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ABSTRACT

The North American Ice Sheet Complex (NAISC; consisting of the Laurentide, Cordilleran and Innuitian
ice sheets) was the largest ice mass to repeatedly grow and decay in the Northern Hemisphere during the
Quaternary. Understanding its pattern of retreat following the Last Glacial Maximum is critical for
studying many facets of the Late Quaternary, including ice sheet behaviour, the evolution of Holocene
landscapes, sea level, atmospheric circulation, and the peopling of the Americas. Currently, the most up-
to-date and authoritative margin chronology for the entire ice sheet complex is featured in two publi-
cations (Geological Survey of Canada Open File 1574 [Dyke et al., 2003]; ‘Quaternary Glaciations — Extent
and Chronology, Part II' [Dyke, 2004]). These often-cited datasets track ice margin recession in 36 time
slices spanning 18 ka to 1 ka (all ages in uncalibrated radiocarbon years) using a combination of geo-
morphology, stratigraphy and radiocarbon dating. However, by virtue of being over 15 years old, the ice
margin chronology requires updating to reflect new work and important revisions. This paper updates
the aforementioned 36 ice margin maps to reflect new data from regional studies. We also update the
original radiocarbon dataset from the 2003/2004 papers with 1541 new ages to reflect work up to and
including 2018. A major revision is made to the 18 ka ice margin, where Banks and Eglinton islands (once
considered to be glacial refugia) are now shown to be fully glaciated. Our updated 18 ka ice sheet
increased in areal extent from 17.81 to 18.37 million km?, which is an increase of 3.1% in spatial coverage
of the NAISC at that time. Elsewhere, we also summarize, region-by-region, significant changes to the
deglaciation sequence. This paper integrates new information provided by regional experts and radio-
carbon data into the deglaciation sequence while maintaining consistency with the original ice margin
positions of Dyke et al. (2003) and Dyke (2004) where new information is lacking; this is a pragmatic
solution to satisfy the needs of a Quaternary research community that requires up-to-date knowledge of
the pattern of ice margin recession of what was once the world’s largest ice mass. The 36 updated
isochrones are available in PDF and shapefile format, together with a spreadsheet of the expanded
radiocarbon dataset (n = 5195 ages) and estimates of uncertainty for each interval.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Americas (e.g. Goebel et al, 2008; Carlson and Clark, 2012;
Lofverstrom et al., 2014; Bohm et al., 2015; Waters et al., 2015;

The North American Ice Sheet Complex (NAISC) consisted of the
Laurentide, Cordilleran, Innuitian and Greenland ice sheets that
coalesced at the Last Glacial Maximum (LGM) during Oxygen
[sotope Stage 2. As the largest ice mass of the Northern Hemisphere,
the NAISC played an important role in the evolution of Quaternary
climate, sea levels, atmospheric circulation, and the peopling of the

T deceased.

Lofverstrom and Lora, 2017; Potter et al., 2018; Waters, 2019).
Accordingly, Quaternary scientists require knowledge of former ice
positions over time for a broad range of disciplines. These iso-
chrones also provide useful analogues of ice sheet behaviour that
go beyond the observational record of modern ice sheets (e.g.
Stokes et al., 2016) and are therefore critical for the calibration of
numerical models to study past ice sheet change in response to
climate (e.g. Tarasov et al., 2012; Batchelor et al., 2019).

Fifty years ago, the first substantial attempts at reconstructing
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the NAISC combined glacial geomorphology, stratigraphy and
radiocarbon dating to reconstruct the pattern of ice retreat from 18
ka through the Holocene (Bryson et al., 1969; Prest, 1969). These
pioneering maps were subsequently updated to reflect more
detailed mapping of the Quaternary geology of North America and
the consequent increase in the number and quality of relevant
radiocarbon dates (Dyke and Prest, 1987; Dyke et al., 2003; Dyke,
2004). Currently, a Geological Survey of Canada Open File Report
containing 36 time slices spanning 18 ka to 1 ka (all ages in this
study are reported in uncalibrated radiocarbon years; see Section 2)
is widely regarded as the authoritative source for deglaciation
isochrones for the NAISC (Dyke et al., 2003). This work was also
published the following year in Ehlers and Gibbard’s 2004 book:
‘Quaternary Glaciations — Extent and Chronology, Part II' (Dyke,
2004) with a brief interpretation of the pattern of deglaciation.
Given the continued growth in the size and diversity of chro-
nological data (Stokes et al., 2015) a revision of the NAISC margin
chronology is overdue. For example, recent marine geophysical
work and mapping of ice streams (Brouard and Lajeunesse, 2017;
Shaw and Longva, 2017; Margold et al., 2018) suggests an expansion
of the LGM ice margin onto the continental shelf well beyond that

depicted by Dyke et al. (2003). In addition, new regional re-
constructions of post-18 ka ice dynamics and ice streaming have
been produced (De Angelis and Kleman, 2007; Ross et al., 2012;
Hogan et al., 2016; Gauthier et al., 2019) and there has been a surge
in the use of non-radiocarbon dating methods (e.g. cosmogenic
exposure and optically stimulated luminescence; Wolfe et al., 2004;
Briner et al., 2009; Munyikwa et al., 2011; Lakeman and England,
2013; Ullman et al, 2015; Ullman et al., 2016; Corbett et al.,
2017b; Margreth et al., 2017; Dubé-Loubert et al., 2018b; Leydet
et al., 2018; Barth et al., 2019; Corbett et al., 2019). All these data
provide additional information on ice extent and the dynamics of
ice margin retreat.

Here, we integrate new information provided by regional ex-
perts, along with new radiocarbon data, into the North American
deglaciation sequence. Where new information is lacking, we
maintain the original ice margin positions of Dyke et al. (2003).
Working from the original Dyke et al. (2003) isochrones and
retaining them where new information is lacking prevents us from
integrating non-radiocarbon dating methods. We first describe
major updates to the 18 ka ice margin. We then summarize sig-
nificant changes to the deglaciation sequence, region by region (see
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Fig. 1. Map of North America showing locations discussed in the text. White boxes and text indicate the location of Fig. 4—13. Elevation data from United States Geological Survey’s
Center for Earth Resources Observation and Science (EROS 2010). Light blue ocean bathymetry represents the continental shelf (less than 1000 m depth; http://www.
naturalearthdata.com/). For ease of comparison between time slices and to allow proper orientation to each region, all figures in this paper contain the same base layer
showing modern-day topography, landscape and political boundaries. Readers should bear in mind these features were not static over time and, in many cases, were highly
influenced by the deglaciation of continental ice (e.g. gradual formation of the Great Lakes; dynamics of isostatic rebound on the marine shorelines).
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Fig. 2. Radiocarbon data (n = 5195) used in the construction of isochrones. This study contributes 1541 new ages to reflect work taken place up to and including 2018. Barplot on top
right shows the distribution of data from Dyke et al. (2003)(white) and new radiocarbon dates (orange) compiled for this study. Table A1 documents these data points along with
relevant references for each site. Additional notes on topography, bathymetry and the base layer are detailed in the caption for Fig. 1.

Fig. 1). Included in this update are 1541 radiocarbon ages to the
radiocarbon dataset of Dyke et al. (2003) with work undertaken
from 2003 to 2018 (Fig. 2; Table A1l). Because the dates were
originally reported as uncalibrated by Dyke et al. (2003), we keep
this practice and show all new dates as uncalibrated. However, the
maps we present also indicate a calibrated age for each given ice-
marginal line. The relation between calibrated and uncalibrated
ages is shown in Table 1. We consider this to be a pragmatic solution
that satisfies the needs of a Quaternary research community that
requires up-to-date knowledge of the pattern of ice margin reces-
sion over North America. We conclude by outlining strategies for
creating a new generation of deglaciation isochrones that is inde-
pendent of Dyke et al. (2003).

2. Methods, estimates of uncertainty and limitations

Our starting point for each of the 36 isochrones is the pattern of
ice retreat suggested by Dyke et al. (2003) and we make changes to
the ice margins based on recent work. Updates were largely
accomplished by overlaying data from regional studies and/or
manually editing the ice margins to fit recently mapped landforms
of known age (e.g. moraines in the Canadian Prairies). We also

make adjustments based on a review of relevant publications
addressing NAISC margins and configuration since 2002 and
compiled a radiocarbon dataset that includes relevant dates that
have been published from 2002 to 2018 (n = 5195 radiocarbon
dates). In some areas, we present new interpretations of the
deglaciation sequence (e.g. the Des Moines Lobe; Section 4.12). In
regions where there are few geochronological constraints on which
to interpret the pattern of ice retreat, we build the new ice margin
around a few reliable data points. Regions and time slices not
mentioned here retain the ice margin of Dyke et al. (2003). Notably,
the isochrones from 5 ka to 1 ka are largely unchanged from Dyke
et al. (2003). We discuss all major adjustments in the text below
and, for clarity, the new maps (see Figs. B1-2) show the overlap
between the original and updated isochrones.

Keeping with the conventions of Dyke et al. (2003), this
manuscript and the accompanying appendices use uncalibrated
radiocarbon years. In cases where multiple radiocarbon ages are
available for the same site, we generally include the oldest date in
what may be a stratigraphic series of dates. Some data were
excluded from the dataset if suggested to be incorrect by authors of
the original publication. This includes several radiocarbon ages on
freshwater ostracods from Ontario/Quebec (hard water
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Isochrones (n = 36) showing the pattern of ice retreat of the North American Ice Sheet Complex (NAISC) along with estimates min/max uncertainties and a comparison of areal
extent as compared to Dyke et al. (2003). All updated isochrones are available as PDFs and shapefiles in the Appendices.

Estimates of uncertainty and calibration

Comparison of areal extent (x1,000,000 km?)

Isochrone
(ka'*C)

Recommended isochrone for +
uncertainty (lower/[upper)

Calibrated age
(cal. ka)*

Dyke et al. current
(2003) publication

difference in Qualitative overview of changes having greatest impact on areal

area (%)

extent”

18 ka

175 ka

17 ka

16.5 ka

16 ka

15.5 ka

15 ka

145 ka

14 ka

135 ka

13 ka

125 ka

12 ka

115 ka

11 ka

10.5 ka

10.25 ka
10 ka
9.6 ka

9.5 ka
9 ka

17 ka//18 ka

16.5 ka//18 ka

16 ka//18 ka

15.5 ka/[17.5 ka

15 ka//17 ka

14.5 ka/[16.5 ka

14 ka//16 ka

13.5 ka//15.5 ka

13 ka//15 ka

12.5 ka/[14.5 ka

12 ka//14 ka

11.5 ka/[13.5 ka

11 ka//13 ka

10.5 ka/[12.5 ka

10 ka//12 ka

9.5 ka/[11.5 ka

9.5 ka//11 ka
9.5 ka//10.5 ka
9 ka//10.25 ka

9 ka/[10.25 ka
8.5 ka/[9.5 ka

=21.7

=21.1

=20.5

~19.9

=193

=18.7

=18.0

=174

~16.8

=16.1

=15.5

=14.9

=14.2

=13.5

=12.8

=12.1

=11.8
=115
=11.0

~10.9
=103

17.81 18.37

17.67 18.30

17.69 18.24

17.69 18.19

17.60 17.99

16.76 17.72

17.18 17.42

16.97 17.12

16.59 16.84

16.08

16.36

15.34 15.74

14.83
13.73

15.01
13.98

12.93 13.02

11.84 11.88

10.88 11.02

9.97 9.99

9.80 9.71
9.01
8.89
8.12

9.10
8.98
8.18

3.14

3.58

2.83

222

5.65

0.91

1.51

1.74

2.63

1.22

1.82

0.67

0.30

-0.84

1.06
0.96
0.71

+ extension of ice onto continental shelf in Arctic, Atlantic and
Alaska (Section 3)

