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a b s t r a c t

The advance of the Cordilleran Ice Sheet (CIS) towards its Last Glacial Maximum (LGM) configuration and
its subsequent retreat remain poorly understood. We use the glacial landform record to determine ice
dynamics for the central sector of the CIS in northern British Columbia, Canada, beneath the LGM ice
divide. We classify seventy ice-flow indicator flowsets based on morphology, elevation, orientation and
cross-cutting relationships into one of three stages, whereby stage 1 is oldest and stage 3 youngest.
Combined with ice-contact geomorphology, our reconstruction highlights complex changes in ice flow
over time as a result of ice divide migrations through the LGM and deglacial phases. The orientation and
distribution of landforms indicates active post-LGM ice retreat westward through the Cassiar and
Omineca mountains. We map the regional distribution of independent mountain glaciers, ice caps, and
ice fields that regrew during a cooling event in the Late Glacial and show that some of these readvance
glaciers were subsequently overrun by advancing outlet glaciers of the CIS. We use the cross-cutting
relationship between readvance glaciers and CIS outlet glaciers and available chronological data to
reconstruct the eastern CIS margin during the Late Glacial for the first time.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The Cordilleran Ice Sheet (CIS) formed part of the North Amer-
ican Ice Sheet Complex at the Last Glacial Maximum (LGM; Fig. 1)
and contained an ice volume similar to that of the present-day
Greenland Ice Sheet (equivalent to 7e9 m of sea-level change;
Seguinot et al., 2016). Numerical modelling of the CIS during the
last glacial cycle (~120 ka) indicates the central sector of the ice
sheet in the mountains of northern British Columbia was a nucle-
ation center for ice sheet growth in bothMarine Isotope Stage (MIS)
4 and MIS 2 (Fig. 2; Seguinot et al., 2016). However, few empirical
constraints are available on the nature of ice build-up and retreat in
this central region of the ice sheet (Clague and Ward, 2011).

Field evidence relating to CIS build-up is fragmentary and con-
sists of (1) sparse, poorly-preserved, and scattered traces of pre-
LGM ice flow indicators (Stumpf et al., 2000; Kleman et al., 2010);
(2) glaciolacustrine sediments relating to advance-phase glacial
).
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lakes, such as Glacial Lake Stikine (Ryder and Maynard, 1991;
Spooner and Osborn, 2000); and (3) overridden cirques (Ryder and
Maynard, 1991). A well-established conceptual model proposes ice
nucleated on the high mountain peaks of British Columbia (e.g. in
the Coast and Skeena mountains), forming ice fields and ice caps
that expanded as the climate cooled further, eventually coalescing
to form an ice sheet (Fig. 2def; Flint, 1943; Davis and Mathews,
1944; Clague, 1980; Fulton, 1991; Ryder and Maynard, 1991;
Clague and Ward, 2011). This is supported by the numerical
modelling of Seguinot et al. (2016).

Within this conceptual model, ice flow direction would have
shifted through time as separate ice dispersal centers coalesced,
and ice divides migrated from ice build-up to the ice sheet
maximum and then deglaciation phases. Cross-cutting striae pro-
vide evidence of ice flow direction progression, including complete
ice flow reversals at some locations (Watson and Mathews, 1944;
Ryder and Maynard, 1991; Stumpf et al., 2000). Although maps of
CIS flow indictors have been produced (Kleman et al., 2010; Shaw
et al., 2010; Arnold et al., 2016), there is a lack of information
about when they were active in time and space, and therefore,
precise changes in ice flow direction and location of ice divides in
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. The North American Ice Sheet Complex at 22.1 cal ka BP based on Dalton et al. (2020), Clague andWard (2011), Menounos et al. (2017) and Margold et al. (2018). Approximate
positions of ice divides and ice domes are shown by solid blue lines (K ¼ Keewatin dome, Q-L ¼ Qu�ebec-Labrador dome, FeB ¼ Foxe Baffin dome) and blue dashed lines show the
location of the suture zones between the ice sheets. The extent of the Greenland and Iceland ice sheets is also shown. It should be noted that in the south, mountain glaciation is
shown in the Olympic and Cascade mountains but the local LGM occurred later than 22.1 cal ka BP, and therefore, the maximum southern ice extent is not shown here. Our study
area in northern British Columbia is shown by the red box. The provinces of Canada are labelled with abbreviations and the mountain ranges that contain evidence of Late Glacial
readvances are also labelled. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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northern British Columbia remain unclear.
The lack of recessional moraines and presence of kettle and

kame topography associated with CIS deglaciation in British
Columbia has led to a long-held conceptual model of large-scale
downwasting and stagnation of ice in valleys (Davis and
Mathews, 1944; Fulton, 1991; Lakeman et al., 2008a; Clague and
Ward, 2011; Menounos et al., 2017). However, the extent of verti-
cal ice sheet thinning remains poorly constrained (Margold et al.,
2014; Darvill et al., in press; Menounos et al., 2017; Dulfer et al.,
2021), and active frontal retreat of outlet glaciers around the pe-
riphery of the ice sheet is now well established (Margold et al.,
2013a,b; Perkins and Brennand, 2015; Brennand and Perkins, 2017).

CIS configuration during the Late Glacial Bølling-Allerød inter-
stadial (14.6e12.9 ka) and Younger Dryas stadial (YD; 12.9 to 11.7
ka; Rasmussen et al., 2014) is particularly enigmatic. Recent Glacial
Isostatic Adjustment (GIA) models suggest these rapid climate os-
cillations had a dramatic effect on CIS thickness, with abrupt
Bølling-Allerød warming causing significant ice sheet thinning and
~50% mass loss (Peltier et al., 2015; Lambeck et al., 2017). Alpine
glaciers subsequently expanded in the former central sector of the
CIS (Ryder and Maynard, 1991; Lakeman et al., 2008a; Menounos
et al., 2017). Nonetheless, CIS configuration during the Late
Glacial remains poorly known, particularly as radiocarbon-based
2

reconstructions do not adequately capture changing ice patterns
through mountainous terrain in northern British Columbia (Fig. 3;
Dyke, 2004; Dalton et al., 2020).

Here, we use a glacial landform inventory for the central sector
of the CIS (Dulfer and Margold, 2021) to resolve the ice dynamics in
northern British Columbia. We use flowset classification and
interpretation to unravel complex ice flow directions and docu-
ment ice divide migration between advance, maximum and
deglacial phases (Kleman and Borgstr€om, 1996; Kleman et al., 1997,
2006; Greenwood and Clark, 2009). We then use the distribution of
ice-marginal moraines, lateral and submarginal meltwater chan-
nels, kame terraces, and ice contact deltas to determine the relative
deglaciation pattern (Kleman et al., 1997; Greenwood et al., 2007;
Chandler et al., 2018) and establish the ice sheet configuration
during the Late Glacial period for the first time.
2. Methods

Our interpretation of ice dynamics in northern British Columbia
is based on the integration of geomorphological data with pub-
lished geochronological data (primarily cosmogenic nuclide and
radiocarbon ages).



