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Abstract We report 20 '°Be exposure ages from glacial erratics and bedrock on the west coast of British
Columbia, Canada, which add to existing chronologies of Cordilleran Ice Sheet retreat along ~600 km of
coastal North America. Collectively, these data show the western ice limit reached the present coast by 18-16
ka then retreat slowed for ~4,000 years until 14—13 ka. We attribute initial retreat to destabilization and
grounding line retreat resulting from rising sea level and/or ocean warming in the northern Pacific. Subsequent
stability of the ice sheet at the present coastal margin was likely due to the transition from marine to terrestrial
margins despite increasing temperatures that may have driven ice sheet thinning. Our findings demonstrate the
importance of understanding both climatic and nonclimatic drivers of ice sheet change through time.

Plain Language Summary The Cordilleran Ice Sheet once covered western North America and
was similar in size and characteristics to the modern Greenland Ice Sheet. It is therefore a good analog for
how the Greenland Ice Sheet may respond to changing climate and underlying topography in the future. We
show the western margin of the Cordilleran Ice Sheet retreated rapidly from around 18,000 years ago but

then stabilized for several thousand years close to the present coastline. Ice may still have been lost during

this period of relative stability, but through vertical thinning rather than lateral retreat, demonstrating the
importance of understanding ice sheets in three-dimensions. Our reconstruction shows that atmospheric and
oceanic temperatures and underlying topography can all control ice sheet stability. We also show that hundreds
of kilometers of coastline were free of ice prior to an important period of early human migration into the
Americas.

1. Introduction

The nature and rates of past ice sheet response to abrupt climate change provide analogs for how quickly the
Greenland and Antarctic ice sheets could respond to changing atmospheric temperatures and warming and rising
oceans in the future (Masson-Delmotte et al., 2021; Stokes et al., 2015). The Cordilleran Ice Sheet in west-
ern North America was of comparable size and topographic configuration to the modern Greenland Ice Sheet
(Figures 1a and 1b) and exhibited similar dynamics, with ice streams channeling rapid flow and a western margin
terminating in both marine and terrestrial environments (Eyles et al., 2018; Shaw et al., 2020). Unlike Greenland,
the contemporary footprint of the Cordilleran Ice Sheet is exposed, permitting reconstruction of complete degla-
ciation from geomorphological evidence. Deglacial ocean warming of ~4-8°C in the western Pacific (Taylor
et al., 2014) was similar to high-end scenarios for future ocean warming (Masson-Delmotte et al., 2021). Conse-
quently, the deglacial record of the Cordilleran Ice Sheet is an ideal candidate for empirical reconstructions
against which to test ice sheet models and determine the response of ice sheets to climate forcing.

Recent studies refined the timing of Cordilleran ice retreat from the continental shelf to the present coastline
(Figure 1¢). Marginal retreat from Calvert Island (Darvill et al., 2018), Southeast Alaska (Lesnek et al., 2018, 2020),
and Haida Gwaii (Mathewes & Clague, 2017) occurred earlier than other margins such as the Puget Lobe (Darvill
et al., 2018; Porter & Swanson, 1998). These refinements have implications for the viability of an ice-free coastal
human migration route into the Americas during deglaciation, prior to an alternative, interior route (Figures la
and 1b; Becerra-Valdivia & Higham, 2020; Bennett et al., 2021; Clark et al., 2022; Froese et al., 2019; Potter
et al., 2017, 2018; Waters, 2019). However, the precise roles of atmospheric warming, oceanic warming, or sea
level rise in controlling ice recession remain less clear. During later stages of deglaciation, the central Cordilleran
Ice Sheet may have thinned markedly in response to abrupt climate change, contributing ~2.5-3.0 m to sea level
rise (Gomez et al., 2015; Gregoire et al., 2012, 2016; Menounos et al., 2017). Further constraints are needed to
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resolve the drivers of ice retreat during the onset of deglaciation (Darvill et al., 2018; Lesnek et al., 2018; Shaw
et al., 2020). This study targets islands on the central coast of British Columbia, Canada, to establish the synchro-
neity of deglaciation on the western Cordilleran Ice Sheet margin. We aim to reconstruct the timing of ice retreat
to understand ice sheet geometry through time, with implications for ice-climate interactions, sea level rise and
ice-free islands along a coastal human migration route.

