uncertainties. For
example, the minimum/maximum ice extents for the Queen Elizabeth
Islands between 25 ka and 15 ka were all placed at the coastline and
shelf break, respectively, to account for our general uncertainty about
the ice configuration during that interval (Section 3.1).

Rarely, the availability of multiple geochronological data types made
the regional deglacial sequence more robust. In those cases, we
modelled the minimum and maximum ice extents after the original
publication. This was the case for the Southern Interior Plains, where
cosmogenic nuclide dating and additional chronometers at several sites
across the region offered tight constraint on ice dynamics that were
strengthened by modelling (see Section 3.10; Norris et al., 2022). We
adopted a similar approach for ice retreat across Alaska (Section 3.15),
where our work was based on version 2 of the Alaska PaleoGlacier Atlas
(Kaufman et al., 2011) and was merged with our interpretation of the
remainder of the Cordilleran Ice Sheet.

3. Overview of ice retreat

In this section, we provide a brief overview of ice dynamics (largely
retreat) across the NAISC between 25 ka and 1 ka. To facilitate discus-
sion across the NAISC, we divide our work into 15 regions with similar
glacial history (Fig. 1). We begin each subsection with an overview of
deglacial landforms (Fig. 2), a broad statement on the overall approach
for reconstructing the regional ice retreat, and a statement of uncer-
tainty bounds for each region. The term ‘uncertainty bounds’ refers to
the distance between the minimum and maximum ice estimates in each
isochrone. We then provide a brief overview of key elements of the
regional ice dynamics, citing essential publications and drawing atten-
tion to any databases that were fundamental to our work. Full details
and justification for each ice margin (including minimum and maximum
uncertainties) are available in Supplementary Document 1 and the
location of all place names referred to in the descriptions below are
shown in Figures SD1.1 to 1.15. We use the term ‘re-advance’ to refer to
an oscillation of the ice margin that is often small (<100 m) and does not
necessarily carry a climatic significance. A 49-panel figure showing all of
NADI-1 is available in Supplementary Document 3 (with relevant
geochronological data) and Supplementary Document 4 (without
geochronological data). Optimal ice margins for 25-1 ka are overlaid in
Fig. 5. Uncertainties across specific transects are shown in Fig. 6.

3.1. Queen Elizabeth Islands

The Queen Elizabeth Islands hosted the Innuitian Ice Sheet (see Fig. 1
as well as England et al., 2006). This region is largely void of moraines
(with some exceptions, see: England, 1978) but contains abundant es-
kers, meltwater channels (see Fig. 2 as well as Prest et al., 1968; Fulton,
1995; Dyke, 1999; Storrar et al., 2013) and widespread evidence of
postglacial marine inundation along low-lying coastal regions (e.g. En-
gland, 1996; O Cofaigh et al., 2000). Our portrayal of ice retreat across
the region is guided largely by these deglacial landforms as well as the
age and location of radiocarbon dates (~380 total, largely marine
shells). The uncertainty bounds remain constant at ~200 km from 25 to
15 ka as they are defined by the distance between the present-day
coastline (minimum) and continental shelf break (maximum; see
Fig. 6a, b and c). From 14.5 ka onwards, the uncertainty bounds are
highly variable, with the largest uncertainty relating to the separation of
the Laurentide and Innuitian ice sheets between 11.5 and 10.5 ka where
the uncertainty bounds span 1000 km (see Fig. 6b and c).
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Greenland and
Iceland are not
included in this
study.

Fig. 5. All optimal NADI-1 margins from 25 ka to 1 ka. Orange arrows and boxes indicate flow lines for the uncertainty plots shown in Fig. 6. Some features (political
boundaries, the Canadian Shield, lakes and rivers) have been omitted from this map to see the ice margin lines more easily. Note that we do not reconstruct the

location of ice domes or saddles here or show how they migrated over time.

In terms of ice dynamics, between 25 ka and 14 ka in the Queen
Elizabeth Islands, we show the ice margin at the continental shelf break
and progressively retreating landward. This maximum ice extent and
subsequent retreat is based on geomorphological evidence from Margold
et al. (2015b) that suggests the presence of large ice streams on the
continental shelf. We assume that ice extended to the continental shelf
break over the entire CAA and was not limited to areas where there is
evidence for ice streaming. Next, between 14 ka and 12 ka, we show a
dramatic retreat of the western-most Innuitian ice as suggested by
radiocarbon dates (largely from shells) from the coastline of Melville
and surrounding islands (Hodgson, 1994; England et al., 2009; Nixon
and England, 2014). A notable exception to this pattern is a re-advance
of Laurentide ice (ice stream?) through McClintock Strait at 13 ka that
deposited the Winter Harbour Till on southernmost Melville Island
(constrained via radiocarbon ages on shells in till; Hodgson et al., 1984;
Hodgson, 1994; England et al., 2009). Between 12 ka and 9.5 ka,
widespread radiocarbon dating of marine shells © Cofaigh et al., 2000;
Atkinson and England, 2004; England et al., 2004), as well as marine
coring and seafloor mapping around the broad Queen Elizabeth Islands
(Pienkowski et al., 2014; MacLean et al., 2017; Furze et al., 2018)
suggest a dramatic retreat of ice toward the innermost areas of the ar-
chipelago. Innuitian ice separated from the westernmost Greenland Ice
Sheet around 8 ka and this on-land retreat of the ice margin continued
until 5 ka, where fragmented remains of Innuitian ice persisted in the

highland areas until present-day (present-day ice extent with nunataks
removed; Natural Earth, 2021). Overall, our depiction of ice retreat over
the Queen Elizabeth Islands is similar to England et al. (2006), however
differs because of our assessment and calibration of radiocarbon ages, as
well as our alignment of the 5 ka to 1 ka isochrones to a more recent
digitization of present-day ice extent over the region (Natural Earth,
2021).

3.2. Baffin Island

The northeastern coast of Baffin Island (Fig. 1) is characterized by
extensive fiords and cliffed islands, whereas the southwestern part of the
island is low-lying, and was inundated by marine waters following
deglaciation. Deglacial moraines and eskers are common, and general-
ized ice flow data suggest ice retreat occurred from all sides of Baffin
Island inland to central regions (Fig. 2; Prest et al., 1968; Fulton, 1995;
Kleman et al., 2001; Storrar et al., 2013). The deglaciation of Baffin
Island is anchored by cosmogenic nuclide dating of 35 landscape fea-
tures and is complemented by ~320 radiocarbon ages. The uncertainty
bounds remain constant at ~100 km from 25 ka to 13 ka as they are
defined by the distance between the present-day coastline (minimum)
and continental shelf break (maximum; Fig. 6d). From 13 ka onwards,
the uncertainty bounds remain small (<100 km), particularly in loca-
tions that still contain remnant ice today.
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shown in Fig. 5. Please note that we do not reconstruct the location of ice domes or saddles here or show how they migrated over time.
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In terms of ice dynamics, between 25 ka and 15 ka, we show Baffin
Island largely ice-covered, and the ice margin extended to the conti-
nental shelf break in Baffin Bay. Full glacial coverage of Baffin Island is
supported by numerous cosmogenic nuclide dating studies along with
geomorphic mapping (coverage in interstream/interfiord areas by
largely non-erosive ice, see: Briner et al., 2003, 2005; 2009b, 2014).
Extension to the continental shelf break at 25 ka is based on evidence of
large ice streams (Margold et al., 2015b), the presence of a marine
grounding line (Li et al., 2011), as well as evidence of an ice margin near
the shelf break (Brouard and Lajeunesse, 2017; Jenner et al., 2018). We
show the Clyde Foreland and northeastern coastal lowlands (Fig. 1)
becoming ice-free starting at 15 ka, following cosmogenic nuclide dating
of boulders in the local area (Briner et al., 2005; Davis et al., 2006b;
Young et al., 2012). Deglaciation of Cumberland Peninsula began at
14.5 ka, and largely follows the cosmogenic dating of Margreth et al.
(2017) and Corbett et al. (2016), as well as the work of Young et al.
(2020, 2021). Starting at 13 ka, we show ice retreating through the
fiords and sounds while being maintained in upland areas. The pattern
of retreat across northeastern Baffin Island is based on cosmogenic
nuclide dating of Sam Ford fjord (Briner et al., 2009a). Retreat of ice
from Hall and Meta Incognita peninsulas is based largely on
minimum-limiting radiocarbon ages and local surficial geology studies
(i.e. Hodgson, 2003, 2005; Carbonneau et al., 2012; Tremblay et al.,
2013). The final phase of deglaciation started around 8 ka and is char-
acterized by the collapse of ice over Foxe Basin and an ever-shrinking ice
mass in the central regions of Baffin Island where the Barnes and Penny
ice caps still persist.

3.3. Labrador Dome

The Labrador Dome was centered over the Canadian Shield in Lab-
rador and Quebec (Fig. 1). Glacial geomorphological data suggest post-
glacial marine inundation in coastal regions, and the subsequent inward
receding ice left behind a myriad of eskers, moraines and glacial lake
deposits (Fig. 2; Prest et al., 1968; Fulton, 1995; Storrar et al., 2013;
Dubé-Loubert and Roy, 2017). Several different deglaciation histories
have been proposed for this region (Kleman and Hattestrand, 1999;
Veillette et al., 1999; Clark et al., 2000); our depiction of ice retreat is
guided largely by cosmogenic nuclide dating of 15 landscape features
(Carlson et al., 2007), along with the age and location of radiocarbon
dates (~320 total, largely marine shells) and broadly follows the pattern
of retreat suggested by Clark et al. (2000). The uncertainty bounds on
the eastern margin of the Labrador Dome are low (<50 km; see Fig. 6h)
between 14.5 ka and 10 ka as the ice margin retreats from the conti-
nental shelf break to the inner coast. The uncertainty bounds are much
larger after 10 ka, reaching over 1000 km at 8.5 ka, which is related to
the highly dynamic ice retreat in this region (Fig. 6e, f, and h).

In terms of the ice dynamics, at 25 ka we show Labrador ice extended
onto the continental shelf edge, with a gradual retreat landward until
14.5 ka. The placement of the ice margin onto the continental shelf is
supported by the presence of ice streams (Margold et al., 2015b), a
marine grounding line (Li et al., 2011) and other ice margin evidence
(Brouard and Lajeunesse, 2017; Jenner et al., 2018) from the shelf edge
along the coast of Labrador and northward toward Baffin Island. Around
14 ka, geochronological evidence indicates ice retreated to the coastline
near the Torngat Mountains, where the Saglek Moraines were dated to
14 ka (Clark et al., 2003). By 10 ka, we show the eastern margin of the
Labrador Dome retreated to the Paradise Moraine (\°Be cosmogenic
nuclide data; Ullman et al., 2016). Deposition of the North Shore
Moraine and Sakami Moraine followed shortly afterward, as suggested
by cosmogenic nuclide dating (Ullman et al., 2016). Between 8.5 ka and
6 ka, we show progressive reduction of the Labrador Dome that broadly
follows the pattern of retreat suggested by Clark et al. (2000). This
portrayal of ice retreat accommodates marine and terrestrial radio-
carbon ages, especially along the shores of Hudson Bay (Lajeunesse,
2008), and is adjusted inward to accommodate re-entrants from glacial
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lakes (Lac Payne and Lac Minto; Lauriol and Gray, 1987; Gray et al.,
1993).

3.4. Atlantic Canada

Atlantic Canada is in easternmost Canada, adjacent to the Atlantic
Ocean (Fig. 1). This region hosted a semi-independent ice mass, the
Appalachian Ice Complex. Eskers, marine-based moraines and rib-like
ridges suggest that ice retreated landward from an earlier position at
the continental shelf break (Fig. 2; Prest et al., 1968; Stea et al., 1986;
Fulton, 1995; Storrar et al., 2013). Our portrayal of ice retreat over this
region is based largely on the age and location of radiocarbon dates
(~710 total), along with local geomorphic mapping studies, and pre-
vious efforts to synthesize regional ice history. The uncertainty bounds
remain constant from 25 ka to 17 ka as they are defined by the distance
between the present-day coastline (minimum) and continental shelf
break (maximum), with the width of the continental shelf varying be-
tween 200 and 700 km off the coast of Newfoundland and Nova Scotia
(see Fig. 6g, and h). From 20 ka onwards the uncertainty bounds sur-
rounding the deglaciation in the Laurentian Channel are large (~700
km; see Fig. 6h).