Fig. 2. Extent and height (ice thickness plus topography) of the CIS at six different time slices through the last glacial cycle from the numerical model of Seguinot et al. (2016) and
Seguinot (2020) using GRIP ice core temperature forcing and cross-profiles showing the conceptual model of ice advance from Fulton (1991). (a) Modelled ice surface at 80 ka
showing ice caps nucleating on high mountain peaks, as predicted by the Fulton (1991) conceptual model drawn along the red line (b). The red dashed box shows the area mapped
by Dulfer and Margold (2021). (c) Modelled ice surface at 71 ka and accompanying conceptual model (d) showing ice expanding and starting to coalesce at the start of MIS 4. (e)
Maximum modelled ice surface during MIS 4 and accompanying conceptual model (f). (g) Modelled ice surface at 40 ka predicting that the central CIS persisted during MIS 3. (h)
Modelled ice surface at the LGM (20 ka) with approximate ice divides shown from Clague and Ward (2011), Menounos et al. (2017), and Margold et al. (2019). Note that CIS-
Laurentide Ice Sheet coalescence is not accounted for by Seguinot et al. (2016). (i) Modelled ice surface during deglaciation (10 ka). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

H.E. Dulfer, M. Margold, C.M. Darvill et al. Quaternary Science Reviews 284 (2022) 107465
2.1. Glacial inversion

The map of Dulfer and Margold (2021) spans 55e60�N and
122.6e135.5�W (Fig. 3) and consists of seven glacial landform
categories: ice-flow parallel lineations, moraines (CIS outlet glacier
moraines, Late Glacial moraines, and those of unknown origin),
meltwater channels (lateral and submarginal, subglacial, proglacial,
and origin unknown), kame terraces, eskers (single ridges and
esker complexes), perched deltas, and subglacial ribs. Here, we
invert the spatial distribution and characteristics of glacial
3

landformsdincluding cross-cutting relationshipsdto decipher the
configuration of the ice sheet over time (Kleman and Borgstr€om,
1996; Kleman et al., 2006; Greenwood et al., 2007).
2.1.1. Glacial flowsets
Ice flow across the central sector of the CIS has been docu-

mented by numerous researchers, with Kleman et al. (2010) and
Shaw et al. (2010) producing generalized ice flow maps and Arnold
et al. (2016) compiling a database with all published ice flow par-
allel lineations in British Columbia and the Yukon Territory. Here



Fig. 3. Map showing our current understanding of ice retreat for the central sector of the Cordilleran Ice Sheet (CIS). Blue shading shows the 14C-based ice retreat chronology from
Dalton et al. (2020) and Dyke (2004) for the Late Glacial period (between 13.5 and 11.5 cal ka BP). Nunataks are not shown. Triangles show calibrated radiocarbon ages in cal ka BP
(reported at the mid-point of all age ranges at 2-sigma, ± half the total age range) and are minimum ages for deglaciation (see data file S3). Stars show selected 10Be cosmogenic
nuclide exposure ages from Margold et al. (2014), Menounos et al. (2017), Lesnek et al. (2018, 2020) and Dulfer et al. (2021). All ages have been recalculated using the expage
exposure age calculator of Heyman (2021; version 201912), which corrects for glacioisostatic rebound. Ages in bold have also been corrected for snow cover. All ages are weighted
means with a weighted 1s external error in thousands of years (ka) based on the number of samples (n). Ages that are marked with asterisks are inferred to relate to a Late Glacial
readvance of alpine glaciers, rather than the CIS retreat as described in Lakeman et al. (2008b) and Menounos et al. (2017). Orange hexagons show optically stimulated luminescence
(OSL) ages from Sacco et al. (2017). Extent of the Dulfer and Margold (2021) glacial geomorphological map is shown by the grey dashed box. The location of Figs. 4, 6 and 8 are
indicated by red boxes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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we use the ice flow parallel lineations mapped by Dulfer and
Margold (2021) to determine ice flow variation through time. We
followed an established approach of grouping coherent patterns of
glacial lineations into discrete flowsets (Fig. 4a and b) and use
cross-cutting relationships to assign a relative age to the flowsets
based on the principle of superposition (Kleman and Borgstr€om,
1996; Kleman et al., 1997; Greenwood and Clark, 2009; Stokes
et al., 2015).

However, the highly variable topography of the central sector of
the CIS means that many of the discrete flowsets do not overlap.
4

Therefore, we also use the morphology, location, flow direction and
association with other glacial landforms to assist with the classifi-
cation (criteria outlined in Table 1). This resulted in each flowset
being classified into one of three stages, whereby stage 1 is oldest
and stage 3 youngest. Flowsets are classified as stage 1 when they
have aweathered or degraded appearance and they are often cross-
cut by younger flowsets. Where flowsets are produced by ice flow
that is independent of topography they are classified at stage 2, and
it follows, that stage 2 flowsets are mostly preserved on the high
mountain peaks and ridges. A number of criteria is used to classify



Fig. 4. Examples of how the glacial landform record is used to determine ice advance and retreat patterns. (a) Ice flow parallel lineations from Dulfer and Margold (2021) and (b)
inferred lineation flowsets. Arrows show ice flow direction and coloured circles show the youngest flowset where cross-cutting relationships occur. (c) High-resolution satellite
imagery (Planet Team, 2017) and (d) associated Tandem X-derived hillshade imagery (German Aerospace Center, 2018) with glacial geomorphology from Dulfer and Margold (2021)
and interpreted ice flow directions and key marginal positions. Here the glacial meltwater record is key for delineating former ice marginal positions, with many of the ice margins
being mapped based on the orientation and direction of successive lateral and submarginal meltwater channels that dip into the valleys.

H.E. Dulfer, M. Margold, C.M. Darvill et al. Quaternary Science Reviews 284 (2022) 107465
flowsets into stage 3 including well preserved, highly parallel lin-
eations that are produced by ice flow that is deflected or channelled
by topography.Where the relative position of a flowset could not be
determined due to a lack of information it was classified as
unknown.
5

2.1.2. Deglacial dynamics
Weuse the distribution of CIS outlet glacier moraines and glacial

meltwater landforms (e.g. lateral and submarginal meltwater
channels, kame terraces, eskers, and perched deltas) to delineate
CIS ice marginal positions during deglaciation (Fig. 4c and d). A
brief description and characterization of these landforms is given
below.



