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Abstract. The majority of glaciers in North America
reached their maximum Holocene downvalley positions dur-
ing the Little Ice Age (1300–1850 CE), and in most cases,
this expansion also destroyed earlier evidence of glacier ac-
tivity. Substantial retreat in the 20th and early 21st cen-
turies exposed bedrock that fronts many glaciers that may
record Early to mid-Holocene exposure and later burial by
ice, which can be elucidated using multiple-nuclide cosmo-
genic surface exposure dating. Cores of bedrock allow the
measurement of cosmogenic nuclide depth profiles to bet-
ter constrain potential exposure and burial histories. We col-
lected four bedrock surface samples for 10Be and 14C sur-
face exposure dating and shallow (< 0.6m depth) bedrock
cores from Vintage Peak, in the southern Coast Mountains
of British Columbia, Canada. We apply a Monte Carlo ap-
proach to generate combinations of exposure and burial du-
ration that can explain our data. We found that Vintage Peak
became uncovered by the Cordilleran Ice Sheet between 14.5
and 9.7 ka, though upper elevations on Vintage Peak re-
tained ice until 10–12 ka before retreating to smaller than
modern positions. Glaciers on Vintage Peak advanced within
100 m of Late Holocene maximum positions around 4–6 ka.
Poorly constrained subglacial erosion rates, possible inheri-
tance, and variable mass shielding complicate our ability to
more robustly interpret bedrock cosmogenic surface expo-
sure histories. Nine 10Be ages on Late Holocene moraines
reveal that glaciers reached their greatest Holocene extents
by ca. 1300 CE. Our results agree with other regional glacier

records and demonstrate the utility of surface exposure dat-
ing applied to deglaciated bedrock as a technique to help con-
struct a record of Holocene glacier activity where organic
material associated with glacier expansion may be absent or
poorly preserved. Further work to increase exposure and/or
burial history modeling complexity may help to better con-
strain complex exposure histories in glaciated alpine areas.

1 Introduction

Moraines provide the most unequivocal evidence to gauge
the magnitude of a glacier advance; however, Holocene
moraines deposited prior to the Little Ice Age (LIA, 1300–
1850 CE) in North America are rarely preserved (Barclay et
al., 2009; Luckman, 2000; Menounos et al., 2009; Solom-
ina et al., 2015). Glacier activity, particularly the timing
of glacier advances, prior to the LIA can be elucidated
through lateral moraine stratigraphy, overridden wood in
glacier forefields, and proglacial lake sediments, among
other proxy records (Hawkins et al., 2021; Luckman et al.,
2020; Tomkins et al., 2008). Alternative methods are needed
to determine the duration of ice cover at alpine sites to
place current rates of glacier retreat into a long-term perspec-
tive. Cosmogenic nuclide exposure analysis offers a useful
method to document past glacier activity (Balco, 2011).
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Cosmogenic nuclide exposure analysis measures the con-
centration of rare isotopes in rock at Earth’s surface to cal-
culate the duration the surface has been exposed and/or
buried (Balco, 2011; Gosse and Phillips, 2001). For Late
Pleistocene and Holocene studies, the combination of 14C
(t1/2 = 5730 years) and 10Be (t1/2 = 1.38Myr) provides sev-
eral advantages over the measurement of a single nuclide
alone. Due to the relatively short half-life of 14C, times of
previous exposure, such as during Pleistocene interglacials,
are quickly “forgotten” through radioactive decay. This short
half-life has been used in many studies to elucidate glacier
extent change and/or subglacial erosion rates (e.g., Goehring
et al., 2011, 2013; Graham et al., 2019; Schimmelpfennig et
al., 2022; Schweinsberg et al., 2018). Hippe (2017) demon-
strated that 10 kyr of burial (such as under a thick ice sheet)
accompanied by 2.4 m of subglacial erosion would remove
any 14C inventory to below detection limits. Conversely,
10Be decays slowly enough that it is effectively stable over
Holocene timescales. In situations of negligible erosion, 10Be
acts to record total exposure duration at a site, while 14C
can reveal periods of burial. Periods of Holocene burial will
cause depth profiles of 14C to steepen and shift towards lower
concentrations as 14C decays. Hippe (2017) provides a clear
overview of the concepts behind using paired 14C and 10Be
to investigate Holocene surficial processes.

Cosmogenic nuclide production is rapidly attenuated with
depth in bedrock and is the combination of spallogenic and
muogenic reactions (Gosse and Phillips, 2001). At the sur-
face with no overlying mass, spallation reactions account for
nearly 99 % of 10Be and 77 % of 14C production, with the
remaining nuclide production coming from fast muon inter-
actions and negative muon capture (Dunai, 2010). Assuming
a rock density of 2.65 gcm−3, 1 m below the bedrock surface,
the nuclide production by spallation accounts for ∼ 97% of
10Be and just ∼ 47 % of 14C. The 14C/10Be ratio should in-
crease with depth, as muons are less affected by mass shield-
ing and contribute to a larger proportion of 14C production
than 10Be with depth. The 14C/10Be ratio at the surface is
simply set by the nuclide’s relative production rate and the
duration of exposure. Erosion of the bedrock surface will
serve to lower the concentration of both nuclides and elevate
the 14C/10Be ratio. A nuclide depth profile in bedrock would
shift to the left (less total nuclide) in an erosive scenario com-
pared to one of constant exposure and no erosion (Fig. 1).
Nuclide depth profiles in bedrock provide additional nuclide
measurements that constrain possible durations of exposure,
burial, and erosion more than a single paired nuclide mea-
surement at the surface.

At locations where a well-constrained glacier chronol-
ogy exists, the cosmogenic nuclide inventory within previ-
ously glaciated bedrock surfaces can constrain subglacial
erosion rates (Balter-Kennedy et al., 2021; Goehring et al.,
2013). Subglacial erosion rates, however, can vary signifi-
cantly across previously glaciated surfaces (Graham et al.,
2023; Koppes, 2022; Magrani et al., 2022). Past studies of

Figure 1. Theoretical 14C concentrations after 10 kyr of continu-
ous exposure with depth below bedrock (2.65 gcm−3). Panel (a)
shows the expected nuclide concentration profile under three sce-
narios: (1) continuous exposure with no mass shielding (snow or till
cover), (2) 0.002 cmyr−1 subaerial erosion, and (3) no erosion but
with 220 cm of 0.38 gcm−3 snow cover for half of the year. Note
that both mass shielding and erosion reduce the total nuclide con-
centration. Erosion also steepens the nuclide concentration curve.
Panel (b) shows the relative contribution of spallogenic vs. muo-
genic 14C production with depth. Muons are a significant contrib-
utor to total 14C production but only contribute 1 %–3 % of total
10Be production at mass depths less than 250 gcm−2.

subglacial erosion rates have sampled multiple sites across
latitudinal and longitudinal transects of a glacier’s flowline
to assess the variability in subglacial erosion across zones
a differing slope, ice thickness, and resulting ice velocity
(Graham et al., 2023; Rand and Goehring, 2019; Wirsig et
al., 2016). The rate of subglacial erosion must be indepen-
dently estimated in cases where there are few bedrock sam-
ples across the formerly glaciated landscape and past glacier
activity is unknown or poorly constrained.