In terms of ice dynamics, between 25 ka and 17 ka, we assume ice
over Atlantic Canada extended to the continental shelf break, and
gradually retreated landward. The (undated) extension of the ice margin
to the continental shelf break is supported by bathymetric data, seismic
mapping, evidence of ice streams and side scan sonograms to map the
Quaternary sediments on the continental shelf (King, 1996; Shaw et al.,
2006; Todd et al., 2007; Roger et al., 2013; Margold et al., 2015a; Broom
and Cameron, 2021). Next, cosmogenic nuclide dating of a
high-elevation peak in western Newfoundland suggests significant
thinning of the ice sheet by 18 ka (Gosse et al., 2006). Following the
work of Shaw et al. (2006), we then show a pronounced embayment into
the St. Lawrence Channel beginning around 17 ka, guided by radio-
carbon ages from marine cores. By 14 ka, we show ice largely restricted
to terrestrial areas. At 12.5 ka, we show a re-advance of ice over large
parts of Atlantic Canada, which has been linked to the Younger Dryas (as
studied extensively by Mott et al., 1986; Levesque et al., 1993; Stea
et al.,, 2011). The regional extent of this re-advance is constrained by
surficial mapping of the re-advance till, radiocarbon dating of buried
organic material and paleoclimate indicators suggesting a short-lived
climate oscillation (Jetté and Mott, 1989; Mott and Stea, 1994; Stea
and Mott, 2005). Remnant ice over the Gaspe Peninsula also stabilized
or underwent local re-advances of ~3 km along river valleys at that time
(Hétu and Gray, 2000), and a similar re-advance occurred in coastal
areas of western Newfoundland at 12 ka, as suggested by marine shells
located in re-advance tills (Grant, 1969, 1992). These regional
re-advances were short-lived, and, by 11 ka, we show a completely
ice-free Atlantic Canada.

3.5. Northeastern United States and St. Lawrence Lowlands

The Northeastern United States and St. Lawrence Lowlands are
located in the easternmost sector of the NAISC (Fig. 1). The region
hosted a semi-independent ice mass, the Appalachian Ice Complex. This
region contains numerous glacial features, including moraines, nuna-
taks, and proglacial lake deposits with varve records (Fig. 2; Stone and
Borns, 1986; Stanford, 1993; Ridge et al., 1992, 2012). Our interpreta-
tion of ice retreat across this region is anchored by cosmogenic nuclide
dating of 24 landscape features and is complemented by radiocarbon
dates (~550 total; largely marine shells and post-glacial organic mate-
rial), OSL ages on post-glacial sediments and the New England Varve
Chronology (Ridge et al., 2012). Due to the wealth of geochronological
information in this region, the uncertainty bounds are relatively low
throughout the deglaciation (between 40 km and 340 km; see Fig. 6i).

Cosmogenic nuclide dating suggests that ice in the Northeastern
United States was at the local terminal moraines at 25 ka (Balco et al.,
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2002; Corbett et al., 2017). Offshore, we show the 25-ka ice margin at
the continental shelf break based on available geochronological data
(Schlee, 1973; Schnitker et al., 2001). From 25 ka to 16.5 ka, we show a
progressive retreat of the ice margin northwestward across the region,
anchored by numerous cosmogenic nuclide ages on moraines (Balco
et al,, 2002; Balco and Schaefer, 2006; Hodgdon, 2016), a few
minimum-limiting radiocarbon ages, and earlier work that integrated
geomorphic mapping and ice retreat across the region (Stanford, 1993;
Stanford et al., 2020). Between 16.5 ka and 13.5 ka, ice retreat
continued, with large parts of low-lying coastal regions becoming
ice-free and, initially, inundated with marine water (Borns et al., 2004).
Retreat of the ice margin across the Northeastern United States through
this interval is constrained largely by (i) cosmogenic nuclide dating of
moraines and mountain peaks (Balco et al., 2009; Bierman et al., 2015;
Davis et al., 2015; Hall et al., 2017; Bromley et al., 2015, 2020), and (ii)
the new North American Varve Chronology (Ridge et al., 2012). There is
also evidence of regional ice thinning around this time as suggested by
the appearance and dating of nunataks (Davis et al., 2015; Koester et al.,
2017). A final feature of ice retreat across this region is the collapse of
ice from the St. Lawrence Lowlands at 12.5 ka, which resulted in a
widespread marine inundation by the Champlain Sea (Occhietti and
Richard, 2003; Richard and Occhietti, 2005). The ice margin then
stagnated north of the region at the St. Narcisse moraine (Occhietti et al.,
2011).

3.6. Eastern Great Lakes

The Eastern Great Lakes region is situated at the southeastern part of
the NAISC and includes the area surrounding Lake Erie and east of Lake
Michigan (Fig. 1). In terms of deglacial landforms, lobate moraines are a
prominent feature of the landscape, with notably extensive moraines
emanating outward from Lake Erie (Fig. 2; Goldthwait et al., 1967). Our
depiction of the deglaciation of the Eastern Great Lakes is guided largely
by radiocarbon dates (~710 total), along with extensive regional map-
ping of the aforementioned lake-border moraines. The uncertainty
bounds are relatively large (between 550 km and 650 km) between 25
ka and 17.5 ka due to the lack of available constraints at these
time-steps. From 17 ka onwards the uncertainty bounds range between
180 km and 370 km (see Fig. 6j).

Between 25 ka and 20 ka, we show a gradual retreat of the ice margin
in the Eastern Great Lakes following a multiproxy analysis of ice dy-
namics (including chronology, stratigraphy, geomorphology and sedi-
mentology associated with local moraine systems) by Heath et al.
(2018), fitted to the location of mapped moraines in this region (Flint
et al., 1959). In some regions the ice margin is poorly constrained and
we align it with local chronological and geological work of Loope et al.
(2018a) which suggests the maximum local ice extent was reached
around 24 ka. From 19.5 ka to 16.5 ka, we show a gradual retreat of ice
northward across the region. Starting at 16.5 ka, we show ice retreating
toward the northeast into Lake Erie, which resulted in several successive
ice-contact proglacial lakes (Barnett, 1985; Barnett and Karrow, 2018).
Retreating ice then stabilized at the extensive Port Huron Moraine by
15.5ka (Karrow et al., 2000), which resulted in a broad outwash plain to
the west (Blewett et al., 1993; Schaetzl and Weisenborn, 2004; Schaetzl
et al., 2017). Further retreat of ice into southwestern Ontario between
15 ka and 13 ka is guided by extensive geological and geochronological
work in the region (Mulligan et al., 2018).

3.7. Western Great Lakes

The Western Great Lakes region is situated at the southern part of the
NAISC and includes the area south and west of Lake Michigan, along
with the area south of Lake Superior (Fig. 1). In terms of deglacial
landforms, the region south of Lake Michigan is characterized by
extensive lobate moraines and ice-walled lake plains (Fig. 2; Johnson
et al., 1997; Clayton et al., 2008; Curry and Petras, 2011; Curry et al.,
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2014). Our portrayal of the ice retreat from the Western Great Lakes is
guided by cosmogenic nuclide dating of 11 landscape features (south of
Lake Superior), 119 post-glacial sites dated via OSL or luminescence
methods and minimum-limiting radiocarbon ages (~220 data points).
The uncertainty bounds in this region vary between 150 km and 400 km
(Fig. 6k and 1). Occasionally, around Lake Superior, the uncertainty
bounds are much smaller (<50 km), where the ice margin position is
well constrained by cosmogenic nuclide ages.

In terms of ice dynamics, south of Lake Michigan, we show ice
reaching its maximum extent at 23 ka following maximum-limiting
radiocarbon ages on sub-till organic material (largely wood and plant
macrofossils; Curry and Petras, 2011; Heath et al., 2018). We then show
a northward retreat of the ice margin, anchored by the position of
mapped moraines and supported by radiocarbon dating on organic
material contained in ice-walled lake plain deposits (Johnson et al.,
1997; Curry et al., 2010; Curry and Petras, 2011). The ice margin
reached the modern-day southern coastline of Lake Michigan by 17.5 ka,
and gradually retreated northward afterward. South of Lake Superior,
we show the ice configuration between 25 ka and 22 ka at the local
terminal moraines as suggested by cosmogenic nuclide dating of boul-
ders by Colgan et al. (2002) and Ullman et al. (2015). Starting at 22 ka,
we show a gradual retreat of the ice margin eastward toward Lake
Michigan and northward toward Lake Superior, anchored by additional
cosmogenic nuclide dating work from the aforementioned studies.
Retreat eastward toward Lake Michigan was interrupted by a pro-
nounced re-advance at 14 ka (Two Creeks forest bed; Lowell et al.,
1999). By 12 ka, the ice margin had retreated northward into Lake Su-
perior. We finally show a brief southward re-advance toward the
southern shoreline of Lake Superior at 11.5 ka as determined by the
radiocarbon dating of buried forests near Marquette, Michigan (Lake
Gribben forest bed; Hughes and Merry, 1978; Lowell et al., 1999).

3.8. Hudson Bay

The Hudson Bay region comprises an extensive area of central Can-
ada, spanning both marine and terrestrial environments (Fig. 1).
Deglacial landforms consist of extensive moraines, eskers and proglacial
lake sediments (Fig. 2; Prest et al., 1968; Storrar et al., 2013; Gauthier,
2022a). Our interpretation of ice retreat across the region is guided
largely by these deglacial features, the age and location of radiocarbon
dates (~250 total; largely marine shells) and recent studies that have
tracked ice retreat across this region (Roy et al., 2015; Gauthier et al.,
2020). The uncertainty bounds remain constant at 260 km in the area of
the Hudson Strait sill between 25 ka and 11 ka as they are defined by the
distance between the present-day coastline (minimum) and continental
shelf break (maximum; see Fig. 6m). From 10.5 ka to 8.5 km the un-
certainty bounds are high, spanning up to 1500 km at 9.5 ka, which
reflects the dynamic nature of ice retreat through Hudson Strait and
across Hudson Bay at these time-steps (Fig. 61 and m; Laymon, 1991;
Stravers et al., 1992; McMartin et al., 2013).

Our depiction of the deglaciation of the Hudson Bay region begins at
12 ka. At that time, over Quebec, we assume a constant rate of retreat
and align the ice margin to mapped moraines (Occhietti, 1980; Bolduc,
1995; Govare, 1995; Occhietti et al., 2011), guided by
minimum-limiting radiocarbon ages. Closer to the Quebec/Ontario
border, our ice margins follow the reconstructions of Veillette (1994),
which are based largely on evidence from glacial lakes that occupied a
re-entrant of the interlobate zone as the ice sheet retreated (along with
the deposition of the Harricana Interlobate moraine; Hardy, 1977;
Vincent and Hardy, 1977; Veillette, 1988; Breckenridge et al., 2012). At
9 ka, we show a brief re-advance, mapped after Godbout et al. (2019)
and references therein (e.g. Boissonneau, 1966; Paulen, 2001; Roy et al.,
2011; Breckenridge et al., 2012; Veillette et al., 2017). Next, at 8 ka, we
show a fully collapsed ice sheet over Hudson Bay, the timing of which is
correlated to the final drainages of glacial Lake Agassiz and Lake
Ojibway (Gauthier et al., 2020; Brouard et al., 2021). Southwest of
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Hudson Bay, the retreat of ice over Manitoba and adjacent areas of
Ontario is largely informed by the recent deglaciation work of Gauthier
et al. (2022) and correlated to earlier work on varves by Breckenridge
et al. (2004) and Breckenridge (2007). Following Gauthier et al. (2022),
we show a re-advance into Manitoba at 11 ka, resulting in the prominent
Pas moraine. By 8.5 ka, we show the final stand of ice over Hudson Bay.