Table 1
Diagnostic criteria for assigning a relative age to the flowsets, whereby stage 1 flowsets are oldest and stage 3 youngest.

Stage 1 ⁃ Degraded ice flow parallel lineations.
⁃ Usually overprinted by younger flowsets.

Stage 2 ⁃ Orientation of the lineations disregards the topography.
⁃ Lineations located on high mountain peaks.

Stage 3 ⁃ Well-preserved lineations
⁃ High parallel conformity.
⁃ Lineations can be aligned with ice-marginal landforms such as lateral meltwater channels and eskers.
⁃ Lineations can occur both within valleys and on the adjacent mountain peaks.
⁃ Lineations deflected by topography.
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CIS outlet glacier moraines: sharp-crested, straight or arcuate-
shaped ridges of sediment that were deposited along active ice
margins. These moraines are inferred to relate to CIS outlet glacier
marginal positions during deglaciation based on their morphology,
orientation and location proximal to other ice marginal landforms,
such as kame terraces and lateral and submarginal meltwater
channels (Dulfer and Margold, 2021).

Lateral and submarginal meltwater channels: channels formed
by water flowing along the ice margin, and consequently, delin-
eating the glacier margin at the time of formation. Sequences of
parallel lateral meltwater channels, with many channels bending
down into the valleys, can be used to determine ice surface
lowering and marginal retreat through time (Fig. 4d; Mannerfelt,
1949; Greenwood et al., 2007, 2016; Margold et al., 2013b).

Kame terraces: flat-to gently-sloping accumulations of glacio-
fluvial sediment deposited along lateral glacier margins, often in
association with lateral and submarginal meltwater channels.
Kame terraces record ice margin position and approximate ice
surface elevation at the time of deposition (Brown, 1931; Borsellino
et al., 2017; Shulmeister et al., 2018).

Perched deltas: flat-topped accumulations of sediment with
steeply-dipping fronts formed by the deposition of sediment into
ice-marginal lakes. Perched deltas mark former glacial-lake levels
that can be used to determine the ice margin position at the time of
formation (Mannerfelt, 1945; Plouffe, 2000; Perkins and Brennand,
2015; Stroeven et al., 2016).

Eskers: ridges of glaciofluvial sediment deposited by meltwater
flowing through, beneath, or above ice. Eskers are assumed to form
time-transgressively, close to the ice margin and are aligned
roughly normal to the margin (Hebrand and Åmark, 1989;
Brennand, 2000; Livingstone et al., 2015; Stroeven et al., 2016;
Hewitt and Creyts, 2019).

The glacial landform record of the CIS is dominated by glacial
meltwater landforms rather than recessional moraines. Dulfer and
Margold (2021) record just 97 CIS outlet glacier moraine ridges
compared to ~18,000 lateral and submarginal meltwater channels.
Consequently, our reconstruction of ice retreat in northern British
Columbia relies heavily on glacial meltwater landforms, which
constitute a suite of diachronous features documenting successive
stages of deglaciation as shown in Fig. 4c and d.

2.2. Geochronological dataset

We have compiled datasets of both radiocarbon and cosmogenic
nuclide dates from the literature across northern British Columbia,
southeastern Alaska and southern Yukon Territory (dataset extent
shown in Fig. 3, see supplementary data files S1 and S3). Both
datasets have been recalibrated and the details of these calibrations
are outlined below.

2.2.1. 10Be cosmogenic nuclide ages
Cosmogenic nuclide data offer a direct age on the time of

emplacement of boulders and other lithic material by the ice sheet.
6

All previously published 10Be ages presented in this paper have
been recalculated with the expage exposure age calculator version
201912 (Heyman, 2021), which uses code based on the online
calculator of Balco et al. (2008; version 2.0), with the ‘primary’
calibration set of Borchers et al. (2016) and the CRONUS LSD pro-
duction rate scaling model (Lifton et al., 2014). Individual ages are
reported with external errors (1s). Where multiple ages are avail-
able for a particular site, a weighted mean age with a weighted
mean external error has been calculated (excluding outliers;
supplementary data file S1).

GIA-corrected ages were calculated with the exposure age
calculator of Heyman (2021), which uses the published relative sea
level change (DRSL) data from Lambeck et al. (2017; 0.25� � 0.25�

resolution and 500 year intervals from 25 ka to present) by inter-
polating the elevation of each sample over time to the cosmogenic
nuclide production. This allows the changes in production rate due
to GIA to be modified continuously back in time. The GIA correction
is most significant at theMt. Spieker field site in the northern Rocky
Mountains where the ages are up to 7% older after the GIA
correction is applied (Dulfer et al., 2021). At all other sites the GIA
correction alters the age by less than 3.5% (see supplementary data
file S1).

We apply a snow shielding correction to exposure ages where
average contemporary snow depth per month exceeds the height of
the boulder or bedrock samples. Consequently, the majority of ages
located in the interior of British Columbia have been corrected for
snow cover (with the exception of GL-5 to �10 where boulder
heights exceed snow depth for the majority of the year, and
Crushing Lake where boulder heights are unknown; Menounos
et al., 2017). Coastal sites do not receive enough modern snow
cover to justify corrections to their exposure ages (see Fig. 3 and
supplementary data file S1).

Where applicable, a snow shielding factorwas calculated at each
boulder for each month of the year. Monthly snow depth and
density data were obtained from nearby manual weather stations
(Vionnet et al., 2021) and used to calculate the snow sheilding
factor according to the exponential attenuation equation for snow
shielding presented in Gosse and Phillips (2001). The results were
then averaged to give an annual snow shielding factor for each
sample. For the purposes of estimating the effect of snow cover, we
assume snow shielding remained constant throughout the expo-
sure history. Combined, the snow cover and GIA corrections can
increase sample ages by up to 16.4% (RM18-08 from Mt. Spieker),
but, the average increase in age is 7% (see supplementary data file
S1).

2.2.2. Radiocarbon ages
Radiocarbon methods are frequently used to date organic ma-

terial that emerged in newly deglaciated landscapes, therefore,
these data offer a minimum constraint on the ice margin. Radio-
carbon ages used in this study are from the database of Dalton et al.
(2020), recalibrated using CALIB Rev. 8.1.0 (Stuiver and Reimer,
1993), with the IntCal20 calibration curve (Reimer et al., 2020)
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and marine curve (Heaton et al., 2020). Ages are reported at the
mid-point of all age ranges at 2-sigma, with the error reported
as ± half the total age range.
3. Results

3.1. Glacial flowsets

We mapped seventy flowsets over the central sector of the CIS
(Fig. 5). Variations in flowset orientation and flowset cross-cutting
relationships indicate ice flow direction shifted numerous times
through the last glacial cycle. Here we briefly describe the charac-
teristics of each flowset category. A full description and comparison
with the previous mapping of Kleman et al. (2010), Shaw et al.
(2010), and Arnold et al. (2016) are provided in supplementary
data file S2.