In formerly glaciated alpine sites of western Canada,
bedrock surfaces that lie beyond limits of Late Holocene
glacier expansion would have been exposed to cosmogenic
nuclide flux since the retreat of the Cordilleran Ice Sheet
(CIS) following the termination of the Last Glacial Maxi-
mum (LGM; Menounos et al., 2009, 2017; Seguinot et al.,
2016). The CIS, large decaying masses of the CIS, or even
cirque glaciers may have readvanced during the Younger
Dryas cold interval, after which the ice sheet retreated rapidly
(Menounos et al., 2017). Alpine glaciers in western Canada
were likely smaller than their 2000–2010 CE extents for
much of the Early Holocene (Koch et al., 2007, 2014; Me-
nounos et al., 2004) and may have begun periodically ad-
vancing as early as 8 ka, with more evidence for glacier ad-
vances of generally increasing magnitude by ca. 6 ka. At
most sites in western Canada, glaciers reached their great-
est Holocene extent during the Little Ice Age, between 700
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and 150 years before 2000 CE (Menounos et al., 2009; Mood
and Smith, 2015a). What remains unclear is the size of
alpine glaciers prior to neoglacial expansion in the mid-
Holocene and the amount of time glaciers were near their
Late Holocene maximum extents or retreated to within their
modern (ca. 2024 CE) extents.

We seek to investigate the record of Late Pleistocene
through Holocene glacier change at an alpine site in the
southern Coast Mountains of British Columbia, Canada,
through several different applications of cosmogenic nuclide
surface exposure dating. To determine the duration of ice
cover at this site, we make necessary assumptions of the im-
pact of snow cover, subglacial and subaerial erosion, and in-
heritance on the calculated exposure and burial duration at
each bedrock site. This study highlights the utility of paired
nuclide dating and bedrock cores to more closely constrain
complex exposure histories and the limitations of bedrock
exposure dating; it also provides new numerical ages for end
moraines in the southern Coast Mountains.

2 Study area

Vintage Peak (1876 m above sea level – m a.s.l.) is located
at the head of Powell Lake on the traditional territory of the
Tla’amin Nation in the southern Coast Mountains of British
Columbia, Canada (50.25° N, 124.30° W; Fig. 2). The moun-
tain is composed of a mid-Cretaceous granodiorite pluton
that forms broad sloping surfaces and steep rock walls that
extend down to the valley bottom (Bellefontaine et al., 1994).
A small (< 0.05km2) north-facing glacierette herein referred
to as “Lockie’s Glacier” is located at 1780 m a.s.l. in a cirque
west of Vintage Peak, below a sub-peak called Lockie’s Ta-
ble. Another north-facing glacierette resides on the north side
of Vintage Peak. The cirque headwalls are variably steep,
though large portions of the headwall give way to rolling,
convex ridgelines (Fig. 2).

The study site is 50 km east of the Strait of Georgia, with
the coastal climate producing high precipitation and moder-
ate temperatures. Between 1998 and 2022, the mean annual
air temperature and mean annual precipitation at a BC Min-
istry of Forests weather station at Toba Camp (52 m a.s.l.),
38 km northeast of Vintage Peak, were 10.1 °C and 1401 mm,
respectively (in 2022). Assuming a lapse rate of 6.5 °Ckm−1,
the average annual air temperature at 1600 m on Vintage
Peak is close to 0 °C. There are two province of British
Columbia snow survey sites with near-annual observations
since 1938 CE located just 2 km away from Lockie’s Glacier
at 882–910 and 1002–1040 m a.s.l. (Fig. 2) that together have
a mean annual snow water equivalent (SWE) at the end of
March or early April of 847 ± 399mm water equivalent.

3 Methods

3.1 Field methods

To constrain the age of the inferred Late Holocene moraines
in the study area, we sampled nine large boulders on or near
the crest of moraines or those resting directly on exposed
bedrock. We sampled six boulders from the Lockie’s Glacier
moraine and three boulders from the Vintage Peak moraine
(Fig. 2). In addition, we sampled one erratic (17-VP-07), ap-
proximately 60 m beyond the Lockie’s Glacier end moraine.
At each site, we recorded boulder dimensions, GPS position
and elevation, local horizon, and boulder self-shielding using
a Brunton compass and inclinometer. We used a gas-powered
concrete saw and hammer and chisel to collect∼ 1kg of rock
from each boulder.

A common practice in cosmogenic surface exposure dat-
ing on moraines is to sample large boulders from on or near
the crest of the moraine, with the aim to reduce the chance
of sampling a boulder that experienced significant snow
cover, exhumation, or post-depositional movement (Gosse
and Phillips, 2001; Heyman et al., 2016). The Hakai Air-
borne Coastal Observatory completed an aerial lidar and or-
thoimagery survey of Vintage Peak on 15 September 2017
and again on 16 May 2023 (Fig. 6). Snow is retained in
May on Vintage Peak, while the September survey was
largely snow-free. The elevation difference between the co-
registered, 1 m spatial resolution digital elevation models
(DEMs) gives an approximation of the snow depth in May
2023 across the survey area, notably around the sampled
moraines and erratic. Further background on the lidar acqui-
sition and data processing can be found in Donahue et al.
(2023).

We collected four bedrock core samples within or just be-
yond the Late Holocene extent of Lockie’s Glacier (Fig. 3).
Core sample locations were chosen to capture a variety of
potential bedrock exposure histories. At each location, we
used a Shaw Tool gasoline-powered portable backpack drill
to collect a pair of 0.35–0.55 m deep, 41 mm outer-diameter
bedrock cores. Cores were not taken deeper than 0.55 m due
to the slow penetration rate of the drill (supplied drill bits
for the rental drill were for sedimentary rather than intru-
sive igneous rock). A pair of cores within 0.10–0.15 m of
each other were taken at each site to have enough material
at each depth for nuclide measurements. Similar to boulder
samples, we recorded sample coordinates, elevation, surface
orientation, and horizon shielding at each bedrock site. Sam-
ples were transported in plastic tubes, with core orientation
labeled and maintained throughout transport and laboratory
sampling (Fig. 3). Below, we refer to the pairs of cores at
each site as a single core.

One core (17-VPC4) was collected from a bedrock knob,
approximately 150 m beyond the presumed Late Holocene
extent of Lockie’s Glacier. Cores 17-VPC3 and 17-VPC2 are
within Late Holocene glacier limits, with 17-VPC3 ∼ 50m
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Figure 2. Location of bedrock and boulder sampling locations on Vintage Peak. 10Be surface exposure ages are listed in text boxes with
analytical errors. The green star in the inset map is the study location. The base hillshade is from a 2017 aerial lidar survey. Contour interval
is 100 m.