3.9. American midcontinent

The American Midcontinent, situated along the southern margin of
the NAISC (Fig. 1), hosted two key ice stream lobes during deglaciation
(James and Des Moines lobes). The glacial history of this region is pre-
served in several prominent hummocky moraines and the deglacial re-
cord is extensively documented in regional mapping projects (Fig. 2;
Ruhe, 1952; Kemmis et al., 1981; Harris, 1998; Lusardi et al., 2011;
Mickelson and Attig, 2017). Generally, the lateral extent of these ice
streams is well defined, based on lateral moraines, shear moraines, and
transition from streamlined to non-streamlined terrain. However, the
frontal position of the ice streams is subject to uncertainty because they
are known to have oscillated (Patterson, 1997a; Lusardi et al., 2011).
Our depiction of ice retreat across the American Midcontinent is guided
by cosmogenic nuclide dating of 13 landscape features, 45 post-glacial
sites dated via OSL or luminescence methods, as well as the age and
location of radiocarbon dates (~180 total). The uncertainty bounds
remain constant at 350 km from 25 ka to 16 ka, reflecting the stability of
the ice margin, or the scale of the oscillation of the ice stream fronts, at,
or near, the maximum position in this region at this time (see Fig. 6n).
From 15.5 ka to 10 ka the uncertainties bounds are much larger,
reaching over 1000 km at 13.5 ka, but generally, they vary between 460
km and 850 km during these time-steps.

In terms of ice dynamics, between 25 ka and 18.5 ka, we align ice in
the eastern American Midcontinent with the extent of a till that is
mapped in southwestern Minnesota (Ruhe, 1969; Kemmis et al., 1981).
Although somewhat speculative, this ice configuration is supported by a
unique matrix texture and lithology in the surface till (Patterson, 1997a,
1997b; Lusardi et al., 2011). To the west of Lake Superior, ice retreat is
anchored to cosmogenic nuclide dating of successive moraines (Lowell
et al., 2021). At 17 ka, we show a short-lived ice advance of the Des
Moines lobe into Iowa that terminated at the well-studied Bemis
moraine (Clayton and Moran, 1982; Hallberg and Kemmis, 1986). Next,
between 17 ka and 12.5 ka, we show a progressive retreat in a north-
ward direction, interspersed by periodic ice re-advances that resulted in
the formation of moraines (Kemmis et al., 1981). One exception was a
short-lived (~100 yr) prominent (~200 km) eastward advance of the
Grantsburg sublobe at 15.5 ka (Cooper, 1935; Wright et al., 1973;
Johnson and Hemstad, 1998). The St. Louis sublobe also advanced as
others retreated, and the Red River lobe, which occupied the same valley
as Des Moines lobe but originated from a different ice stream, is another
example. Finally, retreat of ice from the western region is tracked by
cosmogenic nuclide dating of associated boulders by Heath et al. (2020).

3.10. Southern Interior Plains

The Southern Interior Plains region is located in west-central Canada
(Fig. 1). In terms of deglacial landforms, the landscape includes hum-
mocky terrain, glacial lake sediments and sand dunes built from
reworked glacial lake sediments, outwash plains and moraines (see
Fig. 2 as well as Prest et al., 1968; Fulton, 1995; Atkinson et al., 2016;
Wolfe et al., 2016; Norris et al., 2017; Utting and Atkinson, 2019). Our
portrayal of ice retreat across this region is guided by cosmogenic
nuclide dating of 7 landscape features, 76 post-glacial dune sites dated
via OSL or other luminescence methods, and by radiocarbon dates
(~240 total). The uncertainty bounds are large (1200 km) between 25
ka and 20 ka due to the sparse coverage of ages that date ice advance
across the region (see Fig. 60). Between 19.5 ka and 15.5 ka uncertainty
bounds remain constant at 220 km, due to the stability of the ice margin
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at, or near, its maximum position in this region at this time. During the
initial ice retreat (between 15 ka and 14 ka) the uncertainty bounds
become large again (sometimes spanning 1150 km), reflecting the dy-
namic nature of ice retreat at this time and from 12.5 ka onwards the
uncertainty bounds are small (~150 km), where the ice margin position
is well constrained by cosmogenic nuclide ages.

In terms of ice dynamics, between 25 ka and 15.5 ka, we show the ice
margin extended to the maximum extent of till in Montana, as supported
by extensive mapping of glacial deposits (Fullerton et al., 2004). This ice
position is supported by cosmogenic nuclide dating of ice-rafted boul-
ders in glacial Lake Musselshell, which were derived from the Lauren-
tide Ice Sheet (Davis et al., 2006a). Next, at 15 ka, we show the initial
detachment of the Laurentide and Cordilleran ice sheets, demarcated by
cosmogenic nuclide dating of the Foothills Erratics Train (Jackson et al.,
1997; Margold et al., 2019; Clark et al., 2022b). Cosmogenic nuclide
dating in northeastern British Columbia suggests that the 14-ka interval
is the first time where the Cordilleran and Laurentide ice sheets were
separated along their entire length (Clark et al., 2022b). We then show
rapid retreat of the ice margin northeastward across the Southern
Interior Plains based on mapping of glacial landform features (Evans
et al., 2014; Norris et al., 2017; Atkinson et al., 2014, 2018) and OSL
dates from post-glacial aeolian sand and dune fields (Wolfe et al., 2007;
Munyikwa et al., 2011). Finally, we show ice at or near the Cree Lake
moraine between 13 ka and 11.5 ka as supported by multiple 10Be
cosmogenic nuclide dates at three separate sites (Norris et al., 2022).

3.11. Keewatin dome

The Keewatin Dome was a key feature of the NAISC that was situated
on the Canadian Shield west of Hudson Bay (Fig. 1). The glacial
geomorphological record includes a myriad of eskers, along with
moraine ridges, meltwater channels and glacial lake deposits (Fig. 2;
Prest et al., 1968; McMartin and Henderson, 2004; Storrar et al., 2013;
Hodder et al., 2016; McMartin et al., 2020). Our depiction of ice retreat
across this region is anchored only by cosmogenic nuclide dating of 2
landscape features and is supported by ~90 radiocarbon ages. The un-
certainty bounds of this region range between 200 km and 700 km,
reflecting an overall lack of geochronological constraints (Fig. 60 and q).

Cosmogenic nuclide dating of boulders suggest that retreat of the
Keewatin ice margin slowed at the western limit of the Canadian Shield
around 13 ka to 12 ka (Reyes et al., 2022). Following this relative slow
down, the deglaciation of Keewatin resumed at 11 ka until 7.5 ka;
however, the pace of retreat is largely assumed since there are few
geochronological constraints over the region. Our depiction of ice
retreat through this interval is based on (i) recent mapping of the glacial
geomorphology and surficial geology in eastern Keewatin (McMartin
et al., 2021), (ii) ensuring a perpendicular placement relative to eskers
(Prest et al., 1968; Storrar et al., 2013), and (iii) alignment of the 9-ka
ice margin to the McAlpine and Chantrey moraines (Prest et al.,
1968). By 7.5 ka, we show final remnant ice over Keewatin, which is
based on recent landform mapping and glacioisostatic uplift of deposits
containing marine shells along the western coast of Hudson Bay (Dredge
and McMartin, 2007; McMartin et al., 2015).

3.12. Northwestern margin

The Northwestern Margin occupies the northwestern extremity of
the Laurentide Ice Sheet, largely within the Northwest Territories south
to its southerly border at 60°N with British Columbia and Alberta
(Fig. 1). In terms of deglacial landforms, this region is characterized by
hummocky terrain with some eskers, meltwater channels, moraine
ridges and glacial streamlined landforms (Fig. 2; Prest et al., 1968;
Fulton, 1995; Storrar et al., 2013; Evans et al., 2021; Dulfer et al., 2023).
Our portrayal of ice retreat across the Northwestern Margin is guided by
cosmogenic nuclide dating of five landscape features, five IRSL and four
OSL ages on preglacial dune sands which provide a maximum constrain
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on the advance, seven OSL ages on postglacial sands which provide a
minimum constraint on deglaciation, and ~90 radiocarbon dates that
offer minimum age constraints on ice retreat. This region has the largest
uncertainty bounds of any region within the NAISC. The uncertainty
bounds exceed 1000 km at most time-steps, with the exception of the
15.5ka, 15 ka, and 14.5 ka time-steps, where the uncertainty bounds are
reduced to 500 km, 820 km, and 850 km respectively (see Fig. 6p). This
uncertainty reflects an overall lack of geochronological control on the
timing of ice advance and retreat across the Northwestern Margin.

Between 25 ka and 17 ka very little is known about the timing of ice
advance in the Northwestern Margin, although the spatial extent of the
local maximum is well-defined by surficial mapping studies (e.g. Duk--
Rodkin, 1999, 2022). We show the ice margin advancing from a reduced
extent between 25 and 22.5 ka, and then through to 18.5 ka at the same
position as the Sitidgi Stade (mapped from moraines; see Hughes, 1987;
Rampton, 1988), which is roughly 100-150 km inland of the
present-day coastline. The formation of lakes in the unglaciated Blue-
fish, Bell and Old Crow basins to the west of the Richardson Mountains is
dependent on the Laurentide Ice Sheet blocking the preglacial drainage
to the east from these basins (Kennedy et al., 2010). Accordingly, the
presence of these lakes from 22 ka onwards suggests that the North-
western Margin was at or near the local maximum position along the
Richardson Mountains at this time. Starting at 18.5 ka, we show the ice
beginning to slowly advance to the local maximum ice extent, which
occurs at 17.5 ka. During the local maximum ice extent the ice margin
extended to the continental shelf break in the Beaufort Sea, as indicated
by undated seismic reflection data from the Beaufort Sea (Batchelor
et al., 2014; King, 2015; MacLean et al., 2015; O’Regan et al., 2018) as
well as corroborative evidence for an ice advance from the stratigraphic
record along the coastline (Toker Point Stadial; Rampton, 1988) and the
entirety of Herschel Island being a glacial thrust mass on North Yukon
Coastal Plain (Rampton, 1988). Along the Richardson and Mackenzie
mountain ranges, the maximum extent is based on surficial mapping
work (Duk-Rodkin, 1999, 2022). The 17.5 ka age of this ice advance is
suggested by nine OSL dates of sub-till sand deposits along the shoreline,
suggesting ice advance must have occurred after 18.5 ka (Murton et al.,
2015). Starting at 17.0 ka, deglaciation of the Northwestern Margin had
begun, based on cosmogenic nuclide dating of boulders in the central
Mackenzie Mountains (Stoker et al., 2022). A short-lived local Last
Glacial Maximum is supported by OSL dates from pre-Laurentide and
postglacial sands in the Mackenzie Delta region (Bateman and Murton,
2006; Murton et al., 2007, 2015). Finally, from 16 ka to 13 ka, we show
the ice margin retreating gradually eastward, following (i) the outer-
most ridges of hummocky terrain belts (mapped by Evans et al., 2021);
(ii) moraines (Sitidgi Stade moraines; Hughes, 1987; Rampton, 1988),
(iii) the topographic relief of the Mackenzie Basin, damming of several
glacial lakes (e.g. glacial Lake Mackenzie; Smith, 1992; Couch and Eyles,
2008), and (iv) cosmogenic nuclide dating of erratic boulders in the
middle reaches of the Mackenzie River and on the ridges of the Franklin
Mountains immediately east of it (Stoker et al., 2022).

3.13. Banks and Victoria islands

Banks and Victoria islands are located at the northwesternmost
extent of the Laurentide Ice Sheet (Fig. 1). The glacial history of this
region is preserved in landscape-scale lineations, shoreline marine
inundation, hummocky terrain, meltwater channels and eskers (see
Fig. 2 as well as Fyles, 1963; Prest et al., 1968; Dyke et al., 2003b;
Storrar and Stokes, 2007; Stokes et al., 2006, 2009; Lakeman and En-
gland, 2013). Our interpretation of ice retreat over this region is guided
largely by the age and location of minimum-limiting radiocarbon dates
(~190 total, largely marine shells). The uncertainty bounds for
Amundsen Gulf (south of Banks and Victoria islands) remain constant at
400 km from 25 ka to 16.5 ka as they are defined by the distance be-
tween the present-day coastline (minimum) and continental shelf break
(maximum; see Fig. 6q). From 16 ka to 14 ka the uncertainty bounds are
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between 250 km and 50 km, when the optimal ice margin is located at
the present-day coastline. From 13.5 ka onwards the uncertainty bounds
vary widely between 250 km and 700 km, reflecting uncertainties in the
geochronological constraints during these time-steps.