Stage 1: Small, discrete flowsets primarily made up of drumlins
and crag-and-tails (maximum area of 30 km2). Lineations within
these flowsets are weathered and the majority are overprinted by
younger flowsets (Fig. 6a). Directional ice flow indicators were
identified on flowsets (Fs)35, 38, 56, 57 and 58, indicating that they
were produced by northward-flowing ice.

Stage 2: Comprised of both small discrete flowsets and large,
regionally-extensive flowsets (e.g. Fs15, 50 and 55). Most of the
stage 2 flowsets are made of up of lineations that are eroded into
Fig. 5. Flowset map of the central sector of the Cordilleran Ice Sheet. Each flowset has been
S2. The flowsets have been categorized into stages 1e3 based on their morphology, location
(see Table 1). Where the flowset does not fit into one of the stages it has been classified as an
from the morphology of the glacial lineations. Red stars show the location of ice flow reversa
display the same morphology but are spatially separate. (For interpretation of the references

7

the bedrock on the high mountain peaks (between 1500 and
1850m asl; Fig. 6c). The ice flow direction is variable but the overall
pattern shows eastward flow on the eastern side of the map and
westward flow on the western side.

Stage 3: This phase consists of the largest number of flowsets.
Consequently, their morphology is highly variable and the ice-flow
parallel lineations occur over a wide range of elevations (800e1900
m asl). Nonetheless, all the stage 3 flowsets contain well-preserved
ice-flow parallel lineations that show a high parallel conformity
(Fig. 6a and b) and almost half of these flowsets are aligned with
deglacial landforms.

Some stage 3 flowsets are large and regionally extensive (e.g.
Fs4, 5, 13, and 60; maximum area of 200 km2). Thus, it is possible
that the ice-flow parallel lineations within these flowsets formed at
different times (time transgressively). We group these lineations
together into flowsets because it is impossible to differentiate
different phases of ice flow. This method is supported by Kleman
et al. (2010) who map numerous large flow systems across the
CIS. For example, Fs4 forms part of the Prince George flow system
mapped by Kleman et al. (2010) and shows the ice flow direction
evolved from westerly through to southerly ice flow. Additionally,
the red stars in Fig. 5 show two locations where stage 3 flowsets
with different flow directions are juxtaposed: (1) northward
flowing Fs23 and 65 and southward flowing Fs21; and (2) northeast
flowing Fs51 and southward flowing Fs53.
assigned a number corresponding to additional information in supplementary data file
, flow direction, association with other glacial landforms and overprinting relationships
unknown flowset. The arrows show the ice flow direction where it could be discerned
ls during stage 3. It should be noted that some flowsets consist of several elements that
to colour in this figure legend, the reader is referred to the Web version of this article.)



Fig. 6. High resolution Planet Team (2017) satellite imagery showing examples of flowsets from stages 1e3. (a) Example of a stage 1 flowset (Fs38) with ice flow to the north that is
overprinted by a stage 3 flowset (Fs50) with ice flow to the west. (b) Drumlins and crag-and-tails that form part of a stage 3 flowset (Fs53) and (c) Streamlined bedrock that forms
part of a stage 2 flowset (Fs50).
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Unknown flowsets: Occur where the relative position of a
flowset could not be discerned from their morphology, orientation
or cross-cutting relationships. Two noteworthy examples are Fs12
and 6. Fs12 consists of streamlined bedrock on high mountain
peaks (up to 1800 m asl), offset by 90� to surrounding flowsets.
Cross-cutting lineations show Fs12 was created before Fs11. The
streamlined landforms within Fs12 have not previously been rec-
ognised, probably because bedrock structures in this area have the
same orientation. However, the high-resolution satellite imagery
used in this study allowed us to determine the bedrock structures
have been glacially eroded. Fs6 is primarily composed of heavily-
eroded bedrock. Cross-cutting lineations indicate Fs6 is older
than Fs5 (stage 3) but we are unable to classify this flowset further,
although Kleman et al. (2010) draw Fs5 and 6 as one Late Wis-
consinan flow system.

Comparison to previous work: Our flowsets were mapped
8

independently of the information available in the literature, and
therefore, within supplementary data file S2, we have marked
whether our flowsets have been previously recognised. It should be
noted that as the other authors did not classify their lineations into
flowsets, we compare our flowsets with their mapped lineations or
ice flow indicators. Our mapping based on Dulfer and Margold
(2021) yields similar results to the detailed compilation of Arnold
et al. (2016), but, unlike that study, we classify our lineations into
flowsets and assign them relative ages to allow much greater
insight into central CIS evolution over the last glaciation. The ice
flowmap of Shaw et al. (2010) captures 30% of the flowsets mapped
in this study.

Approximately 70% of our flowsets match those of Kleman et al.
(2010). In particular, many of our stage 3 flowsets were also
recorded by Kleman et al. (2010). However, there are significant
differences between our flowset classifications, notably around
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Meszah Peak and Tanzila Plateau (see Fig. 3 for location). At these
locations, Kleman et al. (2010) classified the ice-flow parallel line-
ations that make up our Fs34, 36, 37, 39, 50, 52 and 53 as flow
systems older than Late Wisconsinan (belonging to the Pelly
swarm; pre-LGM). We classify the majority of these flowsets as
stage 3 because they are comprised of well-preserved lineations
with high parallel conformity that are deflected around the
topography. A continuum of flow is also noted in some cases, for
example, lineations within Fs39 merge with those in Fs60 towards
the valley floor.

3.2. Ice retreat record

Meltwater channels frequently occur at high elevations (up to
1800 m asl) across the Cassiar and Omineca mountains (Gabrielse,
1988; Margold et al., 2013b; Dulfer and Margold, 2021). These
channels often occur as narrow incisions in mountain ridges (Fig. 4
and Supplementary Fig. S1). Fig. 7a shows ice marginal positions of
the CIS through the Cassiar, Omineca and Skeena mountains pri-
marily reconstructed from glacial meltwater landforms. Successive
ice marginal positions can be linked, indicating overall ice retreat
towards the Coast and Skeena mountains in the west. However, it is
challenging to connect ice marginal positions between valleys
without chronological information.