2. Study Area

Our study area focuses on four islands on the central coast of British Columbia, from north to south: Porcher
(53.97°N, 130.60°W), Pitt (53.73°N, 130.19°W), Banks (53.32°N, 129.88°W), and Aristazabal (52.72°N,
129.21°W; Figure 1d). Collectively, the islands span ~200 km north-south along the present-day coastline, link-
ing the study areas of Lesnek et al. (2018, 2020) and Darvill et al. (2018) across ~600 km, and should record
ice retreat from Haida Gwaii, across Hecate Strait and into the Coast Mountains (Blaise et al., 1990; Clague
et al., 1982; Mathewes & Clague, 2017; Shaw et al., 2020; Warner et al., 1982). The abundance of quartz-bearing
erratic boulders and glacially smoothed bedrock in the study area is ideal for surface exposure dating using '°Be
nuclides (Cui et al., 2017). Subaerial glacial landforms are relatively sparse, but Shaw et al. (2020) provide a
detailed framework from bathymetric data upon which to develop a glacial geochronology.

At its last maximum, the Cordilleran Ice Sheet flowed across the Coast Mountains to the continental shelf,
north through Dixon Entrance, south through Hecate Strait, and coalescing with local ice on Haida Gwaii (Eyles
et al., 2018; Josenhans, 1994; Josenhans et al., 1995; Seguinot et al., 2016; Shaw et al., 2020), but leaving the
“Hecate Refugium” ice-free (Figure 1c; Mathewes & Clague, 2017). Ice in Queen Charlotte Sound, south of
Hecate Strait, formed an extensive, 200-300 km margin (Barrie & Conway, 1999, 2002a; Blaise et al., 1990;
Luternauer et al., 1989; Margold et al., 2013), grounded and topographically constrained within troughs (Shaw
et al., 2020). Ice-rafted debris has been linked to calving along the west coast (Blaise et al., 1990; Hendy &
Cosma, 2008; Taylor et al., 2014) although Moresby Trough may have hosted the only ice shelf in the study
area at the last glacial maximum (Shaw et al., 2020). Inland sites track late stages of deglaciation into fjords
(Clague, 1985) as ice retreated and thinned into the Coast Mountains (Menounos et al., 2017).

The timing of retreat for the central western ice margin remains poorly constrained. In particular, a chronological
gap around Prince Rupert (Figure 1d) makes it challenging to link marginal positions between Vancouver Island
(Al-Suwaidi et al., 2006) and Calvert Island (Darvill et al., 2018) to the South (Figure 1f), Haida Gwaii to the
west (Mathewes & Clague, 2017), Prince of Wales Island to the north (Figure 1e; Lesnek et al., 2018, 2020), and
Terrace to the east (Clague, 1985). It is also unclear how the western ice sheet margin responded to thinning in
the interior at 14.5-12.5 ka (Menounos et al., 2017).

3. Methods

We determined ages from erratic boulders (n = 15) and bedrock surfaces (n = 5) exposed by retreating ice to
reconstruct the timing of deglaciation from the four islands in our study area (Figure 1d and Table S1; sample
context in the Supporting Information S1). We sampled topmost surfaces of erratic boulders and glacially
smoothed bedrock with an angle grinder and/or hammer and chisel. Locations and altitudes were measured
using a handheld GPS (estimated +5 m) and we recorded topographic shielding and strike/dip of boulder and
bedrock samples with a compass-clinometer. We collected samples from two sites spanning >300 m elevation.
Samples from Pitt Island are between 884 and 333 m above sea level (a.s.l.) within ~2.4 km, forming a vertical
transect of erratic boulders and glacially smoothed bedrock past which the ice sheet flowed. On Banks Island,