In terms of ice dynamics, we show a fully glaciated Banks and Vic-
toria islands between 25 ka and 15 ka, with ice extending to the conti-
nental shelf break at 25 ka and progressively retreating until 15 ka. This
ice extent is based on geomorphological evidence from Margold et al.
(2015b) that suggests the presence of large ice streams (and therefore
the extension of the ice margin) on the continental shelf, as well as
seismic surveys and mapping of the continental shelf in the Beaufort Sea
(Batchelor et al., 2012; King et al., 2014). More recent work places the
M’Clure Ice Stream to within 8 km of the shelf edge (Batchelor et al.,
2016). Because the lines of evidence are undated, maximum ice extent is
not well constrained and is herein assumed to be at 25 ka. Next, starting
at 14.5 ka, we show progressive deglaciation of Banks Island, following
extensive radiocarbon dating of postglacial marine shells and geomor-
phic mapping (England et al., 2009; Lakeman and England, 2012, 2013).
By 13 ka, ice began retreating eastward across Victoria Island, and
several moraines on the southwestern peninsulas suggest cycles of
advance/stagnation that likely correspond to the Younger Dryas (Dyke
and Savelle, 2000; Dyke et al., 2003b). Finally, between 12 ka and 10 ka,
we show retreat across Victoria Island that is largely interpolated and
follows the general position of mapped moraines, where available, as
well as maintaining the ice margin perpendicular to eskers (Fyles, 1963;
Storrar and Stokes, 2007). Innuitian and Laurentide ice had fully sepa-
rated by 10.5 ka.

3.14. Cordilleran Ice Sheet

The Cordilleran Ice Sheet occupied the westernmost region of the
NAISC, bordering the Pacific Ocean (Fig. 1). Deglacial landforms include
a variety of eskers, meltwater channels, incised glacial lake sediments,
and perched deltas (see Fig. 2 as well as Prest et al., 1968; Margold et al.,
2011; Dulfer and Margold, 2021). Our depiction of the deglaciation of
this region is anchored by cosmogenic nuclide dating of 38 landscape
features and is complemented by ~580 radiocarbon ages. The uncer-
tainty bounds for the Cordilleran Ice Sheet are generally small, varying
between 30 km and 350 km at all time steps (see Fig. 6r, s, t, and u). The
smallest uncertainty occurs between 17.5 ka and 13 ka along the Pacific
Coast, where the position of the ice margin is constrained by numerous
cosmogenic nuclide exposure sites (see Fig. 6s). The relatively small
uncertainty bounds for the northern and western sectors of the Cordil-
leran Ice Sheet likely reflect the smaller size of the region when
compared with regions across the Laurentide Ice Sheet, rather than the
robustness of the geochronological constraints.

The margins of the Cordilleran Ice Sheet reached their local LGM
extent asynchronously. Between 25 ka and 24.5 ka we show a frag-
mented Cordilleran Ice Sheet that was gradually building toward its
maximum extent. A not-yet-fully coalesced ice sheet during this interval
is suggested by numerous radiocarbon ages on organic material located
below till (Fulton, 1971; Clague et al., 1980; Naughton et al., 2003). The
exception is the northern margin of the Cordilleran Ice Sheet, where
radiocarbon ages from the Yukon indicate ice advance occurred prior to
25 ka (Jackson and Harington, 1991). We show the Cordilleran and
Laurentide ice sheets coalesced east of the Rocky Mountains at 22.5 ka
and Cordilleran ice at its maximum western extent, midway along the
continental shelf, around 20 ka (following a hiatus in deposition of
mammal bones on Prince of Wales Island; Lesnek et al., 2018; Shaw
et al., 2020). The maximum extension of the western margin of the
Cordilleran Ice Sheet was short-lived. Retreat, which began at 18.5 ka, is
largely anchored to cosmogenic nuclide dating of boulders by Darvill
etal. (2018, 2022) as well as Lesnek et al. (2018, 2020b). The maximum
southern extension of the Cordilleran Ice Sheet was also short-lived,
with a maximum around 17.5 ka (Porter and Swanson, 1998; Cosma
et al,, 2008; Taylor et al., 2014; Balbas et al., 2017) and retreat
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beginning before 16 ka. Retreat of the Puget Lobe at the southwest
margin of the ice sheet is supported by numerous radiocarbon ages on
sub-till and post-glacial organic material and local cosmogenic nuclide
dates (Porter and Swanson, 1998; Borchers et al., 2016; Balbas et al.,
2017). Similarly, we show the northern margin retreating after 16 ka,
albeit the timing of initial retreat is sparsely dated, particularly in the
Mackenzie Mountains (Stroeven et al., 2010; Menounos et al., 2017).
Deglaciation of the Cordilleran Ice Sheet involved complex frontal
retreat of glaciers through the mountainous terrain accompanied by
ice-sheet thinning (Margold et al., 2013, 2014; Clague, 2017; Menounos
et al., 2017; Dulfer et al., 2021; Darvill et al., 2022). Following sepa-
ration of the Cordilleran and Laurentide ice sheets at 14 ka, ice persisted
over the Rocky Mountains for a further 2 ka based on cosmogenic
nuclide ages from opposite sides of the mountain range (Dulfer et al.,
2021; Clark et al., 2022b). At 11.5 ka, we use, and expand on, a
geomorphology-based reconstruction of the central sector of the
Cordilleran Ice Sheet during a regional readvance of the ice sheet in the
late glacial by Dulfer et al. (2022). From 10 ka onward, the extent of ice
is likely less than or equal to the present-day distribution. Therefore, we
stop the reconstruction of the Cordilleran Ice Sheet at 10 ka.

3.15. Alaska

We reconstructed ice margins across Alaska differently than else-
where. Instead of working from the primary data, we interpolated be-
tween the few ice extents that are depicted in version 2 of the Alaska
PaleoGlacier Atlas (Kaufman et al., 2011), which provides a detailed
overview of the disintegration of ice over the Alaska region (http://
akatlas.geology.buffalo.edu/). In terms of ice dynamics, prominent
moraine systems encircle high-elevation mountain ranges in this region,
which suggest that, at the Last Glacial Maximum, Alaska was not fully
glaciated. Rather, local mountain glaciers extended laterally, leaving
many lower-elevation regions ice-free (e.g. Wahrhaftig, 1958; Hamilton,
1994; Mann and Peteet, 1994; Ely et al., 2016). We show maximum ice
extent over high-elevation areas between 25 ka and 18.5 ka, including
local ice over the Brooks Range, Ahklun Mountains and the Alaska
Range. We then show a gradual reduction of ice over the Alaska Range,
as well as ice remaining over the Brooks Range and Ahklun Mountains
until 14 ka. Finally, from 12 to 1 ka, we show remnant ice over the high
elevation regions of the Alaska Range.

4. Discussion

Our reconstruction of the deglaciation of the NAISC between 25 and
1 ka represents the first version of North American Deglaciation Iso-
chrones, NADI-1. This work — complete with uncertainty bounds for
each isochrone - applies the same standards used to reconstruct
Eurasian ice sheets and creates a geochronological database of compa-
rable quality (Hughes et al., 2016; Clark et al., 2022a). This is a first step
towards a reconstruction of NAISC evolution at a similar level of pre-
cision as the Eurasian ice sheets, but does not include all the aspects of
some of these reconstructions (e.g. ice divide locations or Bayesian age
sequence modelling along ice-sheet-sector-scale transects; Clark et al.,
2022a). The paucity of geochronological constraints in some regions and
the size of the NAISC means that our understanding of the deglaciation is
of a lesser detail, as highlighted by our uncertainty bounds. The recon-
struction of Eurasian ice sheets, in particular the British-Irish Ice Sheet,
provides a framework for future versions of the NADI database, which
we discuss further in Section 4.6.

There are some important limitations to this work. First, we implore
users of these maps to consider that the ice margin could have been
anywhere between the minimum and maximum ice extents. This is
because, in some regions, the optimal ice margin is indeed a ‘best guess’
(e.g. interpolated or aligned with distinct features of glacial geo-
morphology) and there are large expanses where no chronological
constraints exist. These issues have been fully accounted for in the
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minimum and maximum ice extents. We also stress that, in many re-
gions, our work suggests that retreat of the ice margin was near-
continuous; however, in some cases ice retreat may have been inter-
rupted by minor readvances. This applies to most of the isochrones
except for specifically identified stillstands (see Supplementary Docu-
ment 1). Thus, the NADI-1 ice margins should be viewed as “snapshots”
of the ice margin at given time intervals, and do not necessarily repre-
sent stepwise retreat.

We generated several additional figures to aid in the discussion of
our work. The deglaciation of the NAISC occurred in tandem with
increased insolation in high northern latitudes (Berger and Loutre,
1991), which is known to drive retreat of ice sheets in the Northern
Hemisphere. Therefore, we plot insolation data and other relevant proxy
data in Fig. 7. In Fig. 8, we highlight the diachronous nature of the Last
Glacial Maximum. Finally, an overview of all NADI-1 timesteps is shown
in Fig. 9 and the complete NADI-1 is available in Supplementary
Document 3 (with relevant geochronological data) and Supplementary
Document 4 (without geochronological data). Shapefiles, additional
visualizations and spreadsheets of geochronological data are also
available in the Supplemental Documents and Tables.

4.1. Assessment of uncertainty

The explicit quantification of uncertainties in the form of minimum
and maximum isochrones within NADI-1 provides a substantial revision
on the previous generations of the NAISC ice margin chronology (e.g.
Dyke, 2004; Dalton et al., 2020). Capturing this uncertainty in ice
margin position is also necessary to constrain and validate numerical ice
sheet modelling (Tarasov et al., 2012; Stokes et al., 2015). Fig. 6 por-
trays the uncertainty bounds along flowlines in each region of the
NAISC, highlighting several regions where the uncertainty in the ice
margin position is high (>1000 km), including the Queen Elizabeth
Islands between 10.5 ka and 10 ka, Labrador Dome between 8.5 ka and 8
ka, Hudson Bay between 9.5 and 8.5 ka, American Midcontinent at 13.5
ka, Southern Interior Plains between 25 and 20 ka as well as 14.5 and
13.5 ka, and Northwest Margin at all time steps between 25 ka and 16 ka
as well as 14 ka. These high uncertainties often occur across regions that
are characterized by highly dynamic and rapid ice retreat. However, it
should be noted that the uncertainty bounds not only reflect the avail-
ability of geochronological data, but they are also dependent on the size
of the region (and thus the total length of the flowline). For example,
across the Cordilleran Ice Sheet the flowlines do not exceed 700 km, and
therefore, it is not possible for the uncertainty along this ice margin
retreat route to be as large as those recorded for several regions of the
Laurentide Ice Sheet, irrespective of the available chronology.

4.2. Calculations of areal extent

The NADI-1 isochrones suggest that North American ice sheets
reached their maximum areal extent (15,470,000 km?) at 22 ka. We
note, however, the significant uncertainties on the 22-ka ice margin,
especially as much of the marine sector of the NASIC is unconstrained by
geochronological data. More broadly, the areal extent between 22.5 and
19.5 ka remained essentially at a plateau in the range of 15,400,000 km?
(Fig. 7), which corresponds to a time of relative depletion of the
Greenland GRIP 80 record ice core (Rasmussen et al., 2014; Seierstad
et al.,, 2014), a similar depletion of the 8D record from the Antarctic
EPICA ice core (Stenni et al., 2001) and reduced insolation at 65°N
(Laskar et al., 2004).