Figure 3. Bedrock core from site 17-VPC4. Photo scale converted to digital representation.

inside the Late Holocene moraine and 17-VPC2 ∼ 40m be-
yond the modern (2017 CE) ice limit (Fig. 2). Core 17-VPC1
is located just off a broad ridgeline on the northeast side of
the Lockie’s Table cirque and is presumed to have been cov-
ered by minimally erosive ice when Lockie’s Glacier was
near its maximum Holocene extent. Our interpretation that
the site of core 17-VPC1 experienced negligible erosion is
due to a lack of headwall at this point in the ridge, which
would have allowed accumulating ice to drape over the ridge-
line, forming a minimally erosive flow divide near the site
of the core. At all bedrock core sites, we attempted to sam-
ple bedrock with minimal glacier erosion by sampling from
areas with oxidized surfaces and preserved striations. We
avoided surfaces on the lee of bedrock steps that may be the

result of subglacial plucking (Graham et al., 2023; Rand and
Goehring, 2019).

3.2 Laboratory processing

All samples were processed at the Tulane University Cos-
mogenic Nuclide Laboratory. We followed the procedure of
Nichols and Goehring (2019) to physically and chemically
isolate quartz from each sample. Extraction of 10Be from
the sampled boulders and the top 5 cm of each bedrock core
followed standard chemical isolation procedures (Ditchburn
and Whitehead, 1994). Each batch of approximately eight
samples included a sample blank (Table S1 in the Supple-
ment). Each bedrock core was divided into five, 0.05 m long
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sections. While both 10Be and 14C were measured at the top
0.05 m of each core, we only measured 14C along the re-
maining length of each core. We measured both 10Be and
14C on the one erratic boulder, 17-VP-07. Extraction of 14C
followed the procedures of Goehring et al. (2019).

Concentrations of 10Be were measured by accelerator
mass spectrometry (AMS) at Purdue University’s PRIME
Laboratory, with all 10Be measurements normalized to the
07KNSTD standard (Nishiizumi et al., 2007). We measured
14C concentrations via AMS at the Woods Hole Oceano-
graphic Institution’s National Ocean Sciences Accelerator
Mass Spectrometry (NOSAMS) facility. Sample blank cor-
rections for the 14C samples followed the procedure of Balco
et al. (2023), where blank corrections are treated as a log-
normal distribution. Exposure ages were calculated using
version 3 of the online exposure age calculator formerly
known as CRONUS-Earth and LSDn (Lifton–Sato–Dunai)
scaling (Balco et al., 2008; Borchers et al., 2016; Lifton et
al., 2014). Our production rate calibration dataset is based on
the measurement of saturated CRONUS-A data presented in
Goehring et al. (2019). Topographic and self-shielding cor-
rections were applied to all moraine and bedrock sample sur-
faces. Corrections for snow cover were applied to all bedrock
and moraine boulder samples separately and are discussed
further below. Moraine ages are presented as a median ± in-
terquartile range. This choice of summary statistics does not
rely on the assumption of a normal distribution in our dataset.
Median ages and individual sample ages are presented in
years (a) before the year of sampling (2017 CE).

3.3 Bedrock exposure history modeling

The measured nuclide concentration in each of the bedrock
cores represents an integrated signal of exposure, burial by
ice and snow, and erosion. While this integrated signal pre-
cludes us from being able to constrain the precise timing
of Holocene glacier advance and retreat, we can apply rea-
sonable estimates of the subglacial erosion rate and seasonal
snow cover at each site and then determine the most likely
cumulative duration of burial and exposure for each site that
can be explained by our data.

We assume that Cores 1 and 4 experienced negligible
erosion since they were exposed following the termina-
tion of the Last Glacial Maximum. Core 1 lies on a broad
bedrock shoulder and would have been covered by thin,
minimally erosive ice when Lockie’s Glacier was at or
near its Holocene maximum extent. Core 4 lies outside of
the Lockie’s Glacier’s Late Holocene moraines and would
have experienced no erosion by ice over the course of the
Holocene. Subaerial erosion rates in alpine environments are
typically low (Elkadi et al., 2022; Lehmann et al., 2020),
rarely more than 0.001 cmyr−1. As such, we assume that dur-
ing periods of exposure, there was negligible subaerial ero-
sion of bedrock surfaces.

Cores 2 and 3 would have been covered by Holocene
ice and are expected to have experienced subglacial erosion
during periods of burial. Subglacial erosion rates have been
shown to be highly variable across regions and within sin-
gle glacier forefields (i.e., Koppes et al., 2015; Magrani et
al., 2022; Rand and Goehring, 2019). While others have im-
posed a “known” glacier history to model likely subglacial
erosion rates (Schimmelpfennig et al., 2022; Steinemann
et al., 2020, 2021; Wirsig et al., 2017), we chose to fix a
likely subglacial erosion rate in order to estimate Holocene
glacier activity. Given our sampling strategy that avoided ev-
idence of Late Holocene plucking, subglacial erosion would
have primarily been through abrasion. Abrasion rates have
been estimated by others to be 0.009–0.035 cmyr−1 in the
Puget Lowland of Washington State under the Cordilleran
Ice Sheet (Briner and Swanson, 1998), 0.002–0.033 cmyr−1

at the Rhone Glacier in Switzerland (Goehring et al., 2011),
and 0.013 ± 0.008cmyr−1 at Jakobshavn Isbrae in Green-
land (Graham et al., 2023). As striations on the bedrock at
Cores 2 and 3 clearly indicate there was a non-zero amount of
erosion of the bedrock surface, we present likely cumulative
exposure histories for these sites given a subglacial erosion
rate of 0.005, 0.01, and 0.02 cmyr−1.

We used the exposure age of an erratic boulder (17-VP-
07) outside of Late Holocene glacier limits to constrain the
maximum possible exposure duration for all sites, assuming
the exposure age of the erratic represents the timing of Late
Pleistocene deglaciation on Vintage Peak. The minimum ex-
posure duration at each sample location was constrained by
the 14C exposure age of bedrock surface samples. We plotted
the measured 14C/10Be ratios on a two-isotope diagram with
burial isochrons to determine the apparent burial history of
each sample (Fig. 7). We note that the apparent burial history
is dependent on model parameters; any amount of erosion
will result in longer apparent periods of burial and exposure.
We later compared the apparent burial history to the model
exposure and burial histories discussed below.

All sites are assumed to have been seasonally covered by
snow throughout their exposure history. We used the aver-
age snow depth and density from nearby snow monitoring
sites to apply a snow cover correction for 6 months of the
year. The average (±1 standard deviation) snow density is
0.38 ± 0.07gcm−3 and average depth is 220 ± 102cm (Ta-
ble S2). During periods of burial by ice, we assume the ice
was sufficiently thick to cease nuclide production.