— reduction of ice over some regions of Alaska, Great Lakes and
Atlantic Canada (Section 3)

+ extension of ice onto continental shelf in Arctic, Atlantic and
Alaska (Section 4.1-4.5 and 4.9)

— reduction of ice over some regions of Atlantic Canada, Great
Lakes and Alaska (Section 4.9, 4.11 and 4.14)

+ extension of ice onto continental shelf in Arctic, Atlantic and
Alaska (Section 4.1-4.5, 4.9, 4.13)

— reduction of ice over some regions of Atlantic Canada, Great
Lakes and Alaska (Section 4.9, 4.11 and 4.14)

+ extension of ice onto continental shelf in Arctic, Atlantic and
Alaska (Section 4.1-4.5, 4.9, 4.13)

— reduction of ice over some regions of Atlantic Canada, Great
Lakes and Alaska (Section 4.9, 4.11 and 4.14)

+ extension of ice onto continental shelf in Arctic, Atlantic and
Alaska (Section 4.1-4.5, 4.9, 4.13)

— reduction of ice over some regions of Atlantic Canada, Great
Lakes and Alaska (Section 4.9, 4.11 and 4.14)

+ extension of ice onto continental shelf in Arctic, Atlantic and
Alaska (Section 4.1-4.5, 4.9, 4.13)

+ removal of Erie Interstadial and adjustment of 15.5 ka ice
margin to midway between the 16 ka and 15 ka ice margins
(Section 4.11)

— reduction of ice over some regions of Atlantic Canada, Great
Lakes and Alaska (Section 4.9, 4.11 and 4.14)

+ extension of some ice onto continental shelf in Arctic and
some parts of Canada (Section 4.1-4.5 and 4.9)

— reduction of some ice in the Great Lakes region (Section 4.9,
4.11 and 4.14)

+ extension of some ice onto continental shelf in Arctic regions
(Section 4.1-4.5)

— reduction of some ice in the Great Lakes region (Section 4.9,
4.11 and 4.14)

-+ extension of some ice onto continental shelf in Arctic regions
(Section 4.1-4.5)

— reduction of some ice in the Great Lakes region (Section 4.9,
4.11 and 4.14)

+ extension of some ice onto continental shelf in Arctic regions
(Section 4.1-4.5)

+ extension of ice to cover Brooks Range, Alaska (Section 4.14)
+ extension of ice in the James and Des Moines lobes (Section
4.12)

+ extension of ice to cover Brooks Range, Alaska (Section 4.14)
+ extension of ice to cover Brooks Range, Alaska (Section 4.14)
+ extension of ice in the James and Des Moines lobes (Section
4.12)

— reduction and refinement of ice in the Canadian Prairies
(Section 4.13)

+ extension of ice in New England and Southern Quebec
(Section 4.10)

— reduction and refinement of ice in the Canadian Prairies
(Section 4.13)

Minor refinements of ice margin over Canadian Arctic
Archipelago (Section 4.1-4.4)

Minor refinements of ice margin over Canadian Arctic
Archipelago (Section 4.1-4.4)

+ extension of ice into Great Lakes region (Section 4.11)
Minor refinements of ice margin over Canadian Arctic
Archipelago

Minor refinements of ice margin over Canadian Arctic
Archipelago

— reduction of ice margin over Canadian Arctic Archipelago
(Section 4.1-4.4)

+ extension of ice into Great Lakes region (Section 4.11)

+ extension of ice into Great Lakes region (Section 4.11)

+ extension of ice into Great Lakes region (Section 4.11)

— reduction of over the Canadian Arctic Archipelago (Section
4.1-4.4)

(continued on next page)
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Table 1 (continued )

Estimates of uncertainty and calibration

Comparison of areal extent (x1,000,000 km?)

Isochrone Recommended isochrone for +

Calibrated age Dyke et al. current

difference in Qualitative overview of changes having greatest impact on areal

(ka'4C) uncertainty (lower//upper) (cal. ka)? (2003) publication area (%) extent”

8.5 ka 8 ka//9 ka =9.6 6.97 6.97 0.08 Minor refinements of ice margin over the Canadian Arctic
Archipelago (Section 4.1-4.4)

8 ka 7.8 ka/[8.5 ka =9.0 6.06 6.12 0.94 + extension of the Keewatin Dome (Section 4.6)

7.8 ka 7.7 ka//8 ka =8.8 5.66 5.69 0.57 + extension of the Keewatin Dome (Section 4.6)

7.7 ka 7.6 ka/[8 ka =8.7 4.94 4.90 -0.69 + extension of the Keewatin Dome (Section 4.6)
— reduction of Labrador Dome (Section 4.8)

7.6 ka 7.2 ka/[7.8 ka =8.5 435 4.24 —2.64 + extension of the Keewatin Dome (Section 4.6)
— reduction of Labrador Dome (Section 4.8) and removal of ice
from Southampton Island (Section 4.6)

72 ka 7 ka/[7.6 ka =8.1 3.82 3.74 -2.20 — reduction of Labrador Dome (Section 4.8) and removal of ice
from Southampton Island (Section 4.6)

7 ka 6.5 ka/[7.2 ka =79 3.54 3.28 -7.43 — reduction of Labrador Dome (Section 4.8) and removal of ice
from Southampton Island (Section 4.6)

6.5 ka 6 ka//7 ka =73 291 2.75 —5.41 — reduction of Labrador Dome (Section 4.8)

6 ka 5.5 ka/[6.5 ka =6.8 2.53 2.45 -2.92 — reduction of Labrador Dome (Section 4.8)

5.5 ka 5 ka//6 ka =6.3 2.40 231 -3.50 — reduction of Labrador Dome (Section 4.8)

5ka 4 ka/[5.5 ka =5.7 227 2.19 -3.57 — reduction of Labrador Dome (Section 4.8)

4 ka 3 ka//5 ka =45 2.12 217 2.66 Minor refinements of ice margin over the Canadian Arctic
Archipelago (Section 4.1-4.4)

3 ka 2 ka//4 ka =3.2 2.10 2.16 2.64 Minor refinements of ice margin over the Canadian Arctic
Archipelago (Section 4.1-4.4)

2 ka 1 ka//3 ka =2.0 2.10 2.15 2.14 Minor refinements of ice margin over the Canadian Arctic
Archipelago (Section 4.1-4.4)

1ka 1 ka//2 ka =09 2.14 2.13 -0.69 Minor refinements of ice margin over the Canadian Arctic

Archipelago (Section 4.1-4.4)

3 Obtained using IntCal 13 (Reimer et al., 2013) using the '*C age and 10% error.

b This should not be taken as a comprehensive list of edits to the ice margin as some significant updates are not described here (e.g. refinements to New England and
Southern Quebec [Section 4.10], the James and Des Moines lobes [Section 4.12], and Canadian Prairies [Section 4.13]). Rather, this list is a qualitative overview of changes
having greatest impact on areal extent of the ice margin. The reader is referred to the text as well as Fig. 1B for a comprehensive view of all changes to the ice margin.

contamination; Daubois et al., 2015) and a bulk lacustrine sediment
sample from Baffin Island (suspected incorporation of old carbon,;
Narancic et al., 2016). However, no thorough evaluation of radio-
carbon dates is presented here.

All radiocarbon ages are normalized to a 3'>C value of —25%o,
following the conventions of Stuiver and Polach (1977). Marine
corrections generally follow the work of Dyke et al. (2003), but
several important updates are included. Notably, shells from the
Arctic and subarctic regions are corrected according to the work of
Coulthard et al. (2010), and we use a correction of 1 kyr for shells
from New England (following Thompson et al., 2011) and a 1.8 kyr
correction for shells marking the inception of Champlain Sea near
Montreal (following Occhietti and Richard, 2003; Richard and
Occhietti, 2005). Justification for each marine reservoir correction
is specified in Table Al.

2.1. Estimates of uncertainty for each isochrone

Users requiring estimates of min/max uncertainty for each iso-
chrone are directed to our suggested guidelines in Table 1. We base
our uncertainties on our best estimate for each interval and we
expect the ice margin to have been located within the suggested
min/max for the given time interval. However, this may not be the
case in areas where the ice margin is poorly understood or drawn
based on limited data. For example, along the continental shelves,
given the sometimes limited constraints, the ice margin should be
considered as maximum grounded ice.

2.2. Limitations and uncertainties

Although some new regional interpretations are presented in
this paper, our work is not a systematic re-interpretation of
deglaciation of North America. Instead, this work is best viewed as a
series of critical updates to the previous work of Dyke et al. (2003).

Thus, users of these data should bear in mind the following caveats
and considerations.

2.2.1. Our updated ice margins are intended for use at continental
scale

In some regions, we present a highly refined ice margin that is
likely to be accurate to within several meters (e.g. placement of the
ice margin at moraines in the Canadian Prairies; see Section 4.13).
However, in other areas, the ice margin remains generalized or
unchanged from the work of Dyke et al. (2003). In other cases still,
the ice margin was interpolated or inferred from regional studies
(e.g. several isochrones from 17 ka to 13 ka along the Arctic
coastline). Owing to this patchwork approach, ice margins from this
manuscript are not intended for use at a high spatial resolution (e.g.
scales of 1:1,000,000 or finer). If such high-resolution information
is required, the reader is encouraged to visit the most recent local
studies. For the same reason, the ice margins provided here are not
prescriptive for determining outlets, spillways or pinch points for
proglacial lakes.

2.2.2. Ice margin positions are averaged over the interval of interest
Our decision to maintain the same time steps as Dyke et al.
(2003) necessarily results in time-averaging some short-lived
fluctuations of the ice sheet margin. For example, the Cochrane
re-advance (Veillette et al., 2017) that likely occurred in the 0.3 kyr
immediately preceding the collapse of the Hudson Bay Ice Saddle
(Hughes, 1965; Hardy, 1977; Roy et al., 2011; Godbout et al., 2019)
and immediately preceding the drainage of Lake Agassiz-Ojibway.
Moreover, in some cases, the discrete time steps in this paper
give the impression that ice lobes acted synchronously. This is
particularly notable in the Des Moines Lobe (see Section 4.12).
Readers should note these ice lobes were in fact highly dynamic,
typically thin and occurred over a deformable substrate. Overall
recession of the ice margin associated with some of these lobes
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generally followed a pattern of advance, followed by an interval of
retreat/stagnation, then a re-advance to a lesser position (see Sec-
tion 4.12). Thus, the updated ice margins may not reflect the in-
dependent behaviour of the Lake Michigan, Saginaw and Huron-
Erie lobes.

Another artefact of this time-averaging is that, occasionally,
some ice margins may appear incompatible with the local land-
scape (e.g. an unrealistically smooth ice margin over a highly dy-
namic surface). Time-averaging of the ice margins may also yield
some ice dynamics that are difficult to explain from a glaciological
standpoint (e.g. rapid ice surge over a large lake with no obvious
source of mass displacement). Moreover, some ice margins are
inferred or interpolated. For example, when a significant update to
the ice margin resulted in an abrupt discontinuity at the boundary
between a regional compilation and Dyke’s ice margin, we
smoothly connected the ice margins. In some cases, manual inter-
polation of the ice margins was necessary; this was accomplished
by equally distributing the ice margins (e.g. ice margins between 18
ka to 13 ka along the entire Arctic coastline). Users of these updated
ice margins should bear in mind these considerations.