The areal extent of the NAISC then decreased progressively until it
was essentially an order of magnitude smaller following the collapse of
Laurentide ice over Hudson Bay at ~8 ka (~1,802,000 km?). This
collapse occurred during a time of 3'80 enrichment in the Greenland
GRIP ice core (Rasmussen et al., 2014; Seierstad et al., 2014) and a
similar enrichment of the 8D record from the Antarctic EPICA ice core
(Stenni et al., 2001). After 8 ka, the NAISC consisted mostly of small
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Fig.7. (a) 580 record from the Greenland GRIP ice core (red; Rasmussen et al., 2014; Seierstad et al., 2014) and 8D (deuterium) record from the Antarctic EPICA ice
core (black) smoothed with a 500-year running average (Stenni et al., 2001). (b) Relative sea level curve from 22 ka to 3 ka (blue) from Carlson and Clark (2012)
based on a compilation of far-field sites extended to 25 ka using the sea level stack of Spratt and Lisiecki (2016) and mean summer insolation at 65°N (black; Laskar
et al., 2004). (c) Areal extent of the North American Ice Sheet Complex (Laurentide, Cordilleran and Innuitian ice sheets) from 25 ka to 1 ka. Black dots represent the
optimal ice margin whereas error bars represent minimum and maximum ice extents.

independent ice bodies that gradually decreased in area until they
reached <200,000 km? at 3 ka. Overall, these areal estimates compare
well with data reported in other literature, where the LGM is considered
to be ~21 ka (minimum in the marine §'%0 record; Martinson et al.,
1987), to sometime between 25 ka and 21 ka (minimum global mean sea
level, based on a variety of empirical and modelling efforts; Yokoyama
et al.,, 2000; Peltier and Fairbanks, 2006), to as early as 26.5 ka
(assessment of geochronological data to determine the largest ice extent;
Clark et al., 2009).

We focus our attention herein on areal extent because there is sig-
nificant complexity in converting areal extent to volume of ice. For
example, some of the land-terminating ice streams near the southern
margin of the Laurentide Ice Sheet slowly lost volume over time but
maintained a near-constant areal extent. This delays the exposure of the
subglacial landscape even where supraglacial debris is thin to absent. In
Ham and Attig (1996), debris-covered masses of stagnant ice became
separated from the active ice (fans emanate on all sides). They persist if
conditions are cold enough for their survival.
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4.3. Comparison between NADI-1 and earlier radiocarbon-based efforts

A comparison between NADI-1 and previous radiocarbon work
(Dyke, 2004; Dalton et al., 2020) is shown in Supplementary Document
5. By virtue of including a broader geochronological database and the
latest available mapping and glacial geomorphic studies, our work
represents a more complete deglacial chronology than previous efforts
(Bryson et al., 1969; Dyke, 2004; Dalton et al., 2020). The most imme-
diate difference between NADI-1 and earlier radiocarbon-based at-
tempts is the refinement of ice sheet evolution in regions where
cosmogenic nuclide methods have been applied. Notable examples
include (i) better constraint on the recession of ice across Northeastern
United States and the St. Lawrence Lowlands (Section 3.5; key studies:
Balco and Schaefer, 2006; Balco et al., 2002, 2009; Corbett et al., 2019);
(ii) enhanced information on ice dynamics in western Lake Superior
(Section 3.9; key study: Lowell et al., 2021); (ii) a more refined under-
standing of the unzipping of the Laurentide and Cordilleran ice sheets
(Sections 3.10 and 3.14; Margold et al., 2019; Clark et al., 2022b), and;
(iv) better constraint on the expansion and subsequent recession of the
Cordilleran Ice Sheet (Section 3.14; key studies: Darvill et al., 2018,
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Timing and extent of local Last Glacial Maximum (LGM)
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Fig. 8. The timing and extent of the local Last Glacial Maximum (LGM) across the North American Ice Sheet Complex (NAISC). Note the asynchronous nature of this
local maximum extent, with some regions attaining their maximum extent prior to 25 ka and others between 18.5 and 16.5 ka.

2022; Lesnek et al., 2018, 2020b; Dulfer et al., 2021). An in-depth possible to glean additional ice-margin data from these age constraints?

comparison between these studies is not possible here. However, we For example, given that some of them relate to peatland and lacustrine
note that, across most timesteps and regions, the isochrones from pre- deposits with associated paleoclimate data (largely via pollen and chi-
vious radiocarbon work (Dyke, 2004; Dalton et al., 2020) are captured in ronomids; Richard and Labelle, 1989; Fortin and Gajewski, 2016; Har-
our minimum and maximum ice extents (Supplementary Document 5). gan et al., 2020), it might be possible to extract useful information about

the distance to the neighboring ice margin. Studies that examine the
establishment of vegetation on recently deglaciated landscapes (known

4.4. Outstanding issues with NADI-1 as the ecesis) might be useful in this regard (e.g. McCarthy and Luckman,
1993; Gorham et al., 2007). It may also be worthwhile to investigate the
Regrettably, some relevant studies and data were unintentionally role of lacustrine fauna, which may more closely date early deglaciation
omitted from consideration in NADI-1. These papers were brought to our than terrestrial vegetation (Smith, 2000).
attention very late during the development of NADI-1 or in the review Another issue is local marine reservoir corrections (AR). These cor-
process. For transparency, we document these omissions in Supple- rections are influenced by several factors, including ocean circulation
mentary Document 6. These studies should be prioritized for inclusion in and regional biological processes (Stuiver et al., 1986; Stuiver and
NADI-2. Below, we outline some additional lingering issues that remain Reimer, 1993). Accordingly, they are not static over time and can vary
following our work on NADI-1. considerably when influenced by a variety of effects of a retreating ice
sheet and changing ocean circulation. Our AR corrections are based on
4.4.1. Improving ice-margin information from radiocarbon ages dedicated studies over broad regions of North America (Coulthard et al.,
Radiocarbon ages are by far the most widely available type of data 2010). However, there remain significant unknowns in this database
for reconstructing the position of NAISC margins through time. Like that only become apparent upon finding paired marine and terrestrial
other recent efforts to reconstruct continental ice sheets (e.g. Hughes radiocarbon ages. For example, while we rely largely on the AR cor-
et al., 2016; Clark et al., 2022a), our work places a greater emphasis on rections suggested by Coulthard et al. (2010) for Arctic Canada, we
some radiocarbon ages for delineation of the ice margin (i.e. those on  adopt significantly higher AR values for certain areas of and time-slices
terrestrial plant macrofossils in basal lake sediments). However, as in the Northeastern United States and the St. Lawrence River owing to
detailed in Section 2.5, most radiocarbon ages (83%) offer little or no  regional workers finding paired marine and terrestrial material for

indication of precisely when the ice sheet retreated from the area. Is it
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Fig. 9. Maps showcasing the 49 timesteps in NADI-1. Note that ice is restricted to the Canadian Arctic from 5.5 ka to 1 ka, and the maps are therefore truncated. In
the Supplementary Data, the complete NADI-1 chronology is available in PDF, GIF and shapefile formats, together with additional visualizations and spreadsheets of
geochronological data.
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radiocarbon dating (Occhietti and Richard, 2003; Richard and Occhietti,
2005; Thompson et al., 2011). In these cases, the AR was increased from
1 to 1.8 kyrs, as a result of poor circulation in the Champlain Sea, an
inland sea that filled the St. Lawrence Lowlands immediately following
deglaciation (Occhietti and Richard, 2003; Richard and Occhietti,
2005). This effectively shifted the deglaciation of this region to almost
1-kyrs later than previously documented. Highly variable AR values also
likely occurred following deglaciation of Hudson Bay and Arctic Canada
and finding paired marine and terrestrial radiocarbon ages (Vickers
et al., 2010) should remain a key priority in these areas. An alternative
approach might be assigning AR corrections for specific time intervals,
instead of a patchwork approach based on regional studies. This
approach was discussed by Clark et al. (2022a) when reconstructing the
expansion and retreat of the last British-Irish Ice Sheet. However, in
large-scale ice sheet reconstructions AR corrections remain “a problem
with no perfect solution” (Clark et al., 2022a).

4.4.2. Challenges in developing a cosmogenic nuclide database for use on a
continental scale

One of the key differences between NADI-1 and the previous gen-
erations of ice margin chronology for the NAISC (Dyke et al., 2003a;
Dyke, 2004; Dalton et al., 2020) is the integration of cosmogenic nuclide
exposure ages to directly date the ice margin position (Gosse and Phil-
lips, 2001; Balco, 2011). Our 10Be and 2°Al cosmogenic nuclide data
were extracted from expage, which is a global database that has been
compiled over a number of years. The expage calculator (version
201912; https://expage.github.io/calculator.html) allows us to treat
continental-scale cosmogenic nuclide data in a uniform manner,
applying the same production rate, scaling model, and glacio-isostatic
adjustment (GIA) correction calculation across the database.

There is currently no uniformly accepted method for calculating
exposure ages, with authors using a range of production rates, scaling
models, and corrections (e.g. for GIA, snow cover, and erosion). As a
result, calculated deglacial exposure ages may differ by > 1 ka (gener-
ally between 0 and 10% of the calculated age), depending on the chosen
calculation method. In some regions, the choice of calculation approach
has led to incompatible deglacial chronologies (Ullman et al., 2016;
Young et al., 2020; Clark et al., 2022b; Reyes et al., 2022; Stoker et al.,
2022). In the Northwest Territories, Stoker et al. (2022) found the choice
of production rate, which is the rate at which cosmogenic nuclides are
produced at a site where the age is known, has the largest influence on
the calculated exposure age. Exposure ages calculated using the Arctic
production rate which is influenced by the local GIA effect (Young et al.,
2013) are ~8.5% older than those calculated using the ‘primary’ cali-
bration dataset of Borchers et al. (2016). Alternatively, using the Arctic
production rate value, which has been corrected to remove the uplift
component, as originally suggested by Young et al. (2013), would likely
result in ages that are only a few percent older. Here we use a
time-dependent spallation production rate with reference °Be and 2°Al
production rates based on global average from calibration studies pub-
lished 2009-2019 (see Table S1 in Supplementary Document 2 for the
list of the calibration sites).

The choice of scaling model, which scales the production rate from a
known site to the sample site, taking into account several factors, such as
latitude and elevation, has a lesser effect on the calculated exposure age
(~2% difference; Stoker et al., 2022). Here we use the nuclide-specific
10Be and 2°Al LSD production rate scaling and geomagnetic frame-
work from Lifton et al. (2014). The LSD production rate scaling is based
on simulated cosmic ray flux and is physically the most advanced pro-
duction rate scaling model at this time, with empirical data supporting
the lack of geographic bias for the production rate scaling (Balco, 2020)
and the nuclide-specific scaling for 10Be and 20Al (Halsted et al., 2021).

Past erosion of the sampled surface and shielding by snow and
vegetation cover can affect the accumulation of cosmogenic nuclides,
resulting in a calculated exposure age which underestimates the true
deglaciation age of the sampled surface (Gosse and Phillips, 2001;
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Schildgen et al., 2005; Plug et al., 2007). Some exposure age calculators
allow you to apply corrections for these uncertainties based on inde-
pendent field observations or local climate data (e.g. Balco et al., 2008).
However, given that our database is on a continental-scale, we are un-
able to apply uniform corrections for surface weathering and snow and
vegetation cover. These processes do have a large effect at particular
sample sites, for example, in the Rocky Mountains where there is sig-
nificant present-day snow cover that has probably had a shielding effect
on the boulders (Dulfer et al., 2021). In such cases, calculated exposure
ages are likely to be younger than the true deglaciation age. Where this
is suspected, it has been noted in Supplementary Document 1.

The LSD scaling model assumes that atmospheric pressure has
remained stable over time. However, atmospheric pressure can vary due
to (1) elevation changes due to GIA (Jones et al., 2019); and (2) varia-
tions in atmospheric mass distribution over time (Staiger et al., 2007).
These two processes work against each other, although the extent to
which they offset each other is debated (Balco, 2020; Young et al.,
2020). There is currently no universally accepted method for accounting
for these processes, and the community remains divided, with some
authors reporting GIA-corrected ages and others not. However, as recent
work has shown that the effect of variations in atmospheric mass dis-
tribution over time is likely an order of magnitude lower than that of the
GIA generated effects (Cuzzone et al., 2016; Ullman et al., 2016; Dulfer
et al., 2021), and as the effect of GIA on the North American continental
crust is reasonably well modelled (Peltier et al., 2015; Lambeck et al.,
2017), we choose to apply a uniform correction for GIA to our cosmo-
genic nuclide database here.