For each site, we run a Monte Carlo simulation 10 000
times per discrete erosion rate (ε) of 0.0, 0.005, 0.01, or
0.02 cmyr−1, with each run picking a uniform, randomly dis-
tributed value of exposure duration (te) and burial duration
(tb) in years. This simulation results in 40 000 runs per site.
Our method is similar to the method presented in Jones et
al. (2023), except our model looks at a cumulative burial and
exposure history rather than developing the exposure history
in a stepwise fashion over the Holocene. The model starts
by calculating the nuclide production rate at each depth be-
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low the surface, beginning at the air–snow interface through
to 100 cm depth within the bedrock. The production rate of
each nuclide is calculated from the sum of spallation, fast
muon, and negative muon contributions (Balco et al., 2008).
We chose to make no assumptions about the likelihood of
exposure or burial over the course of the Holocene, simply
limiting to maximum and minimum possible exposure and
burial durations at each site. The exposure duration is a value
between the maximum possible exposure duration of 15 kyr
and the minimum exposure duration, which is the 14C age
of the bedrock surface for each site. The burial duration is
a value between zero and the difference between the maxi-
mum exposure duration and the minimum exposure duration
at each site. The theoretical nuclide concentration at each
depth in the model space was calculated using Eq. (1):

Ni,z =
Pi,z

λi
(1− e(−teλi ))(e−λi tb )(e

−ρεtb
3 ) , (1)

where Ni,z is the nuclide concentration (atomsg−1) of
the isotope in question at a specific mass depth (14C
or 10Be), Pi,z is the depth-specific total production rate
(atomsg−1 yr−1), λi is the nuclide-specific decay constant
(s−1), ρ is the rock density (assumed to be 2.65 gcm−3), and
3 is the spallation attenuation length (160 gcm−2). While the
production rate calculation does account for spallation and
muon-produced nuclides, we acknowledge that this equation
does not account for muon-produced nuclide concentrations
during periods of burial and subglacial erosion. However, this
effect is small relative to the total expected nuclide concen-
tration.

We ran the model setup described above assuming no in-
herited 14C or 10Be. Since inherited 10Be is more likely, we
ran our model again for each site assuming a duration of pos-
sible inheritance as indicated by the excess 10Be, which can
be explained by ∼ 3kyr of inheritance. This produced an-
other 40 000 total simulations per site.

We tested the influence of a 0.001 cmyr−1 subaerial ero-
sion rate on our simulations and found that for Cores 1–3
there was no significant difference in the modeled burial or
exposure ages, and at Core 4, inclusion of subaerial erosion
yielded no simulations with exposure and burial histories that
matched our observations. Thus, we present our results with
no subaerial erosion.

We retained simulations that produced modeled 14C pro-
files within the 2σ error bounds of the measured 14C profiles
and a modeled surface 10Be concentration within the 2σ er-
rors in the measured 10Be concentration. We then calculated
the χ2 statistic to evaluate goodness of fit between the mod-
eled and measured nuclide concentrations with depth. The
solution with the lowest χ2 value was selected as the most
likely burial and exposure history for each site.

4 Results and discussion

4.1 Late Holocene moraine ages

At their Late Holocene maximum, the glacier on the north
aspect of Vintage Peak covered a maximum area of nearly
1.9 km2, while Lockie’s Glacier covered approximately
1.5 km2. We estimate that glacier ice would have been at
least 35–40 m thick when Lockie’s Glacier was near its Late
Holocene maximum extent. This estimate comes from as-
suming a linear surface slope between the headwall and toe
of the glacier of 16°and a yield stress of 100 kPa (Cuffey and
Paterson, 2010). By 2020 CE, both glaciers were less than
0.1 km2 and are now likely too thin to flow.

Moraines sampled in this study were bouldery and draped
over bedrock, with crests that were no more than 5 m above
the bedrock surface (Sect. S1 “Data” in the Supplement).
Collectively, the nine moraine boulders sampled on Vintage
Peak returned a median 10Be age of 705 ± 219a (1090–
1530 CE; Fig. 5). Moraine boulders on Lockie’s Glacier and
Vintage Glacier moraines date between 934 and 538 a, except
a single boulder on the Lockie’s Glacier moraine that dates
to 2849 ± 88a.

Repeat lidar surveys completed in the late spring and au-
tumn reveal the depth and distribution of snow across Vintage
Peak (Fig. 6). In our survey data, moraine crests were cov-
ered by up to several meters less snow than adjacent bedrock
areas. While annual snow depth will vary, the distribution
of snow over the landscape will be broadly consistent each
year. Manual snow depth measured at the nearby snow sur-
vey sites was ∼ 25% of normal on 30 March 2023, while
an automated snow survey site (3A25P, 1340 m a.s.l.) 80 km
southeast of Vintage Peak similarly recorded the snowpack
to be 25 % of normal in mid-May. While the lidar surveys
support the assumption that sampling boulders for surface
exposure dating on moraine crests will reduce the influence
of snow cover on moraine exposure ages, we do still apply
a snow cover correction to moraine boulders and bedrock as
discussed in the Methods section.

Glaciers on Vintage Peak reached their Holocene maxima
at the beginning of the classic LIA. The timing of glaciers
reaching their Late Holocene maxima on Vintage Peak ac-
cords with other nearby glacier records (Fig. 5). Nearby
glaciers advanced multiple times from 1.4 to 0.3 ka (Hawkins
et al., 2021; Koehler and Smith, 2011; Mood and Smith,
2015b; Reyes and Clague, 2004; Ryder and Thomson, 1986).
The regional radiocarbon record provides evidence of glacier
advance but not the timing of glaciers reaching their maxi-
mum positions and depositing moraines. While there is good
correspondence among records of glacier advance preced-
ing the age of moraines on Vintage Peak, most glaciers in
the region continued to advance after 0.65 ka. Though many
glaciers in western Canada reached their greatest Holocene
extents between 0.4 and 0.1 ka (Menounos et al., 2009),
there is increasing evidence that glaciers were near their
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Figure 4. Lockie’s Holocene glacier extent change. The boundary of Lockie’s Glacier when Core 1 was exposed is uncertain but must have
at least covered the site of Core 3. Four time periods are shown in this figure: (1) the Little Ice Age maximum extent of Lockie’s Glacier,
(2) the intermediate extent of Lockie’s Glacier that must have covered the site of Core 3 but left Core 1 exposed, (3) the 2006 CE extent, and
(4) the 2017 CE extent of Lockie’s glacier taken from satellite imagery. Figure basemap is an oblique hillshaded digital elevation model from
a 2017 aerial lidar survey.

Late Holocene maximum positions several times as early as
2 ka (Hawkins et al., 2021; Maurer et al., 2012). Stochastic
variability in glacier response to climate forcing or differ-
ing response times to climate perturbations may explain why
glaciers on Vintage Peak reached their greatest Holocene
extents slightly earlier than many other glaciers in western
Canada (e.g., Roe, 2011).