Figure 1. (a) Location and (b) approximate extent of the Cordilleran Ice Sheet at 16 ka (dashed black lines) and 14 ka (solid black lines) (Dyke, 2004). Arrows show
possible routes proposed for early human migration through the Americas: one coastal (orange) along the present coastline of Alaska and British Columbia; the other
interior (blue) between the Cordilleran and Laurentide Ice Sheets. Locations of the NGRIP ice core and U-1419, PAR85-01, and MD02-2496 marine cores in Figure 4
are shown. (c) The western coast of North America showing the study areas of (d) this study; (e) Lesnek et al. (2018, 2020); and (f) Darvill et al. (2018). Hypothesized
maximum (dashed gray lines) and recessional ice limits (solid gray lines) as well as ice flow lines (gray arrows) are from Shaw et al. (2020) and Lesnek et al. (2018).
White lines are 20 m contours 60—140 m below present sea level to highlight bathymetric topography and palaeoislands, although relative sea level history is complex
(see main text). Transect A—A’ in Figure 3 is shown. (d) Study area in detail, including sampling sites: blue circles are erratic boulders; orange squares are glacially
smoothed bedrock. Detailed sample information and context is in Table S1 and Figures S5-S9 in Supporting Information S1. White lines are 20 m contour lines

0-400 m below sea level.
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samples were collected between 425 and 78 m a.s.l. within ~3.3 km of one another (Figures S5-S9 in Supporting
Information S1).

The Tulane University Cosmogenic Nuclide Laboratory performed physical and chemical preparations, and
Purdue University Rare Isotope Laboratory measured '°Be/°Be isotope ratios. We used Version 3 of Balco
et al.’s (2008) online calculator (http://hess.ess.washington.edu/) to calculate '’Be exposure ages relative to the
production rate data set in Borchers et al. (2016) and “LSDn” scaling scheme (Lifton et al., 2014). None of the
ages were corrected for surface erosion, snow cover or glacioisostatic adjustment, so represent minimum expo-
sure ages for ice retreat. Relative sea level in this region is complex and relatively unknown prior to around 15.0
ka (Letham et al., 2016, 2021; Shugar et al., 2014), but a hypothesized “hinge” of stability along the present
coastal margin implies some islands experienced little sea level change during deglaciation (Fedje et al., 2018;
Hetherington et al., 2004; McLaren et al., 2014; Shugar et al., 2014).

We present and discuss exposure ages with internal, analytical errors and as groups from each site using inter-
quartile ranges (IQR) to provide a conservative estimate of age uncertainty in light of possible postdepositional
snow cover, erosion, or exhumation (Menounos et al., 2017). We present ranges without excluding outliers to
better account for possible geomorphic uncertainty—arguably the largest source of error in exposure dating
(Balco, 2020). IQR and median ages yield similar results to weighted means and standard errors calculated to
include uncertainty on the production rate (Table S1 and Figures S1-S4 in Supporting Information S1). We show
in the Supporting Information that removing potential outliers or using the weighted mean age for each study site
does not alter our findings.

For consistency, we recalculated published exposure ages using the methods above (Table S1). These samples,
collected during 2015-2017, are denoted by sample ID prefixes (Darvill et al., 2018; Lesnek et al., 2018, 2020)
and differ slightly from those originally published without affecting original conclusions.

4. Results

Erratic boulders and glacially smoothed bedrock on Banks Island yield '°Be exposure ages from 18.8 + 0.7 to
13.6 + 0.6 ka (n = 6, IQR = 17.7-16.3 ka; Figure 2). On Aristazabal Island, erratic boulders provided exposure
ages of 16.1 + 0.6 to 14.3 + 0.6 ka (n = 3, IQR = 16.0-15.1 ka). Erratic boulders and glacially smoothed bedrock
on Pitt Island yield exposure ages of 18.7 + 0.9 to 12.7 + 1.1 ka (n = 6, IQR = 17.2-13.8 ka). On Porcher
Island, erratic boulders returned exposure ages of 18.8 + 0.9 to 11.8 + 0.5 ka (n = 4, IQR = 15.6-12.8 ka). At
higher elevation, glacially smoothed bedrock from Skip Mountain, at 1,067 m a.s.1., provided an exposure age of
15.1 + 1.1 ka.