4.4.3. Difficulties in merging disparate ice margins

A challenge in working on continental-scale ice dynamics is the need
to merge differing interpretations of ice sheet retreat based on the
application of various geochronological methods. Notably, across central-
western Canada in the 13-ka isochrone, our work combines the age of the
Cree Lake Moraine (dated via comogenic nuclide methods; Norris et al.,
2022) with the radiocarbon-based ice margins farther east (Gauthier
et al., 2022). Although typically considered as minimum-limiting, radio-
carbon ages in this case more closely relate to the ice marginal position
because the ice margin is necessary to impound local glacial lakes (i.e.
glacial Lake Hind; Gauthier, 2022b; Gauthier et al., 2022). The resulting
ice margin is irregular across the landscape, effectively bisecting the
eastern Cree lake Moraine In order to connect with the more southerly ice
margins to the east (Fig. 5). This ice configuration is the function of
merging these two different interpretations and is ultimately not glacially
viable and this remains unfixed. These concerns are illustrated in a recent
paper by Fisher and Breckenridge (2022) who examined the timing of
drainage of glacial Lake Agassiz, which was directly controlled by this
receding ice margin. The authors argue that the age of the Cree Lake
Moraine (dated via comogenic nuclide methods; Norris et al., 2022)
would result in an opening of the northwestern outlet earlier than pre-
viously proposed by Fisher and Breckenridge (2022). We stress that our
minimum and maximum ice extents were designed to capture any of these
uncertainties. However, we agree this issue needs to be addressed since
the drainage of glacial Lake Agassiz is directly linked to the configuration
of the ice margin.

Another region where we had difficulty in merging two disparate
margins was the Northwestern Margin. In that region, the NADI-1
reconstruction suggests ice reached its altitudinal limit along the
Richardson Mountains around 22 ka. However, evidence from the
coastline suggests its northern aerial limit was only reached around 17.5
ka (Bateman and Murton, 2006; Murton et al., 2015). The delay in
reaching the northern areal limit is difficult to reconcile since, glacio-
logically, ice flow to the Richardson Mountains would require extension
to the continental shelf break. Modelling work might offer some insights
into a more realistic ice margin in this case. Minimum and maximum
uncertainties are generous in this region through this interval to account
for these concerns.
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4.5. Key events in the ice margin sequence

Here we provide a brief overview of key deglacial events in the ice
margin sequence. We briefly summarize our findings as they relate to the
timing of ice advance across western North America, the asynchronous
nature of local LGMs, the opening of the ice-free corridor, and the
collapse of ice over Hudson Bay.

4.5.1. The advance of the western Laurentide and Cordilleran ice sheets

Chronological constraints on ice sheet advance are more uncertain
than those on ice retreat because the evidence is more difficult to find,
and research is generally focused on ice retreat (see Fig. 4). While NADI-
1 is also largely focused on constructing isochrones that capture the
timing of ice retreat across the NAISC, we start our reconstruction at 25
ka, when the Cordilleran and Laurentide ice sheets were not yet coa-
lesced, which means that NADI-1 also presents a reconstruction of ice
advance in these areas. The ice advance phase of the Laurentide Ice
Sheet is relatively poorly constrained, and its understanding relies
heavily on numerical ice sheet modelling (Stokes et al., 2012). Of
particular importance here is the nature of ice-buildup, for example,
whether local ice masses in upland areas played a role in the pattern and
timing of ice advance to the local maximum (Ives, 1957; Williams, 1978,
1979; Bromwich et al., 2002). Our key data point for timing the Lau-
rentide advance towards the Cordillera is a single radiocarbon age on a
horse bone near Edmonton of 25.6 ka that indicates ice free conditions at
this time (Young et al., 1994; Heintzman et al., 2016). We thus show ice
advancing across the Interior Plains (‘Northwestern Margin’ and
‘Southern Interior Plains’ sectors of this reconstruction) from 25 ka until
the coalescence of the Cordilleran and Laurentide ice sheets at 22.5 ka.
This represented, for the first time in the Quaternary, a coalescence of
the Laurentide and Cordilleran ice sheets (Batchelor et al., 2019). At the
same time, we show ice advancing outwards from the Rocky Mountains
based on several maximum-limiting radiocarbon ages from the Rocky
Mountain Trench and the Interior Plateau (Dyck et al., 1965; Lowdon
et al,, 1971; Clague, 1980). We acknowledge that the uncertainty
bounds on ice advance in these regions are large and that further
quantitative dating is required to reduce this uncertainty. The relatively
late advance to the maximum position of the western Laurentide Ice
Sheet likely reflects the long response time of MIS 3 Labrador and
Keewatin ice masses to the global cooling that led to the LGM (Kleman
et al., 2010; Batchelor et al., 2019; Gowan et al., 2021; Dalton et al.,
2022), as well as the large distances the ice margin had to advance be-
tween the ice domes and across the Interior Plains. The westward
expansion of Laurentide ice can also be seen in the early Maskwa phase
for the Des Moines lobe in the Buffalo Corridor (Ross et al., 2009).

4.5.2. Asynchronous last glacial maximum

The maximum extent in different sectors of global ice sheets did not
occur synchronously. Ice sheet build-up is influenced by a variety of
factors in Greenland (Sinclair et al., 2016), the Eurasian Ice Sheet
Complex (Hughes et al., 2016) and the Patagonian Ice Sheet (Davies
et al., 2020). Similarly, the local LGM across the NAISC was asynchro-
nous in nature, with some regions attaining their maximum extent prior
to 25 ka and others as late as between 18.5 and 17.5 ka (Fig. 8). The
earliest documented local LGM occurred along parts of the southern
margin of the Laurentide Ice Sheet at ~27 ka (Curry et al., 2018; Loope
et al., 2018b). We show the maximum extent of the marine terminating
margins of the Innuitian Ice Sheet and eastern Laurentide Ice Sheet as
also occurring by 25 ka, although this needs to be confirmed by quan-
titative dating methods. This is not dissimilar to regions of the
British-Irish Ice Sheet where the close geographic proximity of ice source
areas to the narrow continental shelf allowed the maximum extent in
some regions to be reached rapidly (Clark et al., 2022a). Contrastingly,
the Northwest Margin of the Laurentide Ice Sheet reached its local
maximum position as late as ~17.5 ka (Richardson Mountains; Kennedy
et al., 2010; Lacelle et al., 2013; Murton et al., 2015). This may be a
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result of the relatively late coalescence of the Cordilleran and Laurentide
ice sheets at ~22.5 ka and large distances between this ice source area
and the maximum ice margin position in the Northwest Territories. A
moisture deficit and/or shifting continental air masses may have also
played a role in this late coalescence (Manabe and Broccoli, 1985;
Kageyama and Valdes, 2000).

The Cordilleran Ice Sheet also exhibited an asynchronous LGM
(Fig. 8), as suggested by numerous ice advance radiocarbon ages on
organic material located below till (Clague, 1980; Clague et al., 1980;
Porter and Swanson, 1998; Ward and Thomson, 2004; Mathewes and
Clague, 2017). The northern sector of the Cordilleran Ice Sheet, over
Yukon and Alaska, reached its maximum ice extent prior to 25 ka
(Jackson and Harington, 1991) and Cordilleran ice reached its
maximum western extent around 20 ka following a hiatus in deposition
of mammal bones on Prince of Wales Island (Blaise et al., 1990; Cosma
et al., 2008; Lesnek et al., 2018). However, the maximum southern
extent occurred much later, with the maximum extent of the Purcell
Trench lobe at 18.5 ka, the Juan de Fuca and Okanogan lobes at 18 ka,
and finally the Puget lobe at 17.5 ka (Porter and Swanson, 1998; Cosma
et al., 2008; Taylor et al., 2014; Balbas et al., 2017). The mechanism
behind this late southern advance of the Cordilleran to its local LGM
position, which occurs while other sectors of the ice sheet are already in
retreat, has long been considered enigmatic. This late advance is out of
phase with the alpine glacial maximum in the surrounding Olympic and
Cascade mountains that occurred at ~25 ka (Thackray, 2008; Riedel
et al., 2010; Riedel, 2017). Given that mountain glaciers are sensitive
indicators of environmental change and respond rapidly to climate
forcing (Oerlemans, 2005), the late advance of the southern Cordilleran
margin is possibly not a reflection of changes in atmospheric circulation
and precipitation over time, but rather, changes in the internal dynamics
of the ice sheet. It follows that this late advance may also be related to
the coalescence of the Cordilleran and Laurentide ice sheets at ~22.5 ka
and formation of the ice saddle causing variations in ice flow across the
Cordillera.

4.5.3. Opening of the ice-free corridor

The timing of the opening of the ice-free corridor is a critical concern
for human and animal migration between eastern Beringia and conti-
nental North America south of the ice sheets (Bednarski, 2008; Heintz-
man et al., 2016; Becerra-Valdivia and Higham, 2020), as well as for the
sea-level rise during Meltwater Pulse 1A (Gregoire et al., 2016; Lin et al.,
2021). Our work suggests the detachment of the Laurentide and
Cordilleran ice sheets took place gradually via southerly and northerly
‘unzipping’ of the ice masses. The initial detachment of the southern
portion is demarcated by the Foothills Erratics Train, which was dated to
15 ka, preceded by an earlier lowering of the Laurentide Ice Sheet sur-
face at its contact with the Rocky Mountain front (Margold et al., 2019;
Clark et al., 2022b). The northern portion has its early ice sheet surface
lowering dated to 17.0 ka, with ice remaining in the central Mackenzie
Valley until ~15 ka (Stoker et al., 2022). We show the completed
unzipping of the corridor at 14 ka, following a recently published
transect of cosmogenic nuclide ages (Clark et al., 2022b). However, the
cosmogenic nuclide ages available for the ice-free corridor region are
subject to uncertainty associated with the age calculation roughly at the
order of 10% of the calculated age (see Section 4.4.2). While different
assessments of the opening of the ice-free corridor vary from early (after
16 ka; Potter et al., 2018) to late (between 15 and 14 ka; Pedersen et al.,
2016), this is covered within the uncertainty bounds of our ice margin
chronology (i.e. by the minimum and maximum ice extent) dictated by
the uncertainties in the primary data. However, careful cleaning of the
radiocarbon dates (Froese et al., 2019) along with incorporation of the
10Be and OSL ages, produces a consistent intermediate model (Norris
et al., 2022). This intermediate model is consistent with bison genetic
data that indicates a full unzipping by 13.2 ka (Heintzman et al., 2016).
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4.5.4. Collapse of ice over Hudson Bay

The collapse of ice over Hudson Bay resulted in abrupt freshwater
input into the North Atlantic and is potentially responsible for triggering
the 8.2 ka cooling event that is recognized in sites across the Northern
Hemisphere (Barber et al., 1999; Gregoire et al., 2012; Matero et al.,
2017; Carlson et al., 2021). Following extensive analysis of local land-
forms and radiocarbon ages by Gauthier et al. (2020) we show the final
stand of ice over Hudson Bay at 8.5 ka, with the collapse at 8.11 + 0.19
ka. This collapse occurred parallel to a two-step drainage of impounded
glacial lakes, which is supported by new shoreline records (Godbout
et al., 2020).

4.6. Future work

4.6.1. Regions with poor geochronological control

Our work on NADI-1 highlights numerous regions across the NAISC
where ice dynamics remain poorly understood due to a lack of
geochronological control. These regions should be a focus of future
work. Notably, the advance of the western margin of the Laurentide Ice
Sheet is sparsely dated (uncertainty bounds >1000 km). Thus, studies in
the Southern Interior Plains and Northwestern Margin regions should
focus on dating ice advance toward the local last glacial maximum.
Known sedimentary sections could be targeted for this work (e.g. Evans
et al.,, 2021). The availability of new geochronological methods en-
courages us to revisit previously described sedimentary sections (Duk--
Rodkin and Hughes, 1992; Smith, 1992). This approach has been
successfully applied by Evans et al. (2021) in the Smoking Hills region.

In addition, the timing of extension of ice cover to the Canadian
continental shelf break along much of the NAISC perimeter at the LGM
remains almost entirely unknown, except for regions of past ice
streaming where we have sufficient seismic coverage. Priority areas for
study include the Queen Elizabeth Islands, the Laurentide Ice Sheet off
the coast of Baffin Island, Labrador, and Newfoundland. New studies
should focus on dating marine sedimentary sequences from the conti-
nental shelf and slope (see Andrews, 1998; Stokes et al., 2015).