2.2.3. Some marine ice margins are undated

Since the publication of Dyke et al. (2003), the study of marine
regions has grown substantially (e.g. seismic surveys, mapping of
the geomorphological record) and much evidence now suggests a
highly dynamic ice margin over many continental shelf regions of
the Arctic and Atlantic coastlines at 18 ka (see Section 3). While
these marine-based data clearly suggest the presence of ice near
the shelf break in most Arctic and Atlantic regions, we stress these
landforms are largely undated. As such, the timing and depiction of
ice sheet recession is assumed, interpolated or inferred from
adjacent land-based evidence. In the above example, we cannot
rule out the possibility that these ice margins represent a pre-LGM
ice position. The reader should be aware of the uncertainty that this
introduces to our ice margins and hence there is potential for future
work to refine these margins further.

2.2.4. We make no changes to Iceland, Greenland or Cordilleran ice
sheets

The decision to retain the ice margins of Dyke et al. (2003) for
the Iceland, the Greenland and (for a large part of) the Cordilleran
ice sheets was made on a pragmatic basis. Although recent work
has taken place in these regions (Winsor et al., 2015; Sinclair et al.,
2016; Corbett et al., 2017a; Larsen et al., 2017; Levy et al., 2017;
Dyke et al., 2018), the resulting glacial chronologies are heavily
reliant on cosmogenic exposure dating and thus include assump-
tions and sources of error not discussed in this largely radiocarbon-
based review. Readers interested in updated ice margin maps from
these regions are encouraged to read local studies.

2.2.5. The Last Glacial Maximum was asynchronous

For consistency with Dyke et al. (2003), our maps begin the
deglaciation sequence at 18 ka. However, the LGM extent was
reached at different times in each region (Dyke et al., 2002; Clark
et al,, 2009; Ullman et al., 2015; Stokes, 2017). Notably, our maps
miss the maximum ice extent in the Great Lakes area (occurred
prior to 22.5 ka; Heath et al.,, 2018; Loope et al., 2018), Labrador
(maximum ice extent reached prior to 30 ka; Roger et al., 2013) and
the Atlantic Canada margin (occurred at ~20 ka; Baltzer et al., 1994).
Our maps also record ice sheet advance in some western areas (ice
advance as late as 15.5 ka; Lacelle et al., 2013).

2.2.6. Our work does not show the extent of proglacial lakes
We recognize that ice-dammed lakes are critical for delineating
the position of an ice margin in a given region. However, calculating

the extent of such lakes requires a thorough examination of the
relationships between ice-marginal positions, lake levels, dated
shorelines and spillways (Lewis and Anderson, 1990; Teller and
Leverington, 2004; Breckenridge, 2015; Hickin et al., 2015) that is
beyond the scope of this primarily ice margin paper. At the same
time, it is inappropriate to overlay the proglacial lakes of Dyke et al.
(2003) onto our updated ice margins since the outlines of these
lakes are often not aligned with the updated ice margin. Thus, we
made a practical decision to remove proglacial lakes from our ice
margin reconstructions. Note that, while we do not explicitly plot
proglacial lakes, our updated ice margins and the position of ma-
rine re-entrants (calving embayments) take into considerations
evidence for these landscape features (e.g. re-drawing of the
deglaciation of the Labrador Dome; Section 4.8).

3. Overall changes to the 18 ka ice margin

Some of the most substantive updates that we make are to the
18 ka ice margin. In this section, updates are presented in a clock-
wise direction starting in the northwest Arctic, moving to the Arctic
Islands, Atlantic coastline and finally to terrestrial regions (Figs. 1
and 2). Compared to Dyke et al. (2003), our updated 18 ka ice
sheet increased in areal extent from 17.81 to 18.37 million km?,
which is 3.1% more spatial coverage of the NAISC at that time
(Table 1). All changes to the ice margin following 18 ka are dis-
cussed in Section 4.

In Arctic Canada, Dyke et al. (2003) depicted an 18 ka ice margin
that largely followed the outer coastline of the Canadian Arctic
Archipelago. The major exception to this pattern was the western
Queen Elizabeth Islands (Prince Patrick, Eglinton, and Melville
islands) and Banks Island, depicted as supporting only local ice caps
or as ice-free glacial refugia, respectively, at 18 ka (Fig. 3). For rea-
sons we describe in the next paragraph, a major feature of our
update is the extension of this ice margin to the continental shelf
edge along the entire western Arctic coastline. This includes an
extension of ice 100 km northward to shelf-break in the Beaufort
Sea and glaciation across mid Yukon Shelf (King et al., 2019) as well
as a substantial extension of 18 ka ice in the northwestern Arctic
(by > 200 km near Banks Island) over what was depicted by Dyke
et al. (2003) for the same interval. Farther north along the Arctic
coastline, we adjust the 18 ka ice margin to the shelf edge on the
basis of geomorphological records showing pronounced modifica-
tion of the continental shelf by ice streams draining the Innuitian
Ice Sheet (Margold et al., 2015).

We present three key pieces of evidence for the shift of 18 ka ice
to the continental shelf. (1) Seismic surveys from Amundsen Gulf
and adjacent Beaufort Sea identify ice stream bedforms and de-
posits extending to the shelf edge and upper slope (Batchelor et al.,
2014; King, 2015; MacLean et al., 2015). (2) Recent seismic surveys
from the vicinity of Beaufort Shelf including the outermost Yukon
Shelf suggest that ice was fed from the marine realm and not across
the coastline (King et al., 2019). (3) The presence of thick tills in the
Amundsen Gulf, indicating an ice extent to the outer eastern
Beaufort Shelf. Moreover, recent marine surveying confirmed the
confluence of the Laurentide and Innuitian ice sheets in M’Clure
Strait (e.g. immediately northeast of Banks Island) with a shelf
break ice margin (King, 2015).

We also extend the 18 ka ice margin seaward near Greenland
and Baffin Island. In the extreme far north, the junction of the
Greenland and Innuitian ice sheets is placed to the shelf edge
following the suggestion of Funder et al. (2011). In the eastern
Arctic, a similar expansion of the 18 ka ice margin offshore of Baffin
Island is suggested by geomorphology, cosmogenic nuclide dating
and marine-based work (Fig. 3). Extensive cosmogenic work and
mapping of glacial features on Baffin Island initiated this idea (e.g.
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Briner et al., 2005; Miller et al., 2005). Additional support is pro-
vided by marine-based work such as acoustic profiles and core
samples (mapping of an ice-contact submarine drift; Praeg et al.,
2007), sedimentological evidence of a grounding line (Li et al,
2011), the presence of ice margin diamicts (Jenner et al., 2018)
and a suite of geophysical evidence (e.g. lateral moraines, ice-
contact evidence; Brouard and Lajeunesse, 2017, 2019; Lévesque
et al,, 2020). Following the aforementioned studies, we extend
the 18 ka ice margin to the continental shelf edge along the coast of
Baffin Island and Labrador (Fig. 3). In this region, we show ice
remaining near the continental shelf (east coast of Baffin Island)
from 18 ka to ~12 ka prior to moving on land (Jenner et al., 2018).
These edits require a manual interpolation of the 17.5 ka to 13.5 ka
ice margins to fit between the new 18 ka and existing 13 ka iso-
chrones (see Section 4.3).

Along the coast of Labrador, we draw the local LGM at the shelf
break (Josenhans et al., 1986) and assign it to 18 ka. However,
locally, this may have been considerably earlier. The 18 ka ice limit
is delineated by the extent of ‘till 3a’ in Josenhans et al. (1986) (not
shown in Fig. 3). In Atlantic Canada, we adjust the 18 ka ice margin
to cover most of the Grand Banks and Scotian Shelf (Piper and

Macdonald, 2001). The updated ice margin now extends to a
depth of over 500 m at the continental shelf edge (Hundert and
Piper, 2008) and shows an ice front in the Laurentian Channel at
the shelf edge (Shaw et al., 2006). We also extend 18 ka ice to cover
the Notre Dame Trough as suggested by recent examination of
glaciomarine landforms (Robertson, 2018); this embayment was
previously depicted as ice-free at 18 ka (Dyke et al., 2003). Because
the 18 ka ice margin falls ~0.5 kyr after Heinrich Event 2, our 18 ka
margin depicts ice pulled back from the shelf edge in places such as
Hudson Strait and Trinity Trough. As such, the true timing of extent
of ice cover across this region is largely lacking; retreat may have
initiated at least 2 ky prior to 18 ka (depicted by a red dashed line;
Fig. 3). At the extreme southeastern extent of the 18 ka ice margin,
near Long Island, we adjust the ice margin inland by ~20 km to align
with recent mapping of glacial deposits (Stone et al., 2005).

We also make adjustments to the 18 ka ice margin south of the
Great Lakes. At the time of Dyke et al. (2003), ice margin constraints
in this region were limited. As a result, most ice margins were
generalized. Since then, recent work has contributed significant
refinement to recession of the 18 ka ice margin in this region. We
update the 18 ka ice lobe in Indiana and Ohio to follow recent work
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on the rate of glacial retreat in this area (Heath et al., 2018; Loope
et al.,, 2018). For example, the updated 18 ka limit in central Indi-
ana now follows the Crawfordsville Moraine (not shown in Fig. 3,
see: Wayne, 1965; Loope et al., 2018) which ranges from 10 to
50 km inboard of the previous 18 ka ice extent. Overall, adjust-
ments to the Huron-Erie Lobe range between 10 km and 200 km
inboard of the ice margins of Dyke et al. (2003). Significant changes
are also made to the Lake Michigan Lobe, based largely on improved
sedimentology and chronology of moraine deposits and associated
paleo ice-marginal lakes. To better fit with recent chronology work
in this area, we align the 18 ka ice margin with the Marseilles
Morainic Complex (not shown in Fig. 3, see: Curry and Petras, 2011;
Curry et al., 2014; Curry et al., 2018).

Finally, we adjust 18 ka ice in the extreme northwest region of
the former ice sheet. In Alaska, we replace the 18 ka isochrone with
the isochrones from Kaufman et al. (2011). Key updates include the
refinement of ice extent over the Brooks Range, along with the
complete removal of ice from the extreme western area of the
Brooks Range (known as the De Long Mountains). We also reduce
ice over the Ahklun Mountains, and we modify the ice limit on the
continental shelf along the southern coast of Alaska (Fig. 3). In
Southeast Alaska, we adjust the 18 ka ice margin by ~30 km inboard
to align with recent work suggesting the maximum extent of ice in
this area was reached after 17 ka (Heaton and Grady, 2003; Lesnek
et al.,, 2018). We also make a minor adjustment to the ice margin in
the extreme west of the Northwest Territories following Lacelle
et al. (2013). In that case, we adjust the local ice margin inboard
by ~25 km between 18 ka to 15.5 ka to reflect a ‘stillstand’ (see
Lacelle et al., 2013).

Prior to our update of the 18 ka ice margin (herein), Margold
et al. (2018) showed an 18 ka ice margin in the Canadian Artic
that was similarly extended to the continental shelf. The purpose of
their 18 ka ice margin was to fit the reconstructed drainage network
of the Laurentide Ice Sheet within the ice sheet outline; in that case,
updates were made on an ad-hoc basis to conform with the posi-
tion and dynamics of ice streams as well as tentative suggestions
from the literature (Briner et al., 2006; England et al., 2006; Shaw
et al., 2006; Lakeman and England, 2012; Jakobsson et al., 2014;
Brouard and Lajeunesse, 2017). Because our work is based on
regional expertise, coastal radiocarbon dates and a geologic
framework for sediments on the continental shelf, our 18 ka ice
margin is different than that of Margold et al. (2018). For example,
in the Beaufort Sea area, Margold et al. (2018) inferred a more
extensive glacier cover than what we show.