4.2 Paired 14C and 10Be on erratic and bedrock

The erratic boulder (17-VP-07) lies approximately 65 m be-
yond the Late Holocene moraine that fronts Lockie’s Glacier.
Due to the boulder’s distance from adjacent rock walls and
lack of additional boulders in the area, we interpret that the
boulder is most likely an erratic deposited during deglacia-
tion of the Cordilleran Ice Sheet rather than a rockfall de-
posit. We do note, however, that 17-VP-07 was subangu-
lar and lacked any obvious striations that would have been
more indicative of glacial transport. While we cannot defini-
tively conclude the boulder is an erratic, we proceed with the
interpretation of glacial origin. The boulder 17-VP-07 has
a calculated 10Be age of 11.65 ± 0.2ka and a 14C age of
9.74± 0.9ka. When plotted on a paired isotope diagram, the
erratic falls within the field of continuous exposure (Fig. 7).

The discrepancy between the apparent 10Be age and 14C age
could be the result of inheritance. The erratic may contain the
equivalent of ∼ 2kyr of inherited 10Be, which is more likely
than the boulder having any significant quantity of inherited
14C. Conversely, another way to produce the observed differ-
ence in 10Be and 14C ages on the erratic is by mass shielding
under seasonal snow cover. Mass shielding, in this case by
snow, increases the calculated age of a surface. 14C is more
sensitive to thin mass shielding, which means that the appar-
ent 14C age increases faster than the apparent 10Be age with
increasing shielding correction (Hippe, 2017). With a shield-
ing factor that would be produced by 190 cm of 0.38 gcm−3

snow for 6 months of the year, both nuclides yield an equiva-
lent exposure age of∼ 14.5ka. Given the average snow depth
of 220 ± 100cm and average density of 0.38 ± 0.67gcm−3

(n= 123, mean ± standard deviation) at nearby snow mon-
itoring sites which are nearly 600 m lower than 17-VP-07,
this snow cover value is reasonable. Work by Menounos et
al. (2017) and Seguinot et al. (2016) provides cosmogenic
ages and ice sheet modeling that suggest the area around Vin-
tage Peak was likely deglaciated around 14 ka, giving further
confidence that the snow-corrected age of the erratic is an
accurate deglaciation age for Vintage Peak. However, as we
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Figure 5. (a) Probability density function of 10Be moraine ages on Vintage Peak (blue line) with kernel density plot showing individual
sample ages. Black markers are the median ± interquartile range 10Be ages from moraines fronting Gilbert Glacier, 65 km north of Vintage
Peak (Hawkins et al., 2021). (b) Normalized probability from organic 14C samples from overridden wood in glacier forefields and composite
moraines in western Canada, interpreted to closely constrain periods of glacier advance (modified from Hawkins et al., 2021). The black line
is the mean reconstructed temperature anomaly with respect to the 1800–1900 CE average for the 30–60° N latitude band from Kaufman et
al. (2020). Blue shaded region is the Little Ice Age period from 1300–1850 CE.

cannot rule out the possibility of inheritance, we constrain
the age of deglaciation on Vintage Peak to 14.5–9.7 ka.

The erratic boulder and lack of apparent Younger Dryas
moraine(s) indicates that glaciers on Vintage Peak have not
extended beyond their Late Holocene positions since Late
Pleistocene deglaciation that may have commenced as early
as 14.5 ka. Some cirque glaciers in western Canada that were
above the decaying CIS advanced during the Younger Dryas
and deposited moraines on the landscape (Menounos et al.,
2017). However, we did not observe any moraines beyond
the Late Holocene moraines at Vintage Peak. Our findings
on Vintage Peak further support that, on average, glacier ad-
vances during the Little Ice Age were the most extensive
since the termination of the LGM.

Both 10Be and 14C bedrock surface concentrations at each
core site follow expected trends based on the geomorphic po-
sition relative to the modern glacierette (Fig. 8). The greatest
nuclide concentrations are found at Core 4 (17-VPC4), out-
side of the Late Holocene moraines, with a surface 10Be con-
centration of 1.669 ± 0.0167× 105 atomsg−1 and 14C con-
centration of 1.886±0.445×105 atomsg−1. Nuclide concen-
trations at Core 3 (17-VPC3, just inside of the Late Holocene

moraine) and Core 2 (17-VPC2, just distal from the 2017 CE
glacier terminus) are equivalent within errors (Table 1).
This suggests that, within our measurement uncertainty, the
bedrock surface at Cores 2 and 3 experienced nearly equiva-
lent exposure histories over the Holocene. Cores 2 and 3 have
63 %–66 % less 10Be and 55 %–57 % less 14C than Core 4.
We interpret equivalent nuclide concentrations at Cores 2
and 3 to indicate that Lockie’s Glacier responded to climate
perturbations in a roughly binary manner: existing near the
glacier’s Late Holocene maximum or retracted close to mod-
ern extents (Fig. 4).

The 10Be and 14C surface concentrations of Core 1 (17-
VPC1), which is assumed to have experienced variable cover
by minimally erosive ice but less total ice cover than Core 2
or Core 3, are 1.179 ± 0.0351× 105 atomsg−1 and 1.401 ±
0.1795× 105 atomsg−1, respectively. Core 1 has 29 % less
10Be and 26 % less 14C than Core 4.

4.3 14C bedrock depth profiles

Five measurements of 14C concentration along the depth of
each core show decreasing or consistent, within uncertain-
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Figure 6. Snow depth on Vintage Peak moraines. Elevation change between aerial-lidar-derived DEMs collected on 16 May 2023 (snow-
covered) and 15 September 2017 (snow-free). Note the moraine crest within panel A is diffuse, while the moraine is more sharply crested in
panels B and C.

Figure 7. Paired 14C/10Be nuclide diagram with y axis normalized to the production ratio of 14C/10Be and x axis (atomsg−1 10Be)
normalized to the site-specific production ratio of 10Be. Dashed lines represent burial isochrons, the uppermost indicating 2 kyr burial, with
each descending line representing an additional 2 kyr of burial. The uppermost solid black line is the line of continuous exposure with zero
erosion, and the lower black line is the line of steady-state equilibrium; samples plotting between these two lines were continuously exposed
and eroding at a given rate.
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Figure 8. 10Be and 14C concentrations in bedrock cores with eleva-
tion. Nuclide concentration is normalized relative to Core 4, which
had the lowest production rate of the sample locations.

Figure 9. Bedrock 14C profiles with depth. The height of each box
represents the amalgamated depth of each 5 cm long sample taken
every 5–10 cm along each core. The width of the boxes is the 1σ
14C measurement error. Lines connect the mean 14C concentration
measurement along each core.

ties, nuclide concentrations. At Core 4, the 14C concentra-
tion is 1.886 ± 0.445× 105 atomsg−1 in the upper 0.05 m
of the core and decreases to 1.464 ± 0.225× 105 atomsg−1

at the bottom 0.40–0.45 m of core (Fig. 9, Table S3). There
is no clear pattern to measurement uncertainty with depth in
each of the four cores, with measurement uncertainty ranging
from 10 % to 47 % (average 25 %) of the mean concentration.
Cores 2 and 3 have quasi-vertical 14C concentration profiles
of equivalent magnitude, within errors (Fig. 9). Core 1 has a
slight decrease in 14C concentration in the upper section of
the core, but within uncertainties it is quasi-vertical as well.