Two samples from Banks Island are from surfaces 300 m above the others. Samples from above 400 m a.s.1. range
from 17.1 + 0.5 to 16.0 + 0.6 ka (n = 2) and samples below 100 m a.s.l. range from 18.8 + 0.7 to 13.6 + 0.6 ka
(n =4). The high and low elevation groups are in reverse stratigraphic order but overlap within errors. We cannot
rule out that all samples record a complex ice marginal position, with the ice sheet terminus abutting higher and
lower elevations (Figure S6 in Supporting Information S1). Consequently, it is not clear at this site whether eleva-
tion difference relates to thinning or the ice sheet terminating against an area of higher land.

On Pitt Island, two samples are from 880 to 884 m a.s.l., yielding ages of 15.1 + 0.5 and 13.6 + 0.8 ka. A sample
at 589 m a.s.l. yielded an age of 17.9 + 2.2 ka and three samples from 333 to 342 m a.s.l. ranged from 18.7 + 0.9
to 12.7 + 1.1 ka. We are more confident that samples from Pitt Island represent a true vertical transect, with ice
flowing past and thinning through time, supported by exposure ages from Porcher Island of ca. 15.6-12.8 ka
(Figures 3a and 3b). Hence, we observe a reduction in ice sheet elevation of ~545 m between high IQR = 14.7—
14.0 ka) and low elevation sites (IQR = 16.4-13.4). However, we caution that we cannot rule out nonlinear thin-
ning or thinning during concurrent lateral retreat from the data available.

5. Discussion
5.1. Ice Retreat on the Central Coast

Our '°Be exposure ages show ice on the central coast of British Columbia reached Banks Island by at least
17.7-16.3 ka, Aristazabal Island by 16.0-15.1 ka, Pitt Island by 17.2-13.8 ka and Porcher island 15.6-12.8 ka,
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each site.

respectively (Figures 2 and 3c—3f). We find a consistent pattern in the timing of exposure by ice along the
west coast of North America (Figures 2 and 3; Darvill et al., 2018; Lesnek et al., 2018, 2020). This chro-
nology accords with other constraints showing the Cordilleran Ice Sheet advanced across Hecate Strait to
coalesce with local ice on Haida Gwaii after ca. 30.0 ka, reaching the continental shelf margin before retreat-
ing from Haida Gwaii toward the mainland by ca. 19.4 ka (Figure 3d; Blaise et al., 1990; Clague et al., 1982;
Margold et al., 2013; Mathewes & Clague, 2017; Taylor et al., 2014; Warner et al., 1982). Radiocarbon ages
from Prince of Wales Island to the north suggest ice may have advanced slightly later, between ca. 19.8 and
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17.2 ka (Lesnek et al., 2018). Radiocarbon ages from Vancouver Island to the south limit ice advance to
between ca. 19.6 and ca. 15.7 ka (Al-Suwaidi et al., 2006), consistent with either scenario. Overall, there is
a coherent pattern of ice advancing between ca. 30.0 and 17.7 ka and retreating back to the present coastline
by around 18-16 ka.

Retreat slowed once ice reached the present coastline. Numerous sites along the coastline were exposed
between ca. 18.0-12.8 ka (Figures 3d-3f and 4i), suggesting the western ice sheet margin retreated by less
than 100 km (and generally <50 km) for around 4-5 kyr (Figure 3). It is possible ice readvanced to approx-
imately the same position on multiple occasions, but we cannot resolve readvances from the available data.
A radiocarbon age of 14.4-14.1 ka from marine shell fragments at Prince Rupert (Lowdon & Blake, 1979) is
consistent with the deglaciation of nearby Pitt Island and Porcher Island by at least 13.8-12.8 ka. Radiocar-
bon-dated sea level records indicate the central Douglas Channel was ice-free by 14.5 ka (Letham et al., 2021)
and Prince Rupert was ice-free by 15.0-14.5 ka (Letham et al., 2016). Slightly older radiocarbon ages are not
necessarily at odds with our chronology given the exposure ages are minima for deglaciation. Additionally,
the ice margin was likely complex, such that fjords and inlets could have become ice-free before final degla-
ciation of island pinning points to allow ice retreat through the Kitimat Trough to reach Terrace by 12.6-12.1
ka (Figures 3e and 3f; Clague, 1985). The fact the Cordilleran Ice Sheet remained extensive, close to the pres-
ent coast, throughout deglaciation agrees with radiocarbon chronologies for glaciation and sea level change
along the coastline (Eamer et al., 2017; Letham et al., 2016, 2021; Margold et al., 2014) but differs from
records on the southern ice margin (Porter & Swanson, 1998) and is not well captured by ice sheet models
(Seguinot et al., 2014, 2016). Hence, we find an ice sheet sector can achieve prolonged lateral stability during
deglaciation.