3.1. Additional post-18 ka changes to the ice margin

Updates to the ice margins of Dyke et al. (2003) are also war-
ranted following the 18 ka interval. These updates are presented in
a clockwise direction starting in the northwest Arctic region (see
Fig. 1 for overview of each location). Note that Figs. 4—13do not
show all changes described in this section. Rather, these figures
contain brief summaries of key regional changes to the ice margin
at select intervals. The reader is referred to Figs. B1-2 in Appendix C,
which contain all updated isochrones in PDF and shapefile formats.

Readers interested in the broad, continental-scale changes to
the ice margin are referred to Table 1. In this table, we present a
summary of changes to each isochrone, as well as a comparison of
areal extent of the updated ice sheets compared to the original of
Dyke et al. (2003) for each timestep. Estimates of uncertainty for
each isochrone are also provided in Table 1.

3.2. Banks, Melville, Eglinton islands and M’Clure Strait

New seismic evidence and limited sampling in M’Clure Strait

and offshore Banks Island since 2014 compliments the extension of
18 ka ice over Banks, Melville and Eglinton islands (Section 3),
requiring an entirely new depiction of the timing, pattern, and
dynamics of subsequent ice margin retreat in this region. Our
updated ice margins show a stepwise deglaciation from 18 ka based
largely on undated geomorphological and marine-based records
(Fig. 4 and Figs. B1-2). For example, during the deglaciation
sequence, the flank of the M’Clure ice stream cut the northern edge
of Banks Island, then splayed southward forming a marked scarp to
within kilometres of the shelf break (King et al., 2014). This resulted
in exceptionally thick stratified material on Banks Shelf, none of
which has a recognizable glacier sole imprint, further indicating
that ice emanating from Banks Island was limited, perhaps to the
innermost shelf (Fig. 4). In this region, a marine margin (or its
timing) is not yet recognized despite overconsolidated mud
(glacially loaded?) on an extensive low stand-related terrace (King
et al., 2014) and recognition of drumlins of unknown stratigraphic
position beyond it. With the only time constraint of 12 ka on an ice
margin trending north-south across the central interior of Banks
Island (Lakeman and England, 2012, 2013), we manually interpolate
a pattern of ice retreat between these two timesteps (17.5 ka and
12.5 ka) taking into consideration ice-lateral meltwater channels
and other geomorphic features (Lakeman and England, 2013).
Additional radiocarbon age constraints indicate final ice sheet
withdrawal from Banks Island and Amundsen Gulf by ~10.5 ka
(Dyke and Savelle, 2000; Lakeman and England, 2012; Lakeman
et al., 2018).

The Innuitian Ice Sheet (Fig. 3) was largely erosional (no retreat
moraines) with a notable exception in a massive mid-trough
moraine off Eglinton Island, apparently in reaction to a loss of
pinning with the collapse of the M’Clure ice stream before retreat to
land. On nearby Melville Island, we show that ice persisted for
longer than what was suggested by Dyke et al. (2003). Following
Nixon and England (2014), we show remnant ice in the form of
island-based ice caps, especially in western Melville Island, which
has some high-elevation plateaux (Fig. 4). Our updated maps show
a near-synchronous ice retreat from eastern M'Clure Strait and
western Viscount Melville Sound at ~11.5 ka (England et al., 2009).
We make further refinements on Melville Island between 12 ka and
10 ka to follow extensive mapping, geomorphology and radio-
carbon work (Nixon and England, 2014). We also retain a remnant
ice lobe over northeastern Melville Island until 9 ka following the
work of Hanson (2003).

3.3. Beaufort Sea and Amundsen Gulf

In the Beaufort Sea, we extend the ice margin between 18 ka and
15.5 ka northward by ~100 km compared to Dyke et al. (2003). The
updated ice margin now lies at the shelf-break as opposed to
remaining at the coastline (Figs. B1-2). The shelf break position
between the trough mouths is based on subtle mass-wasting fea-
tures attributed to a glacial margin, but we note the timing and
duration of this ice margin is undated. This updated ice margin is
further marked by evidence of a floating glacier in over 500 m
(present water depth) with a large ice component sweeping the
outer Yukon Shelf and at least one mid-shelf still-stand or minor re-
advance (King et al., 2019). The pattern of retreat from this position
follows ice-marginal features at the mouth of Mackenzie Trough,
notably moraines that, until now, were considered to date to the
LGM. We assign this retreat event to 15 ka based on radiocarbon
ages from near to the shoreline (Figs. B1-2). Note that ice margins
on the central Beaufort Shelf are inferred because marine trans-
gression would have removed most evidence.

Similar features lead us to begin the shelf-break retreat at
Amundsen Gulf at around the same time as the Beaufort Sea (~15
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ka). However, in some cases, the timing is more precise in (Dyke and Savelle, 2000; Lakeman and England, 2012; Lakeman
Amundsen Gulf because it can be linked to ice-rafted debris pulses et al.,, 2018). Immediately following outer trough retreat, a thick,
(Lakeman et al., 2018). Retreat of ice from the Amundsen Gulf was stacked till tongue complex demonstrating multiple fluctuations
punctuated, marked by a large moraine spanning the trough be- emanated from the adjacent bank, flowing northward into
tween Banks Island and Franklin Bay (Fig. 4) and a thin ice tongue Amundsen Gulf. This cannot have been maintained without ice
occupying the bay. Collapse was rapid, dated by far-travelled ice cover across the Beaufort Shelf.

rafted detritus events constraining three margins (Lakeman et al., Despite significant progress in refining ice margins in the
2018). Additional radiocarbon age constraints indicate final ice Beaufort Sea and Amundsen Gulf, some elements of our recon-
sheet withdrawal from Banks Island and Amundsen Gulf by 10.5 ka struction remain speculative. For example, around 13 Kka,
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discrepancies arise in the southern Amundsen Gulf trough-mouth
when attempting to reconcile the marine records with land-
based evidence for the ice sheet; the marine record contains too
many margin fluctuations and apparent longevity to form from the
ice tongue depicted at ca. 13 ka (Fig. 4). However, our ice depiction
can be satisfied if the main Amundsen Gulf ice stream periodically
floated across the deep reaches between here and Banks Island at
earlier stages.

3.4. Central and eastern Queen Elizabeth Islands

England et al. (2006) presented an updated interpretation of the
deglaciation of the Innuitian Ice Sheet (see Fig. 3) suggesting that
the pattern of ice retreat in this region may have been more rapid
than what was suggested by Dyke et al. (2003). This new inter-
pretation depicted many of the Central and Eastern Queen Eliz-
abeth Islands as hosts to local ice dispersal centres at 18 ka (England
et al,, 2006, 2009; Nixon and England, 2014). We adopt these
changes to the broad region of the Innuitian Ice Sheet, mostly
consisting of minor adjustments to the ice margin and the most
substantive change being an accelerated rate of ice retreat over
marine regions at ~9 ka (Fig. 5 and Figs. B1-2). We further refine the
pattern of ice retreat around the Amund and Ellef Ringnes islands,
as well as southern Ellesmere Island to reflect detailed work that
has taken place in those regions (after Atkinson, 2003; England
et al.,, 2004). The result is a much refined ice margin and more
persistent ice masses on these islands over the generalized work of
Dyke et al. (2003).

We also make changes to deglaciation of the Nares Strait, the
region of separation of the Innuitian and Greenland ice sheets

(Fig. 5). North of Nares Strait, marine core evidence from the coast
of Greenland suggests that retreat of the ice sheet from the edge of
the continental shelf began as early as 16 ka (Larsen et al., 2010) and
had reached the central area of the Nares Strait by ~8.5 ka (Jennings
et al,, 2011a). We update the pattern of ice retreat to incorporate
these constraints, the most substantive of which are expansions of
the ice margin by ~150 km northward at 16 ka (Figs. B1-2). Simi-
larly, in the southern Nares Strait, the oldest radiocarbon age in a
marine core suggests the separation of the Innuitian and Greenland
ice sheets occurred between 8.5 ka and 6.5 ka (Georgiadis et al.,
2018) and we update the relevant isochrones to reflect this
increased rate of deglaciation (Fig. 5 and B1-2). We also make minor
adjustments (largely < 10 km) to the ice margin along the western
coast of Greenland (only in the area immediately adjacent to the
Nares Strait) to reflect radiocarbon ages (e.g. extensive dating of
shell deposits on coastal Greenland; Bennike, 2002). No other
changes were made to the Greenland Ice Sheet.

3.5. Barrow Strait and Lancaster Sound

The Northwest Passage is a major marine waterway in the Ca-
nadian Arctic consisting of the Barrow Strait, Lancaster Sound and
Viscount Melville Sound (Fig. 5). Here, we make refinements to the
deglaciation sequence of Lancaster Sound, located in the eastern
Northwest Passage, based on several recent studies of grounding
zone wedges, marine sedimentology, geochemistry and paleoproxy
data that refine the pattern of ice retreat in this region (Ledu et al.,
2010; Pienkowski et al., 2012, 2014; Bennett et al., 2013; MacLean
et al., 2017; Furze et al., 2018). Radiocarbon dates from these ma-
rine cores provide evidence for a more accelerated deglaciation of
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eastern Lancaster Sound than previously understood. Notably, Li
et al. (2011) assign a 13.5 ka age (~16 ka calibrated) to the latest
till tongue in deep water on Lancaster Fan (easternmost Lancaster
sound, reaching into northern Baffin Bay) suggesting that initial
retreat began at this time from the LGM. As a result, we extend the
ice margin at 13.5 ka by ~150 km and the updated 13.5 ka ice limit is
based on their seismic control (Figs. B1-2). The subsequent west-
ward deglaciation of Lancaster Sound is updated to reflect several
successive but largely undated retreat margins, mainly marked by
grounding zone wedges suggesting punctuated westward retreat
(Fig. 5 and B1-2). Chronology, though limited, conforms to land-
based studies and is based on extrapolated dates to the basal dia-
mict in two cores (Pienkowski et al., 2013). In this region, the
maximum adjustment of the ice margin over what was depicted by
Dyke et al. (2003) was ~200 km at 10 ka. Our updated isochrones
are based largely on the new pattern of ice retreat presented in

Pieftkowski et al. (2014).

Our updated ice margins in the vicinity of Barrow Strait (Fig. 5)
reflect the presence of several stacked till sheets, undated except
for the uppermost. At ~9.5 ka, we show ice from the Wellington
Channel splaying southward toward Prince Regent Inlet (MacLean
et al., 2017); this re-advance postdated retreat in the Viscount
Melville Sound region and is dated through extrapolation of the
Pienkowski et al. (2013) age model. We also make adjustments to
ice margins in Barrow Strait, but do not recognize any stepwise
retreat deposits in the channels south of Lancaster Sound. Further,
between 10 ka and 9 ka, our updated ice margins show Innuitian ice
from Wellington Channel streaming in a southerly direction and
meeting Barrow Strait ice, which caused an overdeepening of the
strait along a syncline. This likely afforded the preservation of
multiple local tills, demonstrating dynamic mid-channel margin
fluctuations though margin reconstruction from the till remnants
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Fig. 7. Updated ice margins (opaque white) showing the deglaciation of the Labrador Dome at selected intervals. In this region, we update several ice margin positions based on
mapping of glacial and geomorphological features along with cosmogenic nuclide dating of shorelines and spillways (see Section 4.8). Previous isochrones of Dyke et al. (2003)
shown as black dashed line. Data points and colour scheme are described in Fig. 2. Additional notes on topography, bathymetry and the base layer are detailed in the caption

for Fig. 1.

remain indefinite. We add a margin marking the uppermost till
edge tracing across Barrow Strait and recognize a re-advance
(through mega-scale glacial lineations) emanating southwest-
ward from Wellington Channel and overriding earlier till deposits
(Figs. B1-2). This was likely a reaction to calving of Barrow Strait,
just as for Regent Sound. We adjust the margin that built a distinct
grounding-zone wedge at the mouth of Wellington Channel and
now recognize further northward, stepped retreat with at least two
other (undated) arcuate till bodies crossing Wellington Channel
within an otherwise deposit-sparse area. Large extrapolation of
core dates from Pientkowski et al. (2012) place the uppermost
Barrow Strait till about 9.6 ka, possibly older (Fig. 5 and B1-2).
Further westward retreat in Barrow Strait saw several minor

stillstands marked by small moraine fields, rare eskers, and thin
grounding-zone wedges in an otherwise very thin Quaternary
cover. In this region, chronological constraints are from land only.