4.4 Monte Carlo simulations

Monte Carlo simulations of possible burial and exposure his-
tories provide a range of solutions that adequately explain
our data. Subglacial erosion and possible inheritance from
previous bedrock exposure significantly influences the ap-
parent exposure age of the bedrock. Though we are unable
to independently determine the magnitude of inheritance or
subglacial erosion at each site, we make reasonable estimates
of these values given each site’s geomorphic position.

Core 1, assuming no subglacial erosion, experienced
9.3 kyr of exposure and 4.9 kyr of burial. Assuming com-
plete resetting of the cosmogenic nuclide inventory during
the LGM, this means that Core 1 became ice-free following
the LGM around 14.3 ka.

Cores 2 and 3 likely experienced some amount of sub-
glacial erosion during the Holocene, as evidenced by stria-
tions on the sampled bedrock surface. However, if we assume
negligible erosion, Cores 2 and 3 experienced 4.5 and 5.4 kyr
of exposure and 5.5 and 5.9 kyr of burial, respectively. If we
invoke a subglacial erosion rate of 0.005 cmyr−1, then Core 2
would have experienced 6.4 kyr of exposure and 4.5 kyr of
burial, while Core 3 experienced 7.6 kyr of exposure and
4.6 kyr of burial. At both sites, increasing the subglacial ero-
sion rate notably increases the modeled exposure duration
and decreases the burial duration. With a subglacial erosion
rate of 0.01 cmyr−1, the measured nuclide concentration at
Core 2 is best explained by 8.5 kyr exposure and 3.8 kyr of
burial, while Core 3 potentially experienced 9.9 kyr of expo-
sure and 3.8 kyr of burial. Core 4 would have experienced
no subglacial erosion since deglaciation following the LGM.
Our nuclide measurements at Core 4 are best explained by
14.9 kyr of exposure and 2.9 kyr of burial.

While the apparent exposure age of Core 4 is coincident
with the timing of regional deglaciation, the nearly 3 kyr of
burial is at odds with our assumption that Core 4 has ex-
perienced continuous exposure following deglaciation. The
apparent burial signal may be the result of inheritance due to
insufficient resetting of the nuclide inventory in the bedrock
during the LGM, mass shielding from transient till cover fol-
lowing deglaciation and/or more snow cover than we have
accounted for, or a combination of these factors. If the ap-
parent burial was caused by till cover, assuming a till density
of 2.4 gcm−3, there would need to be∼ 1.9m of till to effec-
tively reduce nuclide production below detection limits. Test-
ing the effect of thin mass (from till or shallow ice) shielding
on the bedrock nuclide inventory is beyond the scope of this
study. Samples from bedrock sites with a comparable geo-
morphic context to Core 4 would help indicate if bedrock in
this area was fully reset during the LGM or if areas that did
not experience ongoing Holocene glaciation contain inher-
ited nuclides. Monte Carlo simulations given 3 kyr of appar-
ent 10Be inheritance estimate nearly 13 kyr of exposure and
∼ 2.5kyr of burial at Core 4 under a zero subglacial erosion
scenario (Fig. S7 in the Supplement).
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Figure 10. Reduced χ2 values from Monte Carlo modeling results, assuming zero inheritance. Each plot shows the exposure and burial
duration with the lowest χ2 value (red cross and values printed in plot). The colored region in each plot indicates the χ2 values within
the range of possible exposure and burial histories for each core and subglacial erosion rate. The total number of simulations out of 10 000
combinations of burial and exposure histories that fit within measurement errors is shown by “n sims”.

In summary, Monte Carlo simulations provide insight to
the effect of varying subglacial erosion on the cumulative
burial and exposure histories that can be explained by our
data. At Cores 2 and 3, a small increase in subglacial erosion
would have to be explained by greater total exposure duration
and less burial by ice. Preserved striations on the bedrock
surfaces of Cores 2 and 3 demonstrate that some amount
of subglacial erosion did occur. A subglacial erosion rate of
0.005 cmyr−1 indicates that ice may have covered Cores 2
and 3 until 10.9–12.2 ka. Core 4 records 14.9 kyr of exposure
but contains an apparent burial signal of nearly 3 kyr that can
be explained by inheritance, transient mass shielding, or a
combination of the two.

4.5 Results synthesis and regional context

Based on our results and comparison to published glacier
records from the region, we conclude that Vintage Peak
was fully covered by the erosive Cordilleran Ice Sheet dur-
ing the Last Glacial Maximum. As early as ∼ 14.5ka, the
Cordilleran Ice Sheet had thinned to expose most of the
bedrock surface around Vintage Peak, though alpine glacia-
tion kept bedrock within the Late Holocene glacier maxima
covered. Following deglaciation, the site of Core 4 may have
been covered by till for ∼ 3kyr before the till was eroded
away. While we cannot rule out the possibility of former till
cover, we do not observe preserved Late Pleistocene till in
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nearby proglacial environments, which suggests this expla-
nation is unlikely. Over the course of the Holocene, Lockie’s
Glacier was larger than present for 4.5–4.6 kyr and smaller
than present for 6.4 kyr. Glaciers on Vintage Peak reached
their greatest Holocene extent 700 ± 220a (1090–1530 CE)
and have since retreated to minimal extents.

Decreasing insolation in the Northern Hemisphere
strongly influenced the growth of glaciers in western Canada
from the mid-Holocene until the culmination of the Little
Ice Age (Menounos et al., 2009; Solomina et al., 2015).
Holocene temperature reconstruction by Kaufman et al.
(2020) shows a peak in Holocene temperatures at around
6.8 ka, followed by a consistent decrease in temperature un-
til around 1850 CE (Fig. 5). While our bedrock exposure data
do not allow us to determine distinct times of glacier advance
or retreat, regional temperature reconstructions and nearby
glacier records suggest Lockie’s Glacier likely advanced to a
position near its Late Holocene maximum extent during the
last 6 kyr.

Our results are at odds with the interpretations of other sur-
face exposure dating studies, namely Menounos et al. (2017)
and Darvill et al. (2022). Without correcting for snow cover,
the 10Be ages for the bedrock surface at Core 4 and the erratic
agree with the median age of cirque moraines across western
Canada formed in response to Younger Dryas cooling (Me-
nounos et al., 2017). However, our paired 14C–10Be dating
of Core 4 and the erratic reveals a more complex history of
exposure that is best explained by the significant influence of
snow and in the case of Core 4 inheritance and/or transient
mass shielding following deglaciation. Measurements of 14C
on boulders presented in Menounos et al. (2017) would show
whether the boulders have experienced a complex exposure
history.