3.3. Late Glacial readvances

A readvance of independent mountain glaciers during the Late
Glacial is well documented in the geomorphic record of northern
British Columbia with hundreds of well-preserved sharp-crested
valley moraines located across the Cassiar and Omineca mountains
(Ryder and Maynard, 1991; Lakeman et al., 2008a; Menounos et al.,
2017). The glacial landform map of Dulfer and Margold (2021)
documents the extensive regional distribution of these Late
Glacial moraine ridges (purple stars in Fig. 7b). At 10 locations
within the Cassiar and Omineca mountains, we find Late Glacial
moraines are incised by lateral meltwater channels (green stars in
Fig. 7b). At most locations, the moraines are sharp-crested and
well-defined, with lateral meltwater channels incised into the
moraine crests (Fig. 8a and b and Supplementary Fig. S2). This
geomorphic relationship has been previously recognised by
Lakeman et al. (2008a) in the Finlay River region of the Omineca
Mountains.

4. Interpretation

4.1. Ice flow evolution

We interpret that the majority of the stage 1 flowsets were
formed by north to northeasterly pre-LGM ice flow based on their
morphology and cross-cutting relationships (Fig. 9a), although it is
possible that they were formed during older glaciations. The
exception is Fs20, which is oriented east-west and does not contain
directional indicators. Thus, the time of formation of Fs20 is
unknown.

Flowsets that have an orientation that is independent of the
mountainous topography provide the best understanding of ice
flow and ice sheet geometry at the maximum extent (Hughes et al.,
2014). Therefore, we believe the stage 2 flowsets provide a glimpse
of the local LGM ice flow pattern based on their high elevation and
orientation that disregards topography (Fig. 9b). However, as we do
not know the absolute timing of this ice flow it is possible that stage
2 flow occurred during the early stages of deglaciation rather than
at the local LGM.

We interpret all stage 3 flowsets to be formed during the
9

deglaciation because they contain well preserved lineations that
were produced by topographically controlled flow. Although, it can
be difficult to determine the relative timing of these flowsets, ice
flow reversals and cross-cutting relationships allow us to unravel
the timing of ice flow on the western side of the study area.
Consequently, we show the position of the ice divide shifted mul-
tiple times through the deglaciation (Fig. 9cee).

We interpret that Fs36, 39, 52, and 53 were active early in the
deglaciation (Fig. 9c), when the ice divide was still centered over
the Cassiar Mountains. These flowsets display many of the char-
acteristics of fast flowing ice, including highly convergent,
topographically-controlled flow patterns, attenuated bedforms,
and abrupt lateral margins that are typical of ice streams (Stokes
and Clark, 1999; Margold et al., 2015). This configuration of these
stage 3 flowsets resulted in an initial eastward migration of the ice
divide from its LGM position and the formation of an ice divide near
the Yukon-British Columbia border. With this configuration of
flowsets it is possible that the ice divide could be located even
further to the east, but, as ice flow over the northern Rocky
Mountains has yet to be documented, we do not place it further
eastwards at this time.

The ice flow reversal between southward flowing Fs52 and 53
and northward flowing Fs48, 51, and 54 indicates the ice divide
then shifted westwards towards the Coast Mountains (Fig. 9d). This
is supported by the distribution and orientation of ice contact
deglacial landforms that show the overall ice retreat pattern to-
wards the west (Fig. 7a). The ice flow reversal between southward
flowing Fs21 and northward flowing Fs65 shows continued west-
ward migration of the ice divide over the Coast Mountains, while
the orientation of Fs1, 3, 4, 5, 10, 18 indicate that ice also retreated
towards the Skeena Mountains during the late stages of deglacia-
tion (Fig. 9e).

4.2. Evolution of the central sector of the Cordilleran Ice Sheet

4.2.1. Ice sheet build-up
It has long been suggested that ice expanded outward from

accumulation centers in the Coast, Cassiar and Skeena mountains,
eventually coalescing to form the CIS (Davis and Mathews, 1944;
Clague, 1980; Fulton, 1991; Ryder and Maynard, 1991; Clague and
Ward, 2011). Thick glaciolacustrine sediments exposed in sedi-
mentary sections along the banks of the Stikine River provide ev-
idence that advancing glaciers from the Coast Mountains blocked
the flow of the Stikine River during ice expansion, forming Glacial
Lake Stikine (Fig. 10a; Ryder and Maynard, 1991; Spooner and
Osborn, 2000). There is also evidence of additional transient ice-
dammed lakes forming in eastward-draining valleys during ice
advance, such as in the Dease River valley, where thick glaciola-
custrine sediments are overlaid by till and esker sediment
(Gabrielse, 1963). Therefore, stage 1 flowsets provide further evi-
dence of ice expansion from the Coast Mountains (Fig. 10a). We did
not find evidence of ice advance from the other mountain ranges in
northern British Columbia as predicted by the conceptual model
(Fulton, 1991; Clague et al., 2004; Clague and Ward, 2011) and
numerical ice sheet modelling (Seguinot et al., 2016).

4.2.2. LGM configuration
In northern British Columbia, we draw the local LGM ice divide

centered over the Teslin Trench, west of the Cassiar Mountains,
based on the distribution of stage 2 flowsets (Fig. 10b). The location
of this ice divide aligns well with the northern branch of the LGM
ice divide in the Yukon Territory, which follows the Cassiar
Mountains into the Pelly and Selwyn mountains (see Fig. 1 for
location; Jackson et al., 1991; Bond and Kennedy, 2005; Bond, 2007;
Turner et al., 2008). However, our flowsets do not conform to a



Fig. 7. (a) Retreat pattern of the CIS through the Cassiar, Omineca and Skeena mountains in northern British Columbia. Ice margins are shown by dark blue lines and light blue
arrows show the ice flow direction for a series of retreating ice margins. (b) Distribution of mountain-centered Late Glacial readvance glaciers, ice caps, and ice fields (purple stars)
interpreted from the Late Glacial readvance moraines mapped by Dulfer and Margold (2021). Green stars show locations where Late Glacial moraines are incised by lateral and
submarginal meltwater channels.
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western branch of the LGM ice divide extending towards the St.
Elias Mountains in northern British Columbia (Clague and Ward,
2011). Such a western ice divide branch may have been located
further north at the LGM. In central British Columbia, Stumpf et al.
(2000) infer a reversal in ice flow east of the Coast Mountains at the
LGM and a similar change in ice flow can be seen between north-
ward flowing stage 1 Fs35, 38, and 57 andwestward flowing stage 2
Fs50. Additionally, stage 2 Fs19, 16, and 63 show ice flow towards
the northern Rocky Mountains at the LGM. Ice flow across this part
10
of the Rocky Mountains has not been recorded, and thus, requires
further investigation.
4.2.3. Deglacial configuration
Cosmogenic nuclide ages indicate ice began to retreat along the

Pacific coast at ~18 ka and was still at the mainland coastline by ~14
ka (Darvill et al., 2018; Darvill et al. in press; Lesnek et al., 2018,
2020). Ice retreat across the Rocky Mountains occurred after ~16 ka
(Dulfer et al., 2021, Fig. 3). Subsequent ice sheet configuration