3.6. Labrador shelf and Hudson Strait

As described earlier (Section 3), along the coastline of Labrador,
we adjust the 18 ka ice margin to the local LGM at the shelf break
(Josenhans et al., 1986). The retreat from this maximum extent
filled only the coast-marginal trough, along the entire Labrador
offshore, and went partially into most of the shelf-crossing troughs
(‘till 3b’ in Josenhans et al., 1986). However, without known ages,
we rather arbitrarily assigned this margin to 16 ka and manually
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Fig. 8. Updated ice margins (opaque white) showing the deglaciation of Atlantic Canada at selected intervals. Key updates include stepwise deglaciation of the continental shelves
between 18 ka and 14 ka, governed by deep water ice calving of ice streaming (see Section 4.9). Previous isochrones of Dyke et al. (2003) shown as black dashed line. Data points and
colour scheme are described in Fig. 2. Additional notes on topography, bathymetry and the base layer are detailed in the caption for Fig. 1. “PE.I” = Prince Edward Island;

“N.B” = New Brunswick; “N.S” = Nova Scotia; “NH” = New Hampshire; “VT” = Vermont.

adjusted time slices accordingly (See Figs. B1-2). We also extent ice
eastward from Hudson Strait and Frobisher Bay to the shelf break,
its margin marked by the extent of an undated till from the final ice
lobe here (‘till 3¢’ in Josenhans et al., 1986). It is also assigned a
rather arbitrary age to be compatible with a later “Gold Cove” event
at 9.9 ka and subsequent “Noble Inlet” re-advance at 8.9 ka, both
spilling across Meta Incognita Peninsula, the southernmost
Peninsula on Baffin Island (Manley, 1996; Manley and Jennings,
1996). This was followed by retreat of ice along the deepest Hud-
son Strait axis by 8.4 ka to leave marine ice emanating from Ungava
Bay and outer Meta Incognita Peninsula (Jennings et al., 1998).
Cosmogenic dating on land explained by weathered erosional
remnants beneath cold-based ice (Marsella et al., 2000), helped
reconcile the differences with the ice margin minimal versus
maximum extents.

3.7. Hudson Bay region

Keeping with the ice margin depictions of Dyke et al. (2003), one
of the first areas to become ice-free during the deglaciation of
Hudson Bay was Ungava Peninsula (Fig. 6). We retain this general
chronology here. However, in this section we describe several key
adjustments to the ice margin along the Quebec coastline, Ungava
Peninsula and Southampton Island. Our updates include a signifi-
cant reduction in the ice margin between 9 ka and 7 ka (Fig. 6). We
update all isochrones affected by new mapping work (precise ice
margins shown in Daigneault, 2008). Note that the focus of this
section is on the general deglaciation of the Hudson Bay region; the
independent Labrador Dome is discussed in Section 4.8.

Several key adjustments are necessary to the pattern of ice
retreat between 8 ka and 7 ka on Foxe Peninsula, Baffin Island.
Using a combination of field evidence and new chronology, Utting
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et al. (2016b) suggested this region deglaciated more rapidly than
what was depicted by Dyke et al. (2003). We update the deglacia-
tion isochrones accordingly, which amounts to mostly minor
changes on the range of 10 km—20 km inland (Fig. 6). Similarly, on
Southampton Island, Ross et al. (2012) presented a suite of radio-
carbon dates from shells that offer new resolution on the timing of
deglaciation. Notably, these new data suggest the northern region
of Southampton Island was ice-free by 7 ka, which amounts to a
shift in the ice margin of Dyke et al. (2003) by > 200 km inland
toward Foxe Basin (Fig. 6). Isochrones elsewhere on Southampton
Island are adjusted inland by ~20 km toward a remnant ice cap over
the central uplands until 6.5 ka (Figs. B1-2). In this region, we also
modify the ice margin at 7.6 ka to represent the initiation of the
opening of Foxe Basin, and at 7.2 ka to show the retreat toward
Frozen Strait, which is linked also to the ice flow reversal towards
Repulse Bay (McMartin et al., 2015).

Inland of northwestern Hudson Bay, recent extensive mapping
projects in Eastern Keewatin (McMartin and Henderson, 2004;

Little, 2006; McMartin et al., 2015) have led to higher-resolution
mapping of glacial features (moraines, striations, streamlined
landforms) and provided new radiocarbon dates to constrain ma-
rine invasion against the retreating ice margins between 8.5 ka and
7.6 ka (Fig. 6 and B1-2). West of Committee Bay, we adjust the 8.5 ka
ice margin to the northeast by < 15 km to match a recently mapped
moraine from this area (Giangioppi et al., 2003; Little, 2006) and we
shift the 8 ka to 7.6 ka ice margins inland by several km to match
the Chantrey Moraine System (moraines not shown in Fig. 6, see:
Campbell et al., 2013). These changes better account for the near 1.5
kyr difference between ages north and south of the Chantrey
Moraine System, reflecting a significant still stand/retreat position.
A retreat position farther north at 7.2 ka also leaves time and space
for an ice flow reversal to occur toward Repulse Bay before the ice
margin pulls back in Rae Isthmus (McMartin et al., 2015). Further
west, in central Keewatin, we also extend the Chantrey Moraine
System positions at 8.0 and 7.8 ka to match the MacAlpine Moraine
System (moraines not shown in Fig. 6, see: Dredge and Kerr, 2013;
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Levson et al., 2013; Campbell et al., 2019) and to reflect migrating
ice divide positions (cf. McMartin and Henderson, 2004). We also
add a small, <50 km extension to the northern part of the Keewatin
dome, and a small remnant ice cap at 6.5 ka. Our rationale for the
latter adjustments is recent mapping in the region on either side of
Wager Bay (Dredge and McMartin, 2007; McMartin et al., 2015)
which suggests the last position of the ice divide was located
farther north than what is suggested by Dyke et al. (2003).

3.8. Southern Hudson Bay

Recent and emerging work hints at a different mechanism for
the drainage and timing of Hudson Bay over what is depicted by

Dyke et al. (2003); this work is detailed below. However, in an effort
to present a single set of deglaciation ice margins for the entire
North American Ice Sheet complex, we made a pragmatic decision
to present a model that is largely unchanged from that of Dyke et al.
(2003). Accordingly, ice margin retreat in southern Hudson Bay is
marked by the collapse of an ice saddle over the Hudson Bay basin
(termed the Hudson Bay Ice Saddle), and coeval drainage of glacial
Lake Agassiz-Ojibway around ~7.55 ka (Barber et al., 1999). The
Sakami Moraine (moraines not shown on Fig. 6), a prominent
feature of north-central Quebec, was formed partially during the
collapse and drainage of glacial Lake Ojibway and subsequent
transgression of the Tyrrell Sea (Hillaire-Marcel et al., 1981). The
oldest marine shells along this moraine, collected in 1975, provide
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Fig. 13. Updated ice margins (opaque white) showing the deglaciation of Alaska at selected intervals. Key updates include a more refined ice extent on the Pacific coastline at 15 ka
(see Section 4.14). Previous isochrones of Dyke et al. (2003) shown as black dashed line. Data points and colour scheme are described in Fig. 2. Additional notes on topography,
bathymetry and the base layer are detailed in the caption for Fig. 1.
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an ice-margin age of 7.6 ka, which is why we retain this chronology.
Here, we adjust ice margins in Manitoba between 8.5 ka and 7.2 ka
based on extensive fieldwork and eleven new deglacial radiocarbon
ages obtained on marine and lacustrine shells sampled from
postglacial sediments (Table A1; Fig. 6). These changes better
capture updated mapping of late-stage ice-flow patterns
(Trommelen et al., 2012; Gauthier et al., 2019) and the position and
age of lacustrine deposits impounded by ice (Gauthier, 2016;
Gauthier et al.,, in review). However, as noted below, work in this
region is ever-evolving, and we strongly encourage users to consult
the most recent publications regarding ice margins in this area.

In Manitoba, we modify the 8.5 ka ice margin to allow for
lacustrine deposition at 8.46 ka near the Whitecap moraine
(Gauthier et al., in review), as well as the formation of the Trout
Lake flowset into an ice-marginal lake (prior to the Quinn Lake Ice
Stream; Gauthier et al., 2019). We also refine the position of the 8.0
ka ice margin over Manitoba by 20—60 km to encompass the entire
Quinn Lake glacial terrain zone, and also to reflect new mapping
that indicates the South Knife Lake moraine formed at the same
time as the ice stream (Fig. 6). Following Gauthier et al. (2019), the
8.0 ka and 7.8 ka isochrones are extended southwest and westward,
to reflect a late-deglacial west to northwest surge of the Stephen
Lake sublobe into an ice-marginal lake. Finally, the 7.6 ka and 7.2 ka
isochrones are extended into northern Manitoba to account for
southeastward ice-flow into the ocean (Trommelen et al., 2012).
Note that several of the aforementioned landscape features are not
shown in Fig. 6.

As noted above, emerging work signals a different mechanism
for the drainage and timing of this event. Notably, some recent
work in Ontario and Manitoba suggests a collapse of the Hudson
Bay Ice Saddle in northwestern Ontario rather than in the area of
James Bay. Importantly, extensive fieldwork in northern Ontario on
former ice marginal positions (Barnett and Yeung, 2012 and asso-
ciated maps) suggest an alternative deglaciation of the southern
Hudson Bay Lowlands, based largely on the distribution and pattern
of ice-marginal landforms mapped and the large area of erosion or
possibly non-deposition of Stage 2 glacial deposits to the west of
Fort Severn, Ontario. Also, recent work based on new radiocarbon
ages and geomorphic mapping suggests that the collapse of the
Hudson Bay Ice Saddle may have potentially occurred over a period
of ~400 years (Lochte et al., 2019; Gauthier et al., in review) ending
around 7.2 or 7.1 ka (Roy et al., 2011; Jennings et al., 2015; Gauthier
et al,, in review). If correct, these interpretations suggest a collapse
of the Hudson Bay Ice Saddle that is incompatible with Dyke’s
models which we present here (Fig. 6). The reader is encouraged to
consult the most recent publications for this region.

3.9. Labrador Dome

Following the collapse of the Hudson Bay Ice Saddle, the Lab-
rador Dome became an independent entity. This section describes
updates to this dome from ~7.7 ka onward. Overall, our updated ice
margins show a more pronounced pattern of retreat and significant
reduction in ice extent toward the late stages of deglaciation as
compared to Dyke et al. (2003). They are now more in line with
scenario C of Clark et al. (2000). We organize our updates into the
Ungava Peninsula, western Quebec coastline and eastern flank of
the Labrador Dome. Note: because of the relatively low resolution
of Fig. 7, it is not possible to plot several of the landscape features
mentioned below (e.g. spillways, glacial lake locations, drift belts).