5 Conclusions

Our study used paired 14C–10Be dating on alpine bedrock
surfaces and bedrock cores to elucidate glacier activity prior
to the Late Holocene maximum extent of an alpine glacier in
the southern Coast Mountains of British Columbia. We esti-
mate Late Pleistocene deglaciation at Vintage Peak to have
occurred around 14.5 ka. Bedrock beyond Holocene ice lim-
its suggests limited burial that cannot be explained by snow
cover alone and may be the result of previous cover by till
or inherited 10Be. A broad ridgeline that would have been
covered by minimally erosive ice during maximum ice ex-
tents indicates around 9.3 kyr of exposure and ∼ 4.9kyr of
burial since Late Pleistocene glaciation. Bedrock exposure
histories close to the Late Holocene maximum extent and the
much less extensive 2017 CE ice margin are nearly equiva-
lent and indicate that the bedrock at this site may not have
become exposed following Late Pleistocene deglaciation un-
til 10–12 ka. Ice was more extensive than the 2017 CE glacier
extent for around 4.5–5.9 kyr. Glaciers on Vintage Peak were

likely episodically larger than present from the neoglacia-
tion until the culmination of the LIA, in response to cooling
beginning in the mid-Holocene. Nine 10Be ages from boul-
ders on two moraines that front Vintage Peak Glacier yield
a median exposure age of 700 ± 220a (1090–1530 CE), dat-
ing the Late Holocene maximum extent of glaciers on Vin-
tage Peak to the earlier portion of the Little Ice Age. Future
work to test additional simulated exposure histories to inves-
tigate the impact of transient till cover and variable pre-LGM
inheritance could further constrain glacier change through-
out the Holocene. Bedrock exposure ages are influenced by
several variables (exposure, burial, inheritance, mass shield-
ing, and erosion); confident determinations of actual expo-
sure and burial durations require independent constraints on
several of these variables.
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(Hawkins, 2025).

Data availability. All data are either presented in Table 1 or can
be found in the Supplement.

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/gchron-7-157-2025-supplement.

Author contributions. Following CRediT authorship guidelines,
ACH contributed to all authorship components except funding ac-
quisition, administration, resources, supervision, and validation.
BMG contributed to all components except funding acquisition, in-
vestigation, and original draft. BM contributed to all components
except data curation, formal analysis, software, validation, visual-
ization, and original draft.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. This research was funded by the Hakai In-
stitute (Tula Foundation), Natural Sciences and Engineering Re-
search Council (NSERC) of Canada (Brian Menounos), and the
Canada Research Chairs Program (Brian Menounos). Jane Markin
assisted with fieldwork. We thank Grizzly Helicopters for their sup-

https://doi.org/10.5194/gchron-7-157-2025 Geochronology, 7, 157–172, 2025

https://github.com/adamglacier/VintagePeak
https://doi.org/10.5281/zenodo.15249623
https://doi.org/10.5194/gchron-7-157-2025-supplement


170 A. C. Hawkins et al.: TCN profiles in bedrock to infer Holocene glacier cover

port in accessing our remote field site. McElhanney provided a last-
minute rental of their rock drill, crucial to the success of this re-
search. We are grateful to have been able to conduct our research
on the traditional territories of the Klahoose and Tla’amin First Na-
tions.

Financial support. This research has been supported by the Natu-
ral Sciences and Engineering Research Council of Canada, the Tula
Foundation, and the Canada Research Chairs.

Review statement. This paper was edited by Yeong Bae Seong
and reviewed by two anonymous referees.

References

Balco, G.: Contributions and unrealized potential contribu-
tions of cosmogenic-nuclide exposure dating to glacier
chronology, 1990–2010, Quat. Sci. Rev., 30, 3–27,
https://doi.org/10.1016/j.quascirev.2010.11.003, 2011.

Balco, G., Stone, J. O., Lifton, N. A., and Dunai, T.
J.: A complete and easily accessible means of calculat-
ing surface exposure ages or erosion rates from 10Be
and 26Al measurements, Quat. Geochronol., 3, 174–195,
https://doi.org/10.1016/j.quageo.2007.12.001, 2008.

Balco, G., Brown, N., Nichols, K., Venturelli, R. A., Adams,
J., Braddock, S., Campbell, S., Goehring, B., Johnson, J. S.,
Rood, D. H., Wilcken, K., Hall, B., and Woodward, J.: Re-
versible ice sheet thinning in the Amundsen Sea Embayment
during the Late Holocene, The Cryosphere, 17, 1787–1801,
https://doi.org/10.5194/tc-17-1787-2023, 2023.

Balter-Kennedy, A., Young, N. E., Briner, J. P., Graham, B. L., and
Schaefer, J. M.: Centennial- and orbital-scale erosion beneath the
Greenland Ice Sheet near Jakobshavn Isbræ, J. Geophys. Res.-
Earth, 126, 1–27, https://doi.org/10.1029/2021jf006429, 2021.

Barclay, D. J., Wiles, G. C., and Calkin, P. E.: Holocene glacier
fluctuations in Alaska, Quaternary Sci. Rev., 28, 2034–2048,
https://doi.org/10.1016/j.quascirev.2009.01.016, 2009.

Bellefontaine, K., Alldrick, D., and Desjardins, P. J.: Mid Coast (all
or parts of 92F, G, J, K, L, M, N; 93D; 102P; 103A), British
Columbia Ministry of Energy, Mines and Petroleum Resources,
British Columbia Geological Survey, 1994.

Borchers, B., Marrero, S., Balco, G., Caffee, M., Goehring, B.,
Lifton, N., Nishiizumi, K., Phillips, F., Schaefer, J., and Stone,
J.: Geological calibration of spallation production rates in
the CRONUS-Earth project, Quat. Geochronol., 31, 188–198,
https://doi.org/10.1016/j.quageo.2015.01.009, 2016.

Briner, J. P. and Swanson, T. W.: Using inherited cosmogenic
36Cl to constrain glacial erosion rates of the Cordilleran
ice sheet, Geology, 26, 3–6, https://doi.org/10.1130/0091-
7613(1998)026<0003:uicctc>2.3.co;2, 1998.

Cuffey, K. M. and Paterson, W. S. B.: The Physics of Glaciers, Aca-
demic Press, 704 pp., ISBN 978-0-12-369461-4, 2010.

Darvill, C. M., Menounos, B., Goehring, B. M., and
Lesnek, A. J.: Cordilleran Ice Sheet stability during
the last deglaciation, Geophys. Res. Lett., 49, 1–11,
https://doi.org/10.1029/2021gl097191, 2022.

Ditchburn, R. G. and Whitehead, N. E.: The separation of 10Be
from silicates, in: Proceedings of the 3rd workshop of the South
Pacific Environmental Radioactivity Association (SPERA) Ex-
tended abstracts, Canberra, Australia, 15–17 February 1994, 4–7,
ISBN 0-646-22869-2, 1994.

Donahue, C. P., Menounos, B., Viner, N., Skiles, S. M., Bef-
fort, S., Denouden, T., Arriola, S. G., White, R., and Heath-
field, D.: Bridging the gap between airborne and space-
borne imaging spectroscopy for mountain glacier surface
property retrievals, Remote Sens. Environ., 299, 113849,
https://doi.org/10.1016/j.rse.2023.113849, 2023.