Fig. 8. Example of the interaction between CIS outlet glaciers and independent mountain glaciers interpreted from the glacial landform record. (a) Tandem X-derived hillshade
imagery (German Aerospace Center, 2018) and (b) Planet Team (2017) satellite imagery showing two Late Glacial moraines cross-cut by lateral and submarginal meltwater channels.
Other examples of this cross-cutting relationship are given in Supplementary Fig. S2. (c) Tandem X-derived hillshade imagery showing the broader area (white box shows location
of a and b) and (d) glacial geomorphological mapping from Dulfer and Margold (2021). All of the Late Glacial moraines are crosscut by lateral and submarginal meltwater channels.
(e) and (f) Schematic diagrams showing how CIS outlet glaciers and independent mountain glaciers responded to Late Glacial cooling. (e) Stage 1: as the CIS is retreating inde-
pendent glaciers advance into high-altitude ice free areas during cooling. (f) Stage 2: CIS outlet glaciers responded to this cooling and later advanced over the Late Glacial moraines
creating the cross-cutting lateral meltwater channels. The extent of the independent mountain glaciers at this time is unknown.
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during the Bølling-Allerød interstadial (14.6-12.9 ka) is enigmatic.
Recent studies of the CIS based on GIA analysis conclude that the ice
sheet underwent substantial melting during the Bølling-Allerød
warming, potentially loosing up to half of its mass (Peltier et al.,
2015; Lambeck et al., 2017; Menounos et al., 2017). However,
while geochronological data are sparse within the interior of the ice
sheet, they indicate that the CIS still covered a substantial area
during the early part of the Bølling-Allerød interstadial (Fig. 10c;
11
Menounos et al., 2017; Darvill et al., 2018; Dulfer et al., 2021).
The glacial landform record of the central sector of the CIS

provides some insight into the nature of deglaciation. The high
elevation meltwater channels show that the peaks became ice free
ahead of the valleys (Supplementary Fig. S1), while the remaining
ice contact landforms show the active retreat of outlet glaciers
(Fig. 7a). It follows that the response of the interior of the CIS may
have been similar to the response of the southern dome of the



Fig. 9. Reconstruction of consecutive ice divide positions based on the flowset record. (a) The orientation of stage 1 Fs38, 35, 36 and 58 indicate an ice divide was located over the
northern Coast Mountain prior to the LGM. (b) Reconstruction of the ice divide at, or close to, the LGM based on the distribution and orientation of Stage 2 flowsets. (c to e)
Reconstruction of the ice divide during successive stage of deglaciation based on the distribution, orientation and morphology of flowsets. The flowsets that underpin the
interpretation are shown in bold. It is likely that other Stage 3 flowsets were active in the south and east during each of these stages but their relative position and timing is
unknown.
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Fig. 10. (a) Reconstruction of the CIS during the ice advance phase. Initially, ice advance from the Coast Mountains blocked the drainage of the Stikine River forming Glacial Lake
Stikine (early phase). The extent of Glacial Lake Stikine has been drawn from Ryder and Maynard (1991) based on the distribution of thick glaciolacustrine sediments. During this
stage an ice dispersal center was also likely located over the Skeena Mountains (Stumpf et al., 2000) but the ice configuration there is unknown and there is no support in our data
for this configuration. Stage 1 flowsets record a continued advance of the CIS from the Coast and Skeena Mountains (later phase). The red dashed box shows the extent of the glacial
landform map of Dulfer and Margold (2021). (b) Configuration of the ice sheet at the LGM based on the distribution of stage 2 flowsets. Position of the ice divide is given by the blue
line (solid line where it is based on an abundance of flowsets, dashed elsewhere) and ice flow directions by blue dashed arrows. (c) Hypothetical ice extent when CIS pulls back from
the Rocky Mountains. Approximate positions of the ice divide and generalized flowlines are shown with dark blue. Selected stage 3 flowsets that may have been active at this time
are shown with light blue dashed lines. Cosmogenic nuclide ages from Menounos et al. (2017), Lesnek et al. (2018, 2020), and Dulfer et al. (2021) are shown by black stars. All ages
have been corrected for GIA and the ages in bold have also been corrected for snow shielding. (d) Extent of the CIS during a Late Glacial readvance (light blue) and the generalized
distribution of mountain centered readvance glaciers (dark blue). The selected cosmogenic nuclide ages are from Lesnek et al. (2018, 2020), Menounos et al. (2017) and Margold
et al. (2014). All ages have been corrected for GIA and the ages in bold have also been corrected for snow shielding. The radiocarbon dates are from Fulton (1971), Clague (1984) and
Lakeman et al. (2008b). Ages that are marked with asterisks are inferred to relate to a Late Glacial readvance of alpine glaciers. (e) Hypothetical ice extent in the last stage of
deglaciation. The orientations of deglaciation flowsets indicate that the CIS was split into at least two separate ice bodies: one centered over the Skeena Mountains and the other
over the northern Coast Mountains. The relative and absolute timings of the demise of these ice bodies is unknown. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Fennoscandian Ice Sheet (FIS) in the Late Glacial period, with a
recent study by Lane et al. (2020) finding that both thinning and ice
marginal retreat were substantial both during the Bølling-Allerød
warming and after the YD. However, the rate of thinning of the CIS
during this period of rapid climate change still needs to be
quantified.

4.2.4. Late Glacial ice configuration
A Late Glacial readvance of independent mountain glaciers into

high altitude ice free areas is well documented in northern British
Columbia (Lakeman et al., 2008a, 2008b; Menounos et al., 2017;
Dulfer and Margold, 2021). We interpret the cross-cutting rela-
tionship of Late Glacial readvance moraines that are incised with
lateral and submarginal meltwater channels (Figs. 7b and 8d) as a
differential response of ice masses to regional cooling. The inde-
pendent mountain glaciers advanced first and in some places
merged with outlet glaciers of the CIS (Lakeman et al., 2008a).
13
Outlet glaciers of the CIS also responded to this cooling by read-
vancing, but with a lag time due to its larger size. Hence, at some
locations advancing CIS outlet glaciers locally overran the Late
Glacial moraines of independent glaciers (Fig. 8f). The preservation
of these moraines requires the CIS outlet glaciers to have been
polythermal or cold-based with ice advancing by internal defor-
mation rather than basal sliding (Kleman, 1994; Davis et al., 2006;
Fabel et al., 2006). The lateral and submarginal meltwater channels
were then eroded into the Late Glacial moraines during the final
retreat of the outlet glaciers.