Ice retreat across the islands of the Queen Elizabeth Islands is largely
anchored on ice free radiocarbon dates from marine shells. This in-
troduces uncertainties related to local marine reservoir corrections that
could be reduced by applying different dating techniques in this region,
such as cosmogenic exposure dating or improved regional, marine
reservoir corrections (Pienkowski et al., 2022). It is also notable that
large regional moraines are not found in many parts of Canada, notably
the Queen Elizabeth Islands. The glaciological reason for this is un-
known but may be possible to explore via modelling.

Key undated moraine sequences that record the maximum position
of the southern margin of the Laurentide Ice Sheet and its subsequent
retreat, including moraines surrounding Lake Erie, Lake Michigan and
the Des Moines Lobe, could be targeted using quantitative techniques,
such as cosmogenic exposure dating. Moreover, the timing of ice retreat
across most of central mainland Canada could be better constrained by
dating quartz-bearing erratics, which are present at many sites (e.g.
Reyes et al., 2022). Future work could prioritize key undated moraines
in the Keewatin region (McAlpine and Chantrey moraines). The Mack-
enzie Mountains in the Northwest Territories and the Yukon are other
regions that have almost no geochronological control on the timing of
ice advance or retreat for both the Cordilleran and Laurentide ice sheets.
Future studies should be focused on collecting organic material below
till for radiocarbon dating, dating ice retreat using cosmogenic nuclides
or OSL dating at sites with subtill sand deposits.

To gain a better understanding of the pattern and timing of ice retreat
across the interior of the Cordilleran Ice Sheet, the rate of ice sheet
thinning during deglaciation needs to be quantified. This could be
achieved using the “dipstick” method, which uses cosmogenic nuclide
dates from a vertical transect to determine thinning rates. Such methods
have been applied to determine thinning of some large global ice sheets
such as Antarctica (Stone et al., 2003; Small et al., 2019) and Patagonia
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(e.g. Boex et al., 2013), but have yet only been applied regionally in
North America (Koester et al., 2017).

Finally, we note that many of the places with poor geochronological
control, for example the Mackenzie Mountains and most of the Canadian
Arctic (north of 60°N), are very remote, making it logistically and
financially challenging, if not prohibitive, to collect data over large areas
of the country. Collaboration with industry (mining) may provide op-
portunities for sampling locally around isolated development sites, as
may collaboration with larger government-run field geology programs
(e.g. the Geol. Surv. Can’s GEM program).

4.6.2. Future directions of NADI-1

Below we suggest several ways NADI-1 can be expanded to gain a
better understanding of the NAISC evolution through time. First, future
work could involve the development of a multi-chronometer Bayesian
framework to reconstruct the ice margin chronology. This methodology
uses a statistical approach to examine geochronological data along a
well-dated transect, resulting in an ice evolution scenario (and associ-
ated minimum and maximum ice extents) that is based in statistics
rather than expert judgement. Bayesian modelling was recently applied
to the British-Irish Ice Sheet (Clark et al., 2022a) and has been used in
several recent regional-scale studies across the Laurentide Ice Sheet.
(Lowell et al., 2021; Norris et al., 2022; Stoker et al., 2022). The future
application of this method across the entire NAISC would benefit from
targeted fieldwork and sampling along transects spanning all regions of
the NAISC with sampling strategies that are specifically catered to
facilitate this approach, as well as a good independent understanding of
the pattern of retreat (including any re-advances) from geomorphic and
surficial geology data. The sampling strategies undertaken by the
BRITICE-CHRONO project (https://britice-chrono.sites.sheffield.ac.
uk/home) would be good to imitate, although adjustments would be
necessary to account for the larger size of the NAISC and overall lack of
infrastructure in many regions.

Moreover, in future efforts to refine the deglaciation of the NAISC,
there is a potential to better resolve some of the coding of the radio-
carbon database. For example, we considered geochronological data
‘deglacial’ if they closely dated the landscape emergence from under the
former ice sheet (e.g. kettle hole in a moraine). However post-glacial
landscape emergence may vary by hundreds or thousands of years
(Dyke and Evans, 2003), which is a source of an added uncertainty in our
reconstruction. In areas containing ice-walled lake plains, this offset can
be constrained to some extent by the age of plant microfossils in the lake
sediment, with consideration for the age of vegetative colonization
(Curry and Petras, 2011). This issue confounds an accurate portrayal of
the terrestrial-terminating ice streams, in particular the Des Moines and
James lobes, where downwasting of stagnant ice occurred rather than
retreat of an active ice margin. As another example, the assessment of
reliability of radiocarbon ages may be in need of refinement. Our
ranking system (reliable — likely reliable — unreliable) leads to many
radiocarbon ages derived from bulk material being categorized as un-
reliable (rank = 3) even though they sometimes (often?) contain at least
some insight into the ice margin. This approach leads to some regions
having virtually no geochronological constraints on the ice margin.
While a ranking of ‘unreliable’ is merited in some cases (especially
historical ages that used bulk organics), there are downsides to this
approach, and it could be argued that even radiocarbon ages derived
from bulk organic materials are better than no constraints over a given
region. Future work on NADI isochrones should be focused on more
detailed assessment of the utility of such ages and perhaps an expansion
of the assessment criteria for geochronological data.

Finally, future iterations of NADI could focus on reconstructing the
evolution of glacial lakes over time (which was the case with the earlier,
purely radiocarbon-based ice margin chronology of Dyke et al., 2003a;
Dyke, 2004). The glacial lakes that formed along the retreating margins
of the NAISC during deglaciation likely directly influenced ice dynamics
(Utting and Atkinson, 2019; Sutherland et al., 2020) and held large
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amounts of freshwater that had the potential to catastrophically drain
into the ocean (Teller et al., 2002; Hanson et al., 2012; Norris et al.,
2021). However, the addition of glacial lakes into the ice retreat chro-
nology will have to be squared with the minimum and maximum un-
certainty bounds for each time-step.

5. Conclusion

Understanding the dynamics of the NAISC is critical to many facets of
Quat. Res., including studies of sea level change, global isostatic
adjustment, and availability of migration route(s) to the North American
continent. Here, we present the first version of NADI-1, which consists of
a fully documented series of maps showing deglaciation of the NAISC
from 25 to 1 ka in 0.5-kyr intervals (49 maps in total). A wealth of data
and visualizations accompany this manuscript: All NADI-1 ice margins
are presented in Fig. 9, and we also present various visualizations and
additional analyses in the Supplementary Data, including extensive
documentation of ice margin decisions (Supplementary Document 1)
and additional details on the cosmogenic nuclide dataset (Supplemen-
tary Document 2). Moreover, NADI-1 maps are available in PDF and GIF
format with and without relevant geochronological data (Supplemen-
tary Document 3 and 4, respectively), and a comparison between NADI-
1 and previous reconstructions of North American ice sheet dynamics
(Supplementary Document 5). Supplementary Tables 1-4 contain all
relevant geochronological data, and the NADI-1 shapefiles are also
available open access at https://doi.org/10.5281/zenodo.8161764. To
ensure transparency, we provide a list of studies and data that we un-
intentionally omitted from our work (Supplementary Data 6). Our work
is based on the interpretation of primary data, includes a diverse and
thoroughly documented geochronological database, and is presented in
calendar years. Importantly, we include optimal, minimum, and
maximum ice extents along with extensive documentation and justifi-
cation for the placement of each ice margin.

6. Key references used to constrain NADI-1

The NADI-1 isochrones were constructed using data from many
studies. To acknowledge the importance of these primary studies, we
include a list of key references here with full citations at the end of the
manuscript. This list is not comprehensive; it includes only those studies
where data have been specifically used to constrain the ice margin at
some point during the 25-1 ka interval (i.e. those studies cited in Sup-
plementary Document 1).