Dunai, T. J.: Cosmogenic Nuclides: Principles, Concepts and Ap-
plications in the Earth Surface Sciences, Cambridge University
Press, 199 pp., ISBN 978-0-521-87380-2, 2010.

Elkadi, J., Lehmann, B., King, G. E., Steinemann, O., Ivy-Ochs,
S., Christl, M., and Herman, F.: Quantification of post-glacier
bedrock surface erosion in the European Alps using 10Be and op-
tically stimulated luminescence exposure dating, Earth Surf. Dy-
nam., 10, 909–928, https://doi.org/10.5194/esurf-10-909-2022,
2022.

Goehring, B. M., Schaefer, J. M., Schluechter, C., Lifton, N. A.,
Finkel, R. C., Timothy Jull, A. J., Akçar, N., and Alley, R. B.: The
Rhone Glacier was smaller than today for most of the Holocene,
Geology, 39, 679–682, https://doi.org/10.1130/G32145.1, 2011.

Goehring, B. M., Muzikar, P., and Lifton, N. A.: An in
situ 14C–10Be Bayesian isochron approach for interpret-
ing complex glacial histories, Quat. Geochronol., 15, 61–66,
https://doi.org/10.1016/j.quageo.2012.11.007, 2013.

Goehring, B. M., Wilson, J., and Nichols, K.: A fully
automated system for the extraction of in situ cosmo-
genic carbon-14 in the Tulane University cosmogenic nu-
clide laboratory, Nucl. Instrum. Meth. B, 455, 284–292,
https://doi.org/10.1016/j.nimb.2019.02.006, 2019.

Gosse, J. C. and Phillips, F. M.: Terrestrial in situ cosmogenic nu-
clides: theory and application, Quaternary Sci. Rev., 20, 1475–
1560, https://doi.org/10.1016/S0277-3791(00)00171-2, 2001.

Graham, B. L., Briner, J. P., Schweinsberg, A. D., Lifton,
N. A., and Bennike, O.: New in situ 14C data indi-
cate the absence of nunataks in west Greenland during the
Last Glacial Maximum, Quaternary Sci. Rev., 225, 105981,
https://doi.org/10.1016/j.quascirev.2019.105981, 2019.

Graham, B. L., Briner, J. P., Young, N. E., Balter-Kennedy,
A., Koppes, M., Schaefer, J. M., Poinar, K., and Thomas,
E. K.: In situ 10Be modeling and terrain analysis constrain
subglacial quarrying and abrasion rates at Sermeq Kujalleq
(Jakobshavn Isbræ), Greenland, Cryosphere, 17, 4535–4547,
https://doi.org/10.5194/tc-17-4535-2023, 2023.

Hawkins, A.: adamglacier/VintagePeak: Vintage
Peak Monte Carlo code (initial), Zenodo [code],
https://doi.org/10.5281/zenodo.15249623, 2025.

Hawkins, A. C., Menounos, B., Goehring, B. M., Osborn, G. D.,
Clague, J. J., and Jensen, B.: Tandem dating methods con-
strain late Holocene glacier advances, southern Coast Moun-
tains, British Columbia, Quaternary Sci. Rev., 274, 107282,
https://doi.org/10.1016/j.quascirev.2021.107282, 2021.

Heyman, J., Applegate, P. J., Blomdin, R., Gribenski, N., Harbor, J.
M., and Stroeven, A. P.: Boulder height – exposure age relation-
ships from a global glacial 10Be compilation, Quat. Geochronol.,
34, 1–11, https://doi.org/10.1016/j.quageo.2016.03.002, 2016.

Geochronology, 7, 157–172, 2025 https://doi.org/10.5194/gchron-7-157-2025

https://doi.org/10.1016/j.quascirev.2010.11.003
https://doi.org/10.1016/j.quageo.2007.12.001
https://doi.org/10.5194/tc-17-1787-2023
https://doi.org/10.1029/2021jf006429
https://doi.org/10.1016/j.quascirev.2009.01.016
https://doi.org/10.1016/j.quageo.2015.01.009
https://doi.org/10.1130/0091-7613(1998)026<0003:uicctc>2.3.co;2
https://doi.org/10.1130/0091-7613(1998)026<0003:uicctc>2.3.co;2
https://doi.org/10.1029/2021gl097191
https://doi.org/10.1016/j.rse.2023.113849
https://doi.org/10.5194/esurf-10-909-2022
https://doi.org/10.1130/G32145.1
https://doi.org/10.1016/j.quageo.2012.11.007
https://doi.org/10.1016/j.nimb.2019.02.006
https://doi.org/10.1016/S0277-3791(00)00171-2
https://doi.org/10.1016/j.quascirev.2019.105981
https://doi.org/10.5194/tc-17-4535-2023
https://doi.org/10.5281/zenodo.15249623
https://doi.org/10.1016/j.quascirev.2021.107282
https://doi.org/10.1016/j.quageo.2016.03.002


A. C. Hawkins et al.: TCN profiles in bedrock to infer Holocene glacier cover 171

Hippe, K.: Constraining processes of landscape
change with combined in situ cosmogenic 14C-
10Be analysis, Quaternary Sci. Rev., 173, 1–19,
https://doi.org/10.1016/j.quascirev.2017.07.020, 2017.

Jones, A. G., Marcott, S. A., Gorin, A. L., Kennedy, T. M., Shakun,
J. D., Goehring, B. M., Menounos, B., Clark, D. H., Romero, M.,
and Caffee, M. W.: Four North American glaciers advanced past
their modern positions thousands of years apart in the Holocene,
The Cryosphere, 17, 5459–5475, https://doi.org/10.5194/tc-17-
5459-2023, 2023.

Kaufman, D., McKay, N., Routson, C., Erb, M., Dätwyler, C., Som-
mer, P. S., Heiri, O., and Davis, B.: Holocene global mean surface
temperature, a multi-method reconstruction approach, Sci. Data,
7, 201, https://doi.org/10.1038/s41597-020-0530-7, 2020.

Koch, J., Osborn, G. D., and Clague, J. J.: Pre-‘Little Ice Age’
glacier fluctuations in Garibaldi Provincial Park, Coast Moun-
tains, British Columbia, Canada, Holocene, 17, 1069–1078,
https://doi.org/10.1177/0959683607082546, 2007.

Koch, J., Clague, J. J., and Osborn, G.: Alpine glaciers
and permanent ice and snow patches in western Canada
approach their smallest sizes since the mid-Holocene,
consistent with global trends, Holocene, 24, 1639–1648,
https://doi.org/10.1177/0959683614551214, 2014.

Koehler, L. and Smith, D. J.: Late Holocene glacial activ-
ity in Manatee Valley, southern Coast Mountains, British
Columbia, Canada, Can. J. Earth Sci., 48, 603–618,
https://doi.org/