The distribution of mountain-centered readvance glaciers, ice
caps, and ice fields forms a distinctive band through the Cassiar and
Omineca mountains (Fig. 7b) and provides important information
about the ice configuration during the Late Glacial. Firstly, these
independentmountain glaciers can only form onpeaks that are free
of the CIS (Lakeman et al., 2008a; Menounos et al., 2017), and thus,
their presence delineates areas that were already deglaciated at the
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time of formation. Conversely, as there is a strong west-east pre-
cipitation gradient across British Columbia with the highest rainfall
falling over the mountains to the west (Ryder, 1989), the lack of
independent mountain glaciers to the west of the mapped distri-
bution indicates that these areas must have been covered by the CIS
at this time, prohibiting independent mountain glaciers from
forming. Thus the distribution of independent mountain-centered
glaciers defines a maximum eastern extent of the CIS during the
Late Glacial (Fig. 10d). Furthermore, we suggest that the location of
the mountain-centered glacier readvance moraines that are incised
by lateral meltwater channels defines the location of some of the
outlet glaciers of the CIS at this time.

Lake sediments deposited when readvance moraines produced
by alpine glaciers began to block natural drainage pathways have
been radiocarbon dated, giving aminimum age for the readvance of
~10 ka (Lakeman et al., 2008b, Fig. 10d). Additionally, three read-
vance moraines produced by alpine glaciers have been 10Be expo-
sure dated, giving weighted mean exposure ages of 11.3 ± 0.3 ka at
Tuya Lake (GIA and snow cover corrected),11.9 ± 0.4 ka at Grey Lake
(GL; GIA corrected; snow cover correction not applicable) and
10.3 ± 0.3 ka at Crushing Lake (GIA corrected; snow cover correc-
tion not possible; Fig. 10d; Menounos et al., 2017). Although un-
certainties make it difficult to determine whether individual
landforms correlate with millennial-scale climate events (Balco,
2020), these exposure ages could be consistent with the Late
Glacial readvances occurring within the YD stadial (Menounos
et al., 2017).
14
4.2.5. Final ice configuration
The ice configuration during the final stages of the deglaciation

is given by a number of stage 3 flowsets (e.g. Fs21, 23, 29, 31, and 34)
that indicate an ice body was centered on the northern Coast
Mountains while other stage 3 flowsets (e.g. Fs10, 18 and 65)
require an ice body centered over the Skeena Mountains (Fig. 10e).
This reconstruction fits well with the numerical ice sheet model of
Seguinot et al. (2016; see snapshot for 10 ka in Fig. 2i), however, the
relative timing of the demise of each of these ice bodies is un-
known. It should be noted that there is no evidence that a glacial
lake was formed in the Stikine River valley during deglaciation,
suggesting deglaciation of this river valley was rapid.
5. Discussion

5.1. Deglaciation style

As noted in Dulfer andMargold (2021), there is a large difference
in the glacial landform assemblages in the Cassiar and Omineca
mountains to the east, where thousands of lateral and submarginal
meltwater channels have been mapped, and the Skeena and Coast
Mountains to the west where meltwater landforms are absent and
this reflects differences in the style of ice retreat.

To the east, channels eroded into mountain ridges by meltwater
across the Cassiar and Omineca mountains indicate high elevation
areas became deglaciated ahead of valleys, causing emergence of
numerous nunataks around the periphery of the ice sheet during
deglaciation. Recognition of vertical downwasting has led previous
studies to conclude that CIS deglaciation was dominated by
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regional ice stagnation but without clarity over spatial and tem-
poral variability (Davis andMathews,1944; Fulton, 1991). However,
suites of ice contact landforms, such as abundant lateral and sub-
marginal meltwater channels, kame terraces, and perched deltas
indicate CIS outlet glaciers actively retreated through the moun-
tains of northern British Columbia, similar to the southern sectors
of the CIS (Margold et al., 2013b; Perkins and Brennand, 2015; Sacco
et al., 2017).

Furthermore, the abundance of lateral and submarginal melt-
water channels and overall lack of CIS outlet glacier moraines
within the Cassiar and Omineca mountains suggests a cold-based
or polythermal regime, because although lateral meltwater chan-
nels are not exclusively formed under cold-based thermal condi-
tions (Syverson and Mickelson, 2009), a frozen bed can prohibit
meltwater from draining englacially and subglacially (Dyke, 1993;
Kleman and Borgstr€om, 1996; Greenwood et al., 2007, 2016).

To the south and west of the Skeena Mountains, the landform
assemblage consists of extensive streamlined terrain (e.g. Fs4, 5,
and 21) that is characteristic of fast flowing, warm-based ice
(Borgstr€om, 1999; Glasser and Bennett, 2004). However, with the
exception of the Kitimat Trough, where large volumes of sand and
gravel were deposited as ice-contact and proglacial deltas (Clague,
1980, 1985), there is an overall lack of deglacial meltwater land-
forms that are also indicative of warm-based ice. We suggest that
the Holocene and present-day climate influenced the preservation
of these depositional landforms, with the high precipitation rates
along the Coast Mountains causing the deglacial and proglacial
sediments to be reworked.

These spatial variations in the landform assemblage across
15
northern British Columbia share many similarities to the landform
record surrounding the Scandinavian Mountains, whereby suites of
lateral and submarginal meltwater channels are found to the east,
e.g. within the Transtrand Mountains in western Sweden (Kleman
et al., 1992), while the landscape is heavily scoured and stream-
lined to the west of the Scandinavian Mountains in southwestern
Norway (Mangerud et al., 2019). This suggests that the deglacial
dynamics of the CIS may have been more similar to that of the FIS
than previously thought.

5.2. Comparison with other readvances across western North
America

5.2.1. Readvances of the Cordilleran Ice Sheet
Readvances of the CIS during the deglaciation have been

recorded in a number of locations both in the interior and along the
Pacific Coast. In the Yukon Territory, a readvance of outlet glaciers
of the Cassiar Lobe of the CIS into the Pelly Mountains has been
documented by Kennedy and Bond (2004; see Fig. 1 for location).
While this readvance has not been dated, it is likely that it occurred
early in the deglaciation when the CIS was extensive enough to
cover the northern Cassiar Mountains.

Multiple moraines have been mapped in the Kitimat fiord sys-
tem (Shaw et al., 2017), and ice marginal accumulations of sand,
gravel, and till continue into the Kitimat trough, marking periods of
glacier stabilization or advance during the deglaciation (Clague,
1984, 1985). Again, these ice marginal positions have yet to be
dated, however, radiocarbon ages from shells within nearby gla-
ciomarine sediments constrain the timing of deglaciation of the
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Kitimat trough to 11.8 ± 0.6 cal ka BP (GSC-523; Clague, 1984,
Fig. 10d).