On the Ungava Peninsula, following earlier work (Lauriol and
Gray, 1987; Gray et al., 1993), Daigneault (2008) suggests a degla-
ciation pattern that involves a significant reduction in the ice
margin between 9 ka and 7 ka. We update all isochrones and ice
margin locations for northern Ungava based on regional mapping

of Daigneault (2008). In this sector, eskers and evidence of pro-
glacial lakes suggest that the ice margin retreated westward up to
the area previously occupied by the northern extension of the New-
Quebec ice divide (Daigneault and Bouchard, 2004). One of the
most substantive changes in this area is at 7 ka where we refine the
ice margin by ~100 km inland on the Ungava Peninsula (Fig. 7).

Along the western Quebec coastline (bordering Hudson Bay), we
update several ice margin positions based on mapping of glacial
and geomorphological features along with cosmogenic nuclide
dating of shorelines and spillways (Fig. 7). Notably, following
radiocarbon work of Lajeunesse (2008), we adjust the 7.6 ka ice
margin inland by ~150 km to conform to the present-day shoreline
in this region (e.g. position of the Nastapoka Drift Belt). As shown in
Figs. B1-2, the 7.6 ka ice margin now aligns with the position of the
Sakami Moraine, Nastapoka Drift Belt, and extends northwest to
the Ottawa Islands (Lajeunesse, 2008). Along the western Quebec
coastline, we also update the 7.2 ka ice margin by ~10 km inland to
accommodate detailed mapping of moraine belts and new radio-
carbon dates (Lajeunesse and Allard, 2003; Lajeunesse, 2008;
Lavoie et al., 2012). At 7.0 ka, we show two prominent re-entrants
(calving embayments) to accommodate the development of
glacial lakes in major river valleys (Lac Payne and Lac Minto; see:
Lauriol and Gray, 1987; Gray et al., 1993; Dubé-Loubert et al.,
2018a). By 6.5 ka and 6 ka, we add another re-entrant farther
south to acknowledge evidence for an additional glacial lake in the
basin of Lac a I'Eau-Claire (Allard and Seguin, 1985). In the absence
of geochronological data and field-based mapping constraints for
the core-area of the Labrador Sector, all isochrones post-dating the
6 ka interval remain speculative and are here adjusted to fit an ice
withdrawal pattern that follows the outlines of the updated mar-
gins. Moreover, ice during these intervals is absent from major river
valleys because we know that there were no more glacial lakes.

Refinements to the eastern flank of the Labrador Dome were
based on mapping and geochronological constraints on the large
ice-dammed Lake Naskaupi (Dubé-Loubert et al., 2015, 2018b,
2016; Dubé-Loubert and Roy, 2017). One of the most substantive
updates is at 7.2 ka, where we adjust the ice margin by ~50 km
inland to follow the mapping of shoreline sequences and spillways,
along with cosmogenic nuclide dating of shorelines that provide a
firm constraint on the lake main stage and thereby the position of
the damming ice margin (Fig. 7). At the same time, in Labrador, we
similarly adjust the ice margin inland by ~50 km to acknowledge
the occurrence of meltwater channels going south across the con-
tinental drainage divide (Ungava Bay/Labrador Sea), which imply
that part of this region was ice-free at this time (Dubé-Loubert and
Roy, 2017). Also for this time interval, we adjust the ice margin
inland at the opening of Ungava Bay to better conform with the
occurrence of large glaciomarine deltas mapped in recent regional
surveys (Dubé-Loubert and Roy, 2014). These esker-fed glaciomar-
ine deltas rest directly on fine-grained marine sediments and
suggest that the ice margin retreated in contact with the postglacial
marine incursion (Iberville Sea, not plotted in Fig. 7) at this time
further south in the Ungava Bay lowlands. To maintain a stepwise
pattern of deglaciation and to comply with recent mapping con-
straints, we revise the ice margin immediately prior to 7.2 ka (7.6
ka) by 50 km inland along the eastern flank of the Labrador Dome
(see Figs. B1-2). All isochrones post-7.2 ka are adjusted to fit within
the constraints of the updated margin, as well as evidence for ice-
dammed lakes in the region.

3.10. Atlantic Canada

Assessing the pattern of marine-based ice retreat in Atlantic
Canada is challenging. There is evidence that all the shelf-crossing
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troughs in this region supported ice streams that extended to the
shelf-break (Margold et al., 2015), some with numerous deposit
remnants. However, most are entirely inaccessible to sampling. For
example, the Laurentian Channel (Fig. 8) has at least 16 strati-
graphically differentiated till units that are partly preserved, of
which only the latest four or five record the last glacial and pro-
gressive retreat (King, 2012). Using a combination of marine shelf
topography, chronology and inferences on ice sheet dynamics,
Shaw et al. (2006) presented a conceptual framework for the
pattern of ice sheet retreat of Atlantic Canada. In that paper, ice
margin features constraining glacial margin reconstructions are
generally robust, however the timing is largely interpolated. Thus,
is difficult to adjust the ice margins based on this work. Instead, we
combine the work of Shaw et al. (2006) with recently emerged
bathymetric-morphological renderings, improved margin deposit
recognition and progress on chronologies to present an updated
interpretation of ice sheet dynamics in this region.

Key updates to the work of Dyke et al. (2003) include a stepwise
deglaciation of the continental shelves between 18 ka and 14 Kka,
governed by deep water ice calving of ice stream fronts. With
notable exceptions, we show that retreat was progressive but with
minor still-stands and re-advances as tributary ice stream sources
locally adjusted to over-steepened profiles following rapid calving
of the main streams (Fig. 8). More than ten moraine complexes
within 20 km of the Atlantic shore of Nova Scotia are time trans-
gressive, starting at ca. 15 ka in the west, younging eastward (King,
1996) but we stress that many have poor chronological constraint.
A ca. 15 ka meltwater-rich re-advance laid the foundation for Sable
Island (King, 2001) and water-rich ice persisted on the eastern shelf
with stepwise retreat emanating from what eventually diminished
to a cap over Cape Breton (Fig. 8 and B1-2).

By 14 ka, a marine re-entrant (calving embayment) advanced
northwestward into the Laurentian Channel toward the Gulf of St
Lawrence. In this region, we present several unpublished radio-
carbon dates (see Table A1) that make it possible to specify the
pattern of deglaciation in the northern part of the Gulf of St. Law-
rence. Following these data, the west of Anticosti Island and the
eastern tip of the Gaspé Peninsula (Percé sector) became ice-free as
early as 13 ka. By 12.5 ka, the eastern section of the Gaspé Penin-
sula, including Gaspé Bay, and the entire periphery of Anticosti
Island was ice-free (Fig. 8 and B1-2). However, the highlands
through the centre of Anticosti Island remained occupied by an
autonomous ice cap that continued to persist for at least another
0.5 kyr (Hétu et al., in preparation). At 12 ka, coastlines surrounding
the Gaspé Peninsula were entirely deglaciated. Our updated maps
show these adjustments to the ice margin (Fig. 8). Also in the Gulf of
St Lawrence, on the Magdalen Islands (small archipelago located
northeast of Prince Edward Island), we show deglaciation at ~13.5
ka (2 kyr earlier than Dyke et al., 2003) to better align with recently
published dates from optically stimulated luminescence analysis of
cryopediment and coastal deposits which suggest that deglaciation
of this island archipelago occurred around that time (Rémillard
et al., 2016).

New information about ice retreat through the Bay of Fundy,
located between New Brunswick and Nova Scotia, as the ice margin
approached land (around 13 ka) was provided by Todd et al. (2007)
and Todd and Shaw (2012) who mapped the extent of nearby gla-
ciomarine landforms and dated the onset of marine sedimentation
in the cores collected from the sea floor. We update the pattern of
ice retreat between 18 ka and 13 ka following this work, the most
substantive change being the extension of ice by ~100 km beyond
what is depicted by Dyke et al. (2003) to cover the entire Bay of
Fundy at 13.5 ka (Figs. B1-2).

By ~13 ka, the ice margin in Atlantic Canada had largely moved

on land. A key exception is, in southern Newfoundland, an ice
tongue emanating 20—50 km from the shoreline at 12.5 ka to
satisfy late-stage grounded ice and outburst flooding observations,
but the long tongue may have had lateral buttressing from floating
ice. Also at 12.5 ka, we adjust isochrones in New Brunswick by
~150 km southward toward the Bay of Fundy to accommodate the
aforementioned marine sediment records from that area (Todd
et al.,, 2007; Todd and Shaw, 2012) (Figs. B1-2). On land, from 13
ka to 8 ka, we update the deglaciation largely to follow the work of
Stea et al. (2011). Most adjustments to the ice margins are minor
(<20 km) compared to what was presented in Dyke et al. (2003).
For example, we slightly reduce the size of remnant ice bodies over
Nova Scotia at ~12 ka to accommodate new chronological con-
strains (e.g. onset of peat accumulation at Petite Bog; Charman
et al., 2015). One of the more substantive updates is a re-advance
between 11 ka and 10.5 ka over Nova Scotia and Prince Edward
Island (Figs. B1-2). This Younger Dryas ice configuration is based on
extensive radiocarbon dates that underlie till or ice-marginal de-
posits (Stea and Mott, 2005; Stea et al., 2011). We also maintain
remnant ice caps over central New Brunswick for 0.75 kyr longer
than what is suggested by Dyke et al. (2003). In Newfoundland, we
reduce the size of remnant ice caps from 13 ka to 9 ka by ~30% to
better align with the position of fjord-mouth moraines along the
coastline (Shaw et al., 2006).

3.11. New England and southern Quebec

Renewed work on varve records in proglacial lakes (North
American Varve Chronology; Ridge, 2012; Ridge et al., 2012) and
site-specific studies (e.g. radiocarbon dating of plant remains in the
initial, inorganic sediment of small lakes) refine the pattern of ice
retreat between 18 ka and 11.5 ka in New England and southern
Quebec (Stone et al., 2005; Oakley and Boothroyd, 2012) and in
New York (Franzi et al., 2016). Following this work, we make minor
adjustments to the ice margin between 18 ka and 13 ka in New York
and New Hampshire (after Ridge, 2003, 2004, 2012; Ridge et al.,
2012). Note that, because of the scale of Fig. 9, it is not possible to
plot several of the landscape features mentioned below (e.g. glacial
lake locations, moraine belts, fjord locations).

More substantive updates to New England are the result of
radiocarbon ages of shells from glaciomarine sediments (Borns
et al., 2004) as well as a reservoir correction of at least 1 kyr
applied to marine shells (Thompson et al., 2011). Notably, we
expand the 13 ka ice margin by ~90 km coastward (Fig. 9). The
updated 13 ka ice margin covers the majority of Maine, except parts
of the eastern and western coastal zone (e.g. Sargent Mountain
Pond, a mid-coastal mountain pond that likely became deglaciated
before the surrounding lowlands). We similarly adjust the 12.5 ka
Maine ice margin coastward by ~90 km to better align with several
ages on both sides of the major Pineo Ridge Moraine System
(moraines not plotted on Fig. 9, see: Borns et al., 2004) and with
varve chronology in New Hampshire to the west. The updated 12.5
ka isochrone also depicts a major re-advance of ice ~50 km
southward along several river valleys of New Hampshire and New
York State (following Ridge, 2003, 2004; Ridge et al., 2012; Franzi
et al., 2016). In addition, the 12 ka ice margin is shown at a re-
advance position in the Connecticut Valley (Thompson et al.,
2017) and is extended between 10 km and 60 km southward into
the Champlain Valley and surrounding areas to better reflect evi-
dence of the persistence of ice in that region (Fig. 9; Chapdelaine
and Richard, 2017).