Ali et al. (2012), Allard and Seguin (1985), Allard and Tremblay
(1981), Alley and Young (1978), Anderson (2005), Anderson and
Macpherson (1994), Anderson et al. (1997, 2008), Andrews (1966,
1976), Andrews and Drapier (1967), Andrews and Miller (1972),
Andrews et al. (1970, 1996, 1998, 1999), Antevs (1925), Anundsen et al.
(1994), Ashworth et al. (1981), Atkinson (2003), Atkinson and England
(2004), Atkinson et al. (2014, 2016, 2018), Attig et al. (1985, 2011),
Atwater (1986), Balbas et al. (2017), Balco and Schaefer (2006), Balco
et al. (2002, 2009), Barnett (1979, 1985, 1988a, 1988b), Barnett and
Forbes (1972), Barnett and Karrow (2017), Barrie and Piper (1982),
Barrie et al. (1987), Barrie and Conway (1999), Batchelor et al. (2012,
2014), Bateman and Murton (2006), Batterson et al. (1993), Bauer et al.
(2020), Bednarski (1986, 1995, 2008), Beierle and Smith (1998), Bell
etal. (2001, 2003), Berger and Eyles (1994), Berry and Drimmie (1982),
Bettis and Hoyer (1986), Bettis et al. (1996), Bierman et al. (2015),
Bjorck (1985), Black and Rubin (1968), Blais-Stevens et al. (1999),
Blaise et al. (1990), Blake (1956, 1966, 1982, 1983, 1987,1988, 1992),
Bleuer (1974), Blewett and Rieck (1987), Blewett et al. (1993, 2014),
Bobrowsky (1989), Bobrowsky and Rutter (1992), Boissonneau (1966,
1968), Bolduc (1995), Bonifay and Piper (1988), Booth et al. (2003),
Borchers et al. (2016), Borns et al. (2004), Bouchard (1980), Breck-
enridge (2007, 2013), Breckenridge and Phillips (2010), Breckenridge
et al. (2004, 2012, 2021), Briner and Kaufman (2008), Briner et al.
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(2005, 2007, 2009), Broecker and Kulp (1957), Bromley et al. (2015,
2020), Brookes (1974, 1977), Broom and Cameron (2021), Broster and
Dickinson (2015), Brouard and Lajeunesse (2017), Brouard et al. (2021),
Brown et al. (2006), Bruegger (2016), Bruneau and Gray (1997), Brush
(1967), Burgis (1970), Cadwell (1989), Calhoun (1906), Calkin (1970),
Calkin and Miller (1977), Carbonneau et al. (2012), Carlson et al.
(2007), Carrara (1995), Carrara et al. (1996), Carson et al. (2012),
Chauvin (1977), Christiansen (1971, 1979), Clague (1977, 1980a,b,
1984, 1987, 1988), Clague and James (2002), Clague et al. (1980, 1988,
1997, 2021), Clark (1985), Clark and Clague (2021), Clark et al. (2000,
2003, 2008, 2022), Clayton (1966), Clayton and Attig (1989), Clayton
and Moran (1982), Coleman (1922, 1973), Colgan et al. (2002), Colman
et al. (2020), Conley (1986), Cooper (1935, 1979), Corbett et al. (2017,
2019), Cosma et al. (2008), Cowan (1975), Craig (1965), Crandell
(1963), Crowl (1980), Crump et al. (2019, 2020), Cumming et al.
(1992), Curry and Petras (2011), Curry et al. (2010, 2014, 2018),
Cwynar (1988), Dadswell (1974), Daigneault (2008), Daigneault and
Occhietti (2006), Darvill et al. (2018, 2022), David and Lebuis (1985),
Davis (1999), Davis et al. (1975, 2006a,b, 2015), deVries and Dreimanis
(1960), Dieffenbacher-Krall and Nurse (2005), Dieffenbacher-Krall et al.
(2016), Dionne (1977), Dionne and Coll (1995), Dionne and Occhietti
(1996), Dredge (2004), Dredge and Cowan (1989), Dredge and
McMartin (2007), Dredge et al. (1995, 1998), Driver et al. (1996),
Dubé-Loubert et al. (2018, 2021), Dubois et al. (1985, 1988), Dubois
Verret (2015), Duckworth (1979), Duk-Rodkin (1999, 2022), Duk--
Rodkin et al. (1996), Dulfer et al. (2021, 2022), Dyck and Fyles (1963,
1964), Dyck et al. (1965a,b, 1966), Dyke (1979, 1984, 1998), Dyke and
Hooper (2001), Dyke and Savelle (2000), Dyke et al. (1991, 2003),
Eamer et al. (2017), Easterbrook (1992), El-Guellab et al. (2015),
Elmore et al. (2013), Elson (1956), England (1976, 1990, 1997, 1999),
England et al. (2000, 2004, 2008, 2009), Engstrom and Hansen (1985),
Evans (1990), Evans et al. (2014, 2021), Falconer et al. (1965), Fisher
et al. (2009, 2019), Flint et al. (1959), Fortier and Allard (2004), Franzi
et al. (2016), Fréchette and de Vernal (2009), Friele and Clague (2002),
Fuller (1914), Fullerton (1980), Fullerton et al. (2004), Fulton (1971,
1991), Fulton and Hodgson (1979), Furze et al. (2018), Fyles (1963),
Gajewski et al. (1993), Gauthier et al. (2020, 2022), Genries et al.
(2012), Gipp and Piper (1989), Glover et al. (2011), Godbout et al.
(2017, 2019), Goldthwait et al. (1907, 1958, 1961), Gorokhovich et al.
(2018), Gosse et al. (2006), Govare (1995), Grant (1969, 1992), Gratton
et al. (1984), Gray and Hétu (1981), Gray et al. (1993), Hall et al.
(2017), Hallberg and Kemmis (1986), Hansel and Mickelson (1988),
Hansel et al. (1985), Hanson (2003), Hardy (1977), Haugerud (2021),
Heath et al. (2018, 2020), Hebda et al. (2008, 2022), Hein and Mudie
(1991), Heinrichs et al. (2002), Heintzman et al. (2016), Henderson
(1974), Hétu and Gray (2000), Heusser (1973), Heyman et al. (2011),
Hickman and Schweger (1996), Hill et al. (1985), Hillaire-Marcel
(1976), Hillaire-Marcel et al. (1981), Hobbs et al. (1990), Hodgdon
(2016), Hodgson and Haselton (1974), Hodgson (1981, 1985, 1994,
2003, 2005), Hodgson and Vincent (1984), Hodgson et al. (1984),
Hooke and Hanson (2017), Hooyer (2007), Houde-Poirier (2014),
Hughes and Merry (1978), Hughes (1972, 1987), Hyvarinen (1985),
Jackson and Harington (1991), Jackson et al. (1991, 1997, 2017), Ja-
cobs et al. (1985), Jelgersma (1962), Jenner et al. (2018), Jennings
(1993, 1996, 1998, 2011, 2015, 2018), Jetté and Mott (1989), Johnson
and Hemstad (1998), Johnson and Mooers (1998), Johnson et al. (1971,
1999, 2016), Josenhans and Zevenhuizen (1990), Karrow (1963, 1974,
1987a,b, 1988), Karrow et al. (2000), Kaufman and Williams (1992),
Kaufman et al. (2011), Kaye (1964, 1972), Kelly et al. (2016), Kemmis
etal. (1981), Kennedy et al. (2010), Kerr (1996), Kerr et al. (2021), King
(1969, 1985, 1987, 1996, 2015), King and Buckley (1967), King et al.
(2014), Klassen (1967, 1972, 1983, 1986, 1987, 1993, 1994), Klassen
et al. (1992), Knaeble (2006), Koch et al. (2007), Koester et al. (2017),
Kovanen and Easterbrook (2001, 2002a, 2002b), Krzyszkowski and
Karrow (2001), Kulig (1996), Labelle and Richard (1981), Lacelle et al.
(2007, 2013), LaFarge-England et al. (1991), Lajeunesse and Allard
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(2003), Lajeunesse and St-Onge (2008), Lakeman and England (2012,
2013), Lakeman et al. (2018), Lamb (1980), Lamoureux and England
(2000), Landmesser et al. (1982), Larsen (1996), Larson (2011), Lauriol
(1982), Lauriol and Gray (1987), Lavoie and Richard (2000), Lavoie
et al. (2013), Lemmen (1989), Leopold et al. (1982), Lepper et al. (2007,
2011), Lesnek et al. (2018, 2020), Leverett and Taylor (1915), Lever-
ington et al. (2000), Levesque et al. (1993), Lewis et al. (2011), Leydet
et al. (2018), Li et al. (2011), Little (2006), Liu et al. (2014), Liverman
(1994), Liverman et al. (2006), Loope et al. (2010, 2012, 2018), Lowdon
and Blake (1968, 1970, 1973, 1975, 1978, 1980, 1981), Lowdon et al.
(1967, 1971), Lowell et al. (1999, 2005, 2009, 2021), Luehmann et al.
(2013), Lundstrom (2013), Lusardi et al. (2011), Mackay and Mathews
(1973), MacLean et al. (2015, 2017), MacPherson (1996), Maher and
Mickelson (1996), Maher et al. (1998), Manley (1996), Manley and
Jennings (1996), Manley and Miller (2001), Marcoux and Richard
(1995), Margold et al. (2013, 2014, 2015a,b, 2019), Margreth et al.
(2017), Martin et al. (2004), Mathewes and Clague (2017), Matile and
Keller (2004), Matsch and Schneider (1986), Matthews (1967), Mayle
and Cwynar (1995), Mayle et al. (1993a, 1993b), McCallum and Wit-
tenberg (1968), McHenry and Dunlop (2016), McLaren and Barnett
(1978), McMartin (1994), McMartin et al. (2015, 2021), McNeely
(1989, 2002, 2006), McNeely and Atkinson (1995), McNeely and
Brennan (2005), McNeely and Jorgensen (1993), McNeely and McCuaig
(1991), Menounos et al. (2009, 2017), Miller (1979, 1980), Miller et al.
(1977, 2002, 2005), Monaghan et al. (1986), Montelli et al. (2017),
Mooers and Lehr (1997), Moore et al. (2001), Moorman (1998), Mott
(1973, 1977), Mott and Stea (1993), Mott et al. (1986), Muhs et al.
(2013, 2018), Muller and Calkin (1993), Mulligan et al. (2018),
Munyikwa et al. (2011, 2017), Murton (2009), Murton et al. (2010,
2015, 2017), Narancic et al. (2016), Naughton et al. (2003), Nelson
(1982), Nielsen (1980, 1988), Nixon and England (2014), Nixon et al.
(2014), Norris et al. (2017, 2022), Nutz et al. (2015), O’Regan et al.
(2018), o Cofaigh et al. (2000), Occhietti (1980), Occhietti and Richard
(2003), Occhietti et al. (2011), Packalen et al. (2014), Pair and Rodri-
gues (1993), Parent and Occhietti (1999), Patterson and Wright (1998),
Patterson (1994, 1997a,b, 1999a,b), Paulen (2001), Pedersen et al.
(2016), Peltier et al. (2015), Peterson (1986), Pienkowski et al. (2014),
Pigati et al. (2010), Pilote et al. (2018), Piper and Fehr (1991), Plouffe
(2000), Porreca et al. (2018), Porter and Swanson (1998), Prest (1963,
1968, 1973), Prest et al. (1968), Prichonnet (1995), Prior (1991),
Pritchard (2006), Proudfoot and St. Croix (1987), Quinn and Goldthwait
(1979), Rampton (1988), Rampton et al. (1984), Rappol (1993),
Reasoner et al. (1994), Rech et al. (2012), Rémillard et al. (2016), Reyes
et al. (2022), Rice et al. (2019), Richard and Occhietti (2005), Richard
et al. (1982, 1997), Ridge (2000), Ridge et al. (2012), Riedel (2017),
Riedel et al. (2010, 2021), Ritchie (1977), Rittenour et al. (2015),
Rodrigues et al. (1993), Roger et al. (2013), Ross et al. (2009), Roy et al.
(2011), Rubin and Suess (1955), Ruhe (1969, 1983), Rutherford et al.
(1984), Ryder et al. (1991), Rydningen et al. (2013), Saarnisto (1974),
Savelle and Dyke (2014), Savoie and Richard (1979), Schaetzl and
Weisenborn (2004), Schaetzl et al. (2017), Schlee (1973), Schnitker
et al. (2001), Schreiner (1984), Seaman (1989, 2006), Seaman and
McCoy (2008), Senici et al. (2015), Setterholm (1995), Sevon and Braun
(2000), Shapiro et al. (2004), Sharpe and Russell (2016), Sharpe and
Russell (2019), Shaw et al. (2000, 2006, 2017, 2020), Shaw and Longva
(2017), Short (1981), Simard et al. (2003), Smith (1992, 1999), Smith
and Fisher (1993), Sookhan et al. (2018), Spear and Cwynar (1997),
Spooner (1998), Spooner et al. (2005), St.-Onge and McMartin (1995),
Stalker (1956, 1962), Stanford (1993), Stanford et al. (2020), Stanley
and Marshall (2015), Stea (2011), Stea and Mott (1989, 1998, 2005),
Stea et al. (1992, 1998, 2003,2011), Steig et al. (1998), Stoker et al.
(2022), Stone and Borns (1986), Stone et al. (2002), Storrar and Stokes
(2007), Stravers and Syvitski (1991), Stravers et al. (1992), Stroeven
et al. (2010, 2014), Stuiver and Borns (1975), Suess (1954), Sun (1993),
Sun and Teller (1997), Swartz et al. (2015), Syverson and Colgan
(2011), Taylor (1913), Taylor et al. (2014), Teller et al. (2005, 2018,

23

Quaternary Science Reviews 321 (2023) 108345

2020), Terasmae (1980), Terasmae and Matthews (1980), Thackray
(2008), Thomas et al. (1973, 2010), Thompson (1999), Todd et al.
(1999), Todd and Shaw (2012), Todd et al. (2007), Totten (1976),
Tremblay et al. (2013), Tripsanas and Piper (2008), Tucker (1974),
Tulenko et al. (2022), Ullman et al. (2015, 2016), Veillette (1988, 1994),
Veillette and Cloutier (1993), Veillette et al. (2017), Vickers et al.
(2010), Vincent (1982), Vincent and Hardy (1977, 1979), Walters
(2013), Walton et al. (1961), Ward and Thomson (2004), Ward et al.
(2003), Waters et al. (2015), Wayne (1965), Welsted and Young (1980),
Westgate (1968), White (1968, 1984), White and Totten (1979), White
et al. (1969), Williams et al. (2015), Willman and Frye (1970), Winn
(1977), Wisconsin Geological and Natural History Survey (2011), Wolfe
and Butler (1994), Wolfe et al. (2007), Wood et al. (2010), Woywitka
(2019), Wright (1976, 1972), Wright and Ruhe (1965), Wright et al.
(1973), Young et al. (1994, 2009, 2012, 2013, 2020, 2021a, 2021b).
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the reconstruction of NADI-1 ice margins from 25 to 1 ka across all 15
regions examined in this manuscript. This document also contains
regional maps, summary tables of cosmogenic nuclide data and justifi-
cation for minimum, and maximum ice extent estimates.

Supplementary Document 3. A series of maps that overlay the ice
margins from NADI-1 with relevant geochronological data for each
optimal ice margin (PDF format).

Supplementary Document 4. Sequence of 49 maps showing the
NADI-1 isochrones from 25 to 1 ka (PDF format).

Supplementary Document 5. Sequence of 49 maps showing the
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NADI-1 overlaid with the isochrones of Dalton et al. (2020) and Dyke
(2004) (PDF format).

Supplementary Document 6. Relevant studies that were uninten-
tionally omitted from NADI-1.

Supplementary Document 7. A series of maps that overlay the ice
margins from NADI-1 with relevant geochronological data for each
optimal ice margin (GIF format)

Supplementary Document 8. Sequence of 49 maps showing the
NADI-1 isochrones from 25 to 1 ka (GIF format).

Supplementary Document 9. Sequence of 49 maps showing the
NADI-1 overlaid with the isochrones of Dalton et al. (2020) and Dyke
(2004) (GIF format).

Supplementary Table 1. Cosmogenic nuclide database.

Supplementary Table 2. Radiocarbon database.

Supplementary Table 3. Luminescence database.

Supplementary Table 4. Uranium-thorium database.

Supplemental Shapefiles. NADI-1 map files. There are 588 files in
total: 49 time-steps x 3 files per timestep (optimal/min/max) = 147
individual shapefiles and their respective 147 .prj, .dbf and .shx files.
These shapefiles are also available at https://doi.org/10.5281/zenodo.
8161764.

Supplementary Document 2. Additional information regarding the
cosmogenic nuclide dataset.
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