A readvance of outlet glaciers in the Squamish River Valley in
southern British Columbia occurred between 12.6 ± 0.1 and
12.1 ± 0.5 cal ka BP (GSC-6610 and GSC-6236 respectively; Friele
and Clague, 2002), and at least three readvances, known as the
Sumas readvances, occurred in the Fraser River Valley, a short
distance south of Squamish. These readvances are summarized in
Clark and Clague (2021) as: (1) an early maximum readvance at
14.6 cal ka BP; (2) a second and more regionally extensive read-
vance between 14.2 and 13.0 cal ka BP; and (3) a lesser final
readvance between 13.0 and 11.2 cal ka BP (Clague et al., 1997;
Kovanen, 2002; Kovanen and Easterbrook, 2002; Clark and Clague,
2021). The first two Sumas readvances fall within the Bølling-
Allerød warming and could have occurred during one of the mul-
tiple short-lived cooling events seen in the Greenland ice core re-
cords (Gl-1 b or d; Rasmussen et al., 2014) or theymay be related to
changes in the ice sheet dynamics caused by other factors such as
glacier geometry, bed topography, ocean temperatures, and sea
level fluctuations (Clague et al., 1997; Clark and Clague, 2021). The
last Sumas readvance and the readvance of outlet glaciers within
the Squamish River Valley both occur within the YD stadial and
these readvances may have occurred at the same time as the
readvance of outlet glaciers we record along the eastern margin of
the CIS.

5.2.2. Readvances of independent mountain glaciers
The readvance of independent mountain glaciers during the

Late Glacial and Early Holocene is well documented in other areas
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of western North America (Menounos et al., 2009). In the central
Rocky Mountains there was a regionally extensive advance of cir-
que glaciers, locally termed the Crowfoot advance (Luckman and
Osborn, 1979; Reasoner et al., 1994; Osborn and Gerloff, 1997).
This advance has been dated using plant material from lake sedi-
ments, giving an age range between 13.2 ± 0.4 cal ka BP and
11.5 ± 0.3 cal ka BP (CAMS3065 and CAMS3063 respectively;
Reasoner et al., 1994).

Along the Pacific Coast a readvance of cirque glaciers occurred in
the northern Cascade Mountains at 12.9 ± 0.4 ka (BL-BG-03 to 07;
GIA and snow cover corrected; Marcott et al., 2019), in the southern
Coast Mountains between 10.2 ± 0.5 ka (sample ID BI-1 and BO-1;
only GIA corrected) and 11.3 ± 0.3 ka (sample ID FE10-1 to 4; only
GIA corrected) and in the St. Elias Mountains at 11.2 ± 0.5 ka (GIA
and snow cover corrected; Menounos et al., 2017). Readvances of
alpine glaciers are also noted in the Ahklun Mountains of Alaska at
12.2 ± 0.3 ka (outer MtWasleymoraine) and 11.7 ± 0.3 ka (inner Mt
Wasley moraine; only GIA corrected; Briner et al., 2002; Young
et al., 2019). Although there is some variability in the timing of
these readvances, most of them fall within the YD stadial, which
aligns with the ages obtained from Late Glacial readvance moraines
within our study area.

5.3. Regional climate during the Late Glacial

Alkenone-based sea-surface-temperature (SST) estimates and a
planktonic-foraminiferal Mg/Ca-based ocean temperature record
from a core west of Vancouver Island show that the SST oscillated
multiple times through the Late Glacial period. These oscillations
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correspond well to the d18O record within the Greenland ice cores
(Kienast and McKay, 2001; Taylor et al., 2014), indicative of dy-
namic coupling of the North Pacific and North Atlantic climates
during this period of rapid climate changes (Praetorius and Mix,
2014; Walczak et al., 2020).

Alkenone SST estimates indicate the largest climate de-
teriorations along the Pacific Coast of North America occurred
during the YD stadial, when temperatures dropped by 3 �Ce4 �C
(Kienast andMcKay, 2001; Praetorius et al., 2015) and palynological
evidence from the same region supports a regional cooling event
during the YD stadial (Engstrom et al., 1990; Mathewes, 1993;
Mathewes et al., 1993; Hetherington and Reid, 2003; Lacourse,
2005). Therefore, based on the geomorphological evidence of an
extensive regional readvance of both mountain-centered glaciers
and outlet glaciers of the CIS in northern British Columbia (Dulfer
and Margold, 2021) and the available quantitative chronology
(Lakeman et al., 2008b; Menounos et al., 2017), we suggest that the
reconstructed ice sheet extent shown in Fig. 10d represents the ice
extent of the CIS at the end of the YD stadial.

6. Future work

Here we highlight a number of outstanding challenges in
regards to understanding the glacial history of the CIS through the
last glacial cycle. These challenges include:

⁃ Gaining a better understanding of the ice sheet build-up stage as
well as the ice extent during MIS 3, 4 and 6.

⁃ Quantifying the rate of ice sheet thinning during deglaciation.
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⁃ Reconstructing the evolution of ice-dammed lakes during
deglaciation.

⁃ Further quantitative dating of both the deglaciation of the cen-
tral sector/last remnant of the CIS and of the Late Glacial read-
vance moraines.

These challenges can be addressed by gathering further empir-
ical data and improving the performance of numerical simulations.
In particular, the focus should be on increasing the resolution of
numerical models, improving the climate forcing data and recon-
ciling the models with available empirical and proxy data to better
capture the complex ice dynamics during the Late Glacial.

7. Conclusions

The glacial landform record of northern British Columbia allows
us to unravel advance and retreat dynamics of the central sector of
the CIS, beneath the local LGM ice divide. Seventy glacial flowsets
have been mapped and the majority of these flowsets have been
categorized based onmorphology, elevation, orientation and cross-
cutting relationships into three stages. Stage 1 and 2 flowsets likely
formed by pre-LGM and LGM ice flow respectively, and the location
of the LGM ice divide aligns well with the current understanding of
the CIS at its LGM. Stage 3 flowsets were formed by deglacial ice-
flow and their distribution and orientation indicates the ice
divide migrated multiple times throughout the deglaciation.
Combined with the distribution of CIS outlet glacier moraines and
glacial meltwater landforms, we map an overall ice retreat pattern
that proceeded westwards towards the Coast and Skeena
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mountains.
We map the regional distribution of independent mountain

glaciers, ice caps, and ice fields, that regrew in high elevation areas
in the Late Glacial and identify that some of these moraines are
incised by lateral and submarginal meltwater channels formed
along the CIS margins. We use this glacial landform relationship to
show that CIS outlet glaciers also advanced in the Late Glacial and
this allows us to map the maximum extent of the eastern margin of
the CIS during late stages of deglaciation for the first time. We
suggest, based on the available quantitative chronology and climate
proxy data, that this readvance likely occurred during the YD sta-
dial, however, further chronological controls are required to
confirm the timing.
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