We make significant adjustments to the 11.5 ka and 11 ka ice
margin in Quebec. Cross-dating of marine and terrestrial-derived
sources (Occhietti and Richard, 2003; Richard and Occhietti,
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2005) suggests a more appropriate marine reservoir correction for
this area, thus settling a long-standing controversy over the age of
the Champlain Sea, the marine incursion immediately following
deglaciation of this region (Rayburn et al., 2005; Cronin et al., 2012).
Combined with the information from Thompson et al. (1999) in
northern New Hampshire and Borns et al. (2004) in northern
Maine, this prompted a major change in the ice position on the 11.5
ka map (Fig. 9). The updated 11.5 ka ice margin in this area is drawn
after Chapdelaine and Richard (2017); this ice front occupied the
Maine-Quebec boundary, corresponding to the so-called Frontier
Moraine (see: Parent and Occhietti, 1999). From recent work on the
northern side of the St. Lawrence lower estuary, downstream the
Saguenay Fjord (Occhietti et al., 2015), the coast of the upper part of
the lower estuary was deglaciated and inundated by Goldthwait
Sea waters by 11.3 ka until the Younger Dryas re-advance. Current
work upstream of the Saguenay Fjord, in Charlevoix (by workers
Occhietti, Govare, Bhiry et al.), indicates that the St. Lawrence Ice
Stream remained active in the middle estuary until about 11.2 ka
and the opening to marine waters of Goldthwait Sea, shortly before
to the Champlain Sea incursion, with short lived lateral lakes pre-
ceding the marine invasion (Fig. 9). On the southern shore of the
middle estuary, it seems that the late ice stream was bordered by an
early arm of Goldthwait Sea in the downstream part and by the
ephemeral Chaudiere-Etchemin Lake in the upstream part, imme-
diately prior to the Champlain Sea incursion in the central St.
Lawrence valley.

Immediately following 11.5 ka, highly dynamic events took
place in the central St. Lawrence valley region. Remnant ice briefly
remained over the Montreal lowland area prior to shifting eastward
at ~11.25 ka and lying adjacent to the topographic high of Warwick,
on the Appalachian piedmont. This was likely the last ice position
prior to the incursion of the Champlain Sea. Unfortunately, this
~11.25 ka ice margin is not captured in our relatively low-resolution
maps, but we present an approximate position for this ice margin in
the 11 ka interval (orange line; Fig. 9) because it provides important
context for the deglaciation of this region. Regardless, by 11.1 ka, the
ice margin had receded sufficiently to allow incursion of the
Champlain Sea. The 11 ka ice margin therefore lies north of the St.
Lawrence River (Fig. 9). At this time in the broader region, the ice
margin remained along the shore of the St. Lawrence lower estuary,
except in southernmost Labrador and downstream of the Saguenay
Fjord. Minor adjustments to the 11 ka ice margin follow Occhietti
et al. (2011).

In addition to the changes described above, we also update the
timing of the marine re-entrant (calving embayment) in the lower
St. Lawrence estuary from a progressive calving from 13 ka to 11.5
ka (as depicted by Dyke et al., 2003) to a rapid embayment at 11.5
ka (Fig. 9) in accordance with the ice stream evidence upstream in
the mid estuary. We also make this change because of recent work
in New York State that suggests ice lobes remained active until
~11.5 ka, and were able to re-advance and also act as a barrier to the
drainage of glacial Lake Iroquois in the Ontario Basin (Franzi et al.,
2016). These ice lobes required a continuous ice supply that would
not be likely if the calving embayment occurred as early as 13.5 ka
and spread westward prior to 11.5 ka (Ross et al., 2006).

One to three centuries after 11 ka was the onset of the Younger
Dryas cold episode and the emplacement of the St. Narcisse
Moraine at the southeastern margin of the Canadian Shield and on
the north shore of the St. Lawrence Estuary and Gulf (Occhietti,
2007; Occhietti et al., 2011). Accordingly, we update the position
of the 10.5 ka isochrone to reflect the position of the main ridges of
the St. Narcisse Morainic Complex (Fig. 9). We note that the
configuration of remnant ice masses in northern Maine is very
approximate during these intervals. In drawing these ice margins,

we have considered recent work by Dieffenbacher-Krall et al.
(2016), along with previous workers such as Borns et al. (2004),
who have found stratigraphic evidence of a Younger Dryas glacial
re-advance. Evidence of a Younger Dryas climate cooling also oc-
curs as a lithic zone in many of the dated lake sediment cores from
northern Maine, and sites that preserve this record must have
remained deglaciated during the Younger Dryas. Finally, we make
minor changes, generally <10 km, to the retreating ice margin in
Quebec between 11 ka and 9 ka following Occhietti (2007) and
Occhietti et al. (2011).

Our work provides significant updates to the deglaciation of
New England and southern Quebec. However, some conflicts
remain and some elements of our reconstruction are somewhat
speculative. For example, the updated marine reservoir correction
in this region causes a discord between the ice margin and several
terrestrial radiocarbon ages, causing the terrestrial radiocarbon
ages to appear too old. Possible explanations include (1) derivation
from bulk samples prior to the availability of accelerator mass
spectrometry dating; (2) the influence of carbonate rocks that un-
derlie parts of this region; and (3) the predominantly meltwater
environment. A notable example of this discord is at 12.5 ka, where
the updated ice margin conflicts with a few terrestrial radiocarbon
ages (Fig. 9). We consider this issue unavoidable to get a realistic
active ice sheet margin. To maintain an objective research
approach, we retain these radiocarbon data points on our maps.
However, we do not use them as control points for drawing our ice
margin.

3.12. Great Lakes

At the time of Dyke et al. (2003), chronological constraints were
limited in the area south of the Great Lakes. As a result, most ice
margins in that study area were generalized. Since then, recent
work has contributed significant refinement to the recession of the
ice margin in this region. We first update the recession of the
Huron-Erie Lobe in Ohio and Indiana based on minimum ages on
organic matter that formed in shallow depressions in moraines
(Glover et al., 2011). The most substantial adjustment is the
refinement of this ice lobe in Indiana between 18 ka and 16 ka
(Fig. B1-2; Heath et al., 2018). As seen in Fig. 10 and Figs. B1-2,
adjustments to the Huron-Erie Lobe range between 10 km and
200 km inboard of the ice margins of Dyke et al. (2003).

Significant changes are also made to the Lake Michigan Lobe.
Minimum moraine ages are given through more than 200 accel-
erator mass spectrometry ages of tundra plant macrofossils pre-
served in periglacial and ice-marginal lakes (Curry and Petras, 2011;
Curry et al., 2014, 2018). We align the 18 ka to 16.5 ka ice margin
with the Marseilles Morainic Complex, Barlina Moraine, and Gil-
man Moraine (Fig. 10). We also adjust the 16 ka ice margin to the
Rockdale moraine in Illinois and continue eastward into Indiana
and Michigan. Note that the aforementioned moraines are not
shown in Fig. 10.

Overall, we show the deglaciation of the Lake Michigan region
occurring ~1 kyr sooner over what is depicted by Dyke et al. (2003);
our justification for this change is improved radiocarbon work and
landscape analysis related to erosion caused by a dramatic melt-
water event (Kankakee Torrent; Curry et al., 2014). This meltwater
event is well-constrained to 15.69 ka and its sources included
meltwater of the Lake Michigan, Saginaw, and Huron-Erie Lobes in
southwestern Michigan (Curry et al., 2014). New radiocarbon dates
indicate the torrent skirted the southern margin of the Valparaiso
Morainic System, which we align with the 15.5 ka margin. We align
the 15 ka ice margin to the Tinley Moraine of the Valparaiso
Morainic System in Illinois and Indiana (moraine positions not
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shown, see Fig. 10). While our updates represent significant
refinement to the deglaciation sequence for the Lake Michigan and
Huron-Erie Lobes, we stress that ice margin ages in Michigan and
northern Indiana remain speculative because many areas are not
mapped in detail and the ages of moraines are often poorly
constrained.

Another notable update to the pattern of ice retreat in the
southern Great Lakes is at 15.5 ka. A this time, Dyke et al. (2003)
depicted a short-lived yet dramatic recession of the margin by
~400 km (the Erie Interstadial), leaving large parts of the Great
Lakes region briefly ice-free (see Figs. B1-2). The Erie Interstadial is
well-documented in the stratigraphic record (Fullerton, 1980;
Barnett, 1992; Karrow et al., 2000). However, Dyke (2004)
acknowledged that the timing of this dramatic oscillation in the
ice margin remained unclear and could range from ~16.5 ka to 14.5
ka. Recent work on dating this interstadial event has focused on
meltwater routing as a result of glacially-induced drainage shifts
(Carlson and Clark, 2012; Porreca et al., 2018). Yet, the timing of this
event remains enigmatic. For this reason, we remove the Erie
Interstadial from the 15.5 ka isochrone. The updated 15.5 ka ice
margin north and east of Lake Michigan now lies approximately
midway between the 16 ka and 15 ka ice margins (Fig. 10).

Farther west, we also make updates to the deglaciation of Lake
Superior. Our updates align with recent work on °Be-dating, varve
records, radiocarbon data and drainage basin mapping
(Breckenridge et al, 2004; Hyodo and Longstaffe, 2011;
Breckenridge, 2015; Ullman et al., 2015), which suggest a much
later ice retreat from the basin than shown in Dyke et al. (2003).
Following the aforementioned studies, we re-draw the ice margins
between 10 ka an 8 ka to better align with the onset of varved re-
cords in various sub basins of the lake (updated ice margins follow
Breckenridge, 2013). Major updates include the expansion of ice by
~200 km southward at 9.6 ka and 9.5 ka to cover a large area of Lake
Superior (Figs. B1-2). We also show ice remaining in the northern
area of the watershed at the Nakina moraine until ~9 ka. The
updated ice margin lies north of the Lake Superior drainage basin
by 8 ka (Figs. B1-2).

Finally, we make adjustments to the west of Lake Superior. Ice
margins in this region are contentious because they relate to the
drainage of Lake Agassiz. For example, a'®Be-based deglaciation
chronology (Leydet et al., 2018) suggests a much older withdrawal
of the Rainy Lobe than interpreted from radiocarbon dates (Lowell
et al., 2009). For the purposes of this continental-scale update to
the ice margin, we adjust the 11.5 ka ice margin by ~50 km
southward to better align with the Vermilion Moraine, a prominent
feature in the region (Figs. B1-2). We also adjust the 11 ka and 10.5
ka ice margins to better align with the position of the Eagle Fin-
layson Moraine (adjustments of <10 km and ~50 km, respectively).
Lastly, we make minor changes (<10 km) to the 10.25 ka and 10 ka
isochrones to better align with the position of the Dog Lake
Moraine. It was not possible to plot the aforementioned moraines
on Figs. B1-2.