Exposure ages from Pitt Island hint at thinning during the period of ice margin stabilization. Approximately
500 m of vertical ice may have been lost from Pitt Island between ca. 17.2-13.8 ka (Figure 3b), consistent with
deglaciation of the top of nearby Skip Mountain (1,067 m.a.s.1.) by 15.1 ka and of the deglaciation of low-al-
titude Porcher Island to the west by 15.6-12.8 ka (Figure 3a). We cannot refine thinning rates from the data
available, but the timing is consistent with that hypothesized (Margold et al., 2014) and quantified (Menounos
et al., 2017) for the ice sheet interior from around 14.0 ka. Further work should test whether pan-ice sheet mass
loss occurred during deglaciation. From the evidence available, it appears ice mass may be lost through thin-
ning without substantial marginal retreat, highlighting the importance of examining both vertical and lateral
change.

Our findings demonstrate ice reached the present coast along much of western North America before a phase
of human migration at 14.7-12.9 ka (Figure 1b; Becerra-Valdivia & Higham, 2020; Waters, 2019). Dixon
Entrance, Hecate Strait and Queen Charlotte Sound were all ice-free, as well as numerous islands includ-
ing the hypothesized “Hecate Refugium” (Mathewes & Clague, 2017; Shaw et al., 2020), palaco-Goose and
palaeo-Cook Islands (Barrie & Conway, 2002b; Luternauer et al., 1989), and northern Vancouver Island (Hebda
et al., 2022). Our exposure ages reveal ice remained along the present coastline for several thousand years, so
migration along the coastal route would have been between islands only tens of kilometers from an ice sheet
margin.

5.2. Drivers of Change

The onset of retreat of the western Cordilleran Ice Sheet from its maximum at the continental shelf began
prior to around 18.0 ka (this study; Darvill et al., 2018) and perhaps slightly later in southeast Alaska (Lesnek
et al., 2018, 2020). Initial deglaciation occurred during rising insolation at 60°N (Berger & Loutre, 1991), but
atmospheric temperatures in the Northern Hemisphere (Andersen et al., 2004) and local surface ocean temper-
atures in the eastern Pacific (Taylor et al., 2014) remained relatively cool (Figures 4a—4d). Average regional
ocean surface temperatures suggest an anomalously warm Northeast Pacific at ~18 ka (Figure 4e; Praetorius
et al., 2020), clearer in alkenone-based reconstructions than Mg/Ca records. Eustatic sea level had also risen by
~10 m by 18 ka (Figure 4h; Lambeck et al., 2014). Hence, destabilization of marine-terminating parts of the ice
sheet may have been triggered by sea level rise and/or regional ocean warming.
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North Pacific warming has been linked to a relatively strong Asian monsoon system between ~20 and 18
ka (Figure 4b) and initiation or exacerbation of marine-based ice retreat in the Gulf of Alaska (Walczak
et al., 2020). Our record of ice retreat accords with the youngest peak in ice-rafted debris in the Gulf of Alaska
U1419 marine core (Siku Event S1; Figure 4f; Walczak et al., 2020). This raises the possibility that marine-ter-
minating ice margin collapse in our study area contributed toward Siku events in the North Pacific, with
ice-rafted debris transported by the northward-flowing Alaska Current toward the Gulf of Alaska. Resolving
whether initial destabilization was driven by rising sea level or incursions of warmer ocean currents around
marine-terminating margins requires better-resolved records of local sea level and ocean temperature change
for 18.0-15.0 ka.

During destabilization, ice sheet discharge may have been enhanced by ice streaming through Dixon Entrance and
Hecate Strait (Eyles et al., 2018; Shaw et al., 2020). In Hecate Strait, ice retreated ~100 km from Haida Gwaii to
the present coast within ~2 ka. This is slower than modeled ice stream grounding line retreat (Gandy et al., 2018),
but moraines preserved on the seafloor suggest retreat could have been stepwise (Shaw et al., 2017, 2020). Punc-
tuated retreat may explain small spikes in ice-rafted debris off Vancouver Island (MD02-2496) prior to 18.0 ka
(Figure 4g; Hendy & Cosma, 2008; Taylor et al., 2014), possibly linked to an ice shelf in Moresby Trough (Shaw
et al., 2020).

The western margin of the Cordilleran Ice Sheet apparently stabilized once it reached the present-day coastline,
after ca. 18 ka (Figures 3 and 4i—4j). Northern Hemisphere temperatures remained cool (Figure 4a; Andersen
et al., 2004), as did local ocean temperatures (Figures 4c and 4d; Taylor et al., 2014). With conditions seem-
ingly unfavorable for strong mass loss, the topography of the present coastline could have presented a stable
pinning position for the ice sheet over the next 4-5 kyr. This stabilization was despite warming atmospheric and
ocean temperatures during Greenland Interstadial-1 (the Bglling-Allergd period) and rapid eustatic sea level rise
(Figures 4a—4h; Andersen et al., 2004; Lambeck et al., 2014; Praetorius et al., 2020; Taylor et al., 2014). Potential
ice sheet thinning could have resulted in relative sea level fall, further enhancing stability. Coastal islands may
have allowed a transition toward a land-terminating western ice margin, with smaller, more stable marine-termi-
nating outlets situated within present-day fjords, similar to ice retreat on the west coast of Scandinavia (Briner
et al., 2014; Mangerud et al., 2016; Svendsen et al., 2015).

6. Conclusions

Our study shows at least ~600 km of the western Cordilleran Ice Sheet margin had retreated to the present
coastline by ca. 18-16 ka. Ice most likely retreated from Hecate Strait, Queen Charlotte Sound and Dixon
Entrance in the early stages of deglaciation due to destabilization of marine-terminating margins enhanced by
eustatic sea level rise and/or ocean warming. Once ice reached the present coast, its margin became relatively
stable for ~4-5 kyr, or consistently readvanced to the same position. During this time, the ice sheet may have
thinned markedly in its interior—and perhaps to its western edge—by ca. 13 ka. Our new reconstruction
demonstrates an ice sheet sector can reach prolonged lateral stability during overall retreat. However, mass
may still be lost through thinning without substantial marginal retreat, with implications for reconstructing
and modeling past and future ice sheet change and meltwater contribution to sea level rise. Additional studies
should employ vertical chronological transects to better quantify the timing and rate of volumetric change
of the Cordilleran Ice Sheet. The timing of ice retreat from our chronology also shows that several hundred
kilometers of the coastline were ice-free prior to a significant phase of early human migration through the
continent.

Figure 4. Synthesis of selected proxy records and the timing of Cordilleran Ice Sheet deglaciation. Timing is shown for Heinrich Stadials (orange bars) HS-1 and
HS-0 (the Younger Dryas period), Greenland Interstadial (green bar) GI-1 (the Bglling-Allergd period), and Siku Event S1 (brown bar). (a) North Greenland Ice Core
Project (NGRIP) 8'30 (location in Figure 1a) (Andersen et al., 2004); (b) Composite speleothem 8'80 as a proxy for Asian Monsoon strength (Cheng et al., 2016) (c)
Reconstructed Mg/Ca temperatures for N. pachyderma and (d) G. bulloides from marine core MD02-2496 (location in Figure 1b) (Taylor et al., 2014); (e) Average
Sea Surface Temperature (SST) of Northeast (NE) Pacific margin sites (Praetorius et al., 2020); (f) Ice-rafted debris record from core U1419 (location in Figure 1a)
(Walczak et al., 2020); (g) Ice-rafted debris record on a logarithmic scale from core MD02-2496 (Taylor et al., 2014); (h) Ice volume equivalent, eustatic sea level
(Lambeck et al., 2014); (i) Pattern of Cordilleran Ice Sheet retreat from Figure 3; (j) Summed probability of all exposure ages in Figure 2 to highlight broad timing of

ice retreat.
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