3.13. Des Moines lobe

The James Lobe (JL) and Des Moines Lobe (DML) were terres-
trially terminating ice lobes (Patterson, 1998; Colgan et al., 2003)
active in the Midwestern United States between 18 ka and 12 ka.
Our updated interpretation of these ice lobes is based largely on
improved statistical correlation of regional till sheets along with
sediment-landform associations, both of which have been verified
and strengthened using lithological and textural data in recent
years (e.g. Harris, 1998; Lusardi et al., 2011). Not all maps are cited
here and the reader is encouraged to visit state survey websites for
indices to detailed mapping and relevant studies (e.g. detailed ice

sheet reconstructions for Michigan; Mickelson and Attig, 2017).
Note that it was not possible to plot some of the mentioned land-
scape features in Fig. 11 and B1-2.

The updated isochrones depict the JL at or near its maximum
extent in South Dakota between 18 ka and 14 ka (Fig. 11 and B1-2).
This position is consistent with chronostratigraphic evidence sug-
gesting that the JL covered North Dakota between 17 ka to 15 ka
(Burnstad and Fresh Lake Phase; Clayton, 1966; Clayton and Moran,
1982) as well as the deposition of the upper Peoria loess in western
Iowa and eastern Nebraska (Muhs et al., 2013). The 13 ka to 11 ka
interval then represents the narrowing and northward recession of
the JL (Figs. B1-2). However, it is possible that this recession was
punctuated briefly by a southward advance of at least 160 km to
near its maximum position at some point between 13 ka and 12 ka
(see Lepper et al., 2007; Lundstrom, 2013). Radiocarbon dates on
wood pieces that were deeply buried by up to 58 m of late Wis-
consin glacial deposits, mainly till, also support ice advance at this
time (Lundstrom, 2013).

The updated isochrones depict the DML covering a large swath
of Minnesota and extending into northern lowa from 18 ka to 16 ka
(Fig. 11 and B1-2). At the same time, it is likely that a central region
of Minnesota remained ice-free (Fig. 11). This highly dynamic ice
margin is supported by the distribution of a surface till with a
unique matrix texture and lithology (Patterson, 1997; Lusardi et al.,
2011). The maximum southern extent of the DML was reached
between 15 ka and 14 ka, resulting in the well-dated Bemis moraine
>200 km south of the Minnesota-lowa border (Clayton and Moran,
1982; Hallberg and Kemmis, 1986). However, the maximum
southerly advance is not necessarily related to the maximum ice
volume of the ice sheet or the ice lobe. From 14 ka to 13 ka, the DML
alternated between intervals of advance, stagnation and re-
advance to lesser positions as documented by moraines in lowa
dated to between 14 ka to 13 ka (e.g. Algona moraine in lowa; Bettis
and Hoyer, 1986). At around 13 ka the Grantsburg sublobe advanced
through the Twin Cities lowland to the northeast into Wisconsin
where it dammed the St. Croix River forming glacial Lake Grants-
burg, which lasted about 100 years prior to drainage due to ice
retreat (Figs. B1-2) (Cooper, 1935; Wright et al., 1973; Johnson and
Hemstad, 1998). Following this maximum ice extent, the DML
retreated (e.g. repeatedly advanced and stagnated with each
advance being less extensive) in a northwesterly direction from 13
ka to 12 ka. However, this retreat was punctuated by several ice
advances, whose stagnation phases formed high-relief hummocky
areas with minimum ages of 12.43 ka (Jennings et al., 2011b). By 12
ka, the DML had retreated from Minnesota northwestward into
North Dakota as suggested by several radiocarbon ages in the re-
gion that was recently covered by the DML (e.g. radiocarbon age
from Dead Tree Lake; Lepper et al., 2007). The DML had largely
receded from the midwestern United States by 11 ka.

3.14. Canadian Prairies

Recent projects have resulted in a much improved knowledge of
ice marginal positions in the Canadian Prairies. Important advances
in this region include the interpretation of landform features using
remote imagery and DEMs, surficial mapping compilations and
targeted field studies, all of which have led to improved identifi-
cation of deglaciation between ~15 ka and ~9 ka in Alberta
(Atkinson et al., 2014, 2016, 2018; Evans et al., 2014), Saskatchewan
(Norris et al.,, 2017, 2018) and Manitoba (McMartin et al., 2012).

An increased availability of deglacial radiocarbon ages adds
further refinement to the pattern of ice retreat (Fisher et al., 2009;
Anderson, 2012). Moreover, progress has been made identifying the
imprints of paleo-ice streams, which evolved across central and
southern Alberta and adjacent Saskatchewan due to a succession of
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spatially and temporally transgressive reorganizations in ice sheet
geometry and dynamics during regional deglaciation (Evans et al.,

1999; Evans et al.,, 2008; Ross et al., 2009; O Cofaigh et al., 2010;
Lusardi et al., 2011; Evans et al., 2012; Evans et al., 2014). Based on
these advances and new data we make minor adjustments (e.g.
shifts of less than 50 km) to ice margins in the Canadian Prairies.
The more substantive updates include an adjustment in Alberta of
the 12 ka, 11.5 ka and 11 ka ice margins by up to ~200 km inland
(Fig. 12 and B1-2) to better align with regional topography and
major mapped moraines. Although not shown on our maps, the
updated ice margins also align with recent work on the formation
of proglacial lakes along the retreating ice margin in this region
(Utting et al., 2016a). In Saskatchewan, more substantive changes
include an increased region of unglaciated terrain from 18 ka to ~14
ka to better align with previous surficial mapping of the unglaciated
terrain and ice marginal features (Klassen, 1991, 2002, 1992). From
14 ka to 12.5 ka, we incorporate recent work on ice streams (Ross
et al., 2009; Lusardi et al., 2011) which results in a nunatak in
southeastern Saskatchewan. In addition, the updated 11 ka iso-
chrone is noteworthy because it shows an elongated ice lobe in
central Saskatchewan (Fig. 12). This is derived from mapping of
specific flow sets and follows topographic lows in this region (Ross
et al., 2009) and matching it to the extent of the ice streams
immediately to the east. Finally, in Manitoba, we adjust the position
of the 10 ka to 9.5 ka ice margins by 50—100 km inland at subtle
moraine segments north of Lake Winnipeg (Fig. 12 and B1-2).

3.15. Alaska and Pacific coastline

In northern Alaska, between 18 ka and 12 ka, we replace ice over
the Brooks Range and Ahklun Mountains with the ‘LGM’ extent
suggested by Kaufman et al. (2011) as part of the Alaska Paleo-
Glacier Atlas (developed by INSTAAR, University of Colorado;
Fig. 13). We also remove ice entirely from these regions from 11.5 ka
onwards to be most compatible with existing data and ongoing
work in the area (Briner and Kaufman, 2008). In southern Alaska
(Alaska Range extending westward to the Aleutian Range), we
replace the 18 ka to 16 ka ice margins with the ‘LGM’ extent sug-
gested by Kaufman et al. (2011). This updated ice configuration is
maintained from 18 ka to 16 ka. Subsequent isochrones follow Dyke
et al. (2003).

Radiocarbon ages on seal bones from Southeast Alaska (Shuka
Kda cave; Heaton and Grady, 2003) and coastal British Columbia
(Port Eliza cave; Ward et al., 2003) suggest that westward advance
and maximum limit of the Cordilleran Ice Sheet occurred in some
areas of the Pacific coastline after 17 ka. The timing of this ice
advance was also confirmed via cosmogenic °Be exposure dating
from this coastline (Lesnek et al., 2018). As a result of these new
constraints, we adjust the 18 ka, 17.5 ka and 17 ka coastal ice
margins in Southeast Alaska by ~30 km inland (Figs. B1-2). We then
show maximum ice extent (following Kaufman et al., 2011) in these
areas between 17 ka to 15 ka. Farther south, near Vancouver,
chronostratigraphic work on sediments from the Chehalis River
valley document a brief retreat of regional ice around 15.5 ka, fol-
lowed by a relatively late advance to maximum ice extent in the
area around 14 ka (Figs. B1-2; Ward and Thomson, 2004). We adopt
the ice margins suggested by this work, which amounts to ad-
justments of the ice margin in the Vancouver area by ~50 km
inland. We also adjust the ice margin in the Puget Lowland area,
Washington, between 14.5 ka and 11.5 ka by ~50 km inland to
accommodate recent radiocarbon ages (largely on marine shells)
and ongoing work in this area (e.g. Easterbrook, 2015; Riedel, 2017).

4. Conclusions and future work

We present an update to the 36 North American deglaciation
isochrones of Dyke et al. (2003) along with an up-to-date (c. 2018)
dataset of n = 5195 radiocarbon ages that document the timing of
landscape emergence along the retreating ice margin (see
Table A1). Our starting point for this work was the pattern of ice
retreat suggested by Dyke et al. (2003). Updates were largely
accomplished by overlaying data from regional studies and/or
manually editing the ice margins to fit recently mapped landforms
and/or to fit renewed radiocarbon work. A major update is the
expansion of the ice margin to the continental shelf in most marine
areas at 18 ka based largely on undated geomorphological and
marine-based records (see Section 3). Other updates to terrestrial
regions are presented on a region-by-region basis. These updated
isochrones are a solution to satisfy the needs of a broad Quaternary
research community that requires knowledge of former ice posi-
tions, as well as ice sheet modelers (Tarasov et al., 2012; Kageyama
et al,, 2018).

The next reconstruction of the pattern of ice retreat of the NAISC
should follow the precedent set by the recent ice-margin chro-
nology for the Eurasian ice sheets (Hughes et al., 2016; Clark et al.,
2018). This work should be presented in a calendar year time scale,
which will allow for the integration of other dating methods, most
importantly cosmogenic nuclide exposure and optically stimulated
luminescence ages, and a thorough assessment of uncertainties for
the ice sheet margin for every given time step (see also Small et al.,
2017). However, applying these methods to the much larger land-
scape of North America will be a lengthy process. For example, from
a data collection standpoint, integration of cosmogenic nuclide
exposure ages will require extensive recalculation to determine an
appropriate 1°Be production rate and scaling (Heisinger et al., 2002;
Corbett et al., 2017a), as well as correcting for glacial isostatic
adjustment (Ullman et al., 2016; Leydet et al., 2018; Jones et al.,
2019). Moreover, the integration of optically stimulated lumines-
cence dates may be challenging due to a history of poor solar
resetting of sediments in glacial settings (e.g. improper solar
resetting owing to sediment-rich water; Larsen et al., 2014).

Solutions must also be found for conflicting ice margin in-
terpretations. Notable examples include (1) different geochrono-
logical techniques yield contrasting ages for the formation of glacial
Lake Wisconsin (Attig et al., 2011; Ullman et al., 2015), (2) dis-
crepancies on the formation/draining of glacial Lake Agassiz (age
differences of >1.5 ka between 10Be and 14C; Teller et al., 2005;
Lowell et al., 2009; Teller, 2013; Leydet et al., 2018), and (3) con-
flicting information on the deglaciation of the Labrador dome based
on ™C and recent cosmogenic work (Ullman et al., 2016). We also
note that collapse of the Hudson Bay Ice Saddle is an area of
emerging research that may undergo revision in the future. We
strongly encourage the reader to consult with the most recent
publications for information about these critical regions of degla-
ciation. Future work should also consider the effects of ice dy-
namics with some regions of the ice being much thinner and more
dynamic (ice streams and their outlets) than others, as well as the
precise timing of known ice margin oscillations (e.g. the Erie
Interstadial and Younger Dryas). Notwithstanding these issues, our
new maps represent the most up-to-date knowledge of ice margin
recession and capture important revisions to both the pattern and
rate of deglaciation in North America.

Data availability
The 36 updated isochrones are available in PDF and shapefile

format, together with a spreadsheet of the expanded radiocarbon
dataset (n = 5195 ages) and estimates of uncertainty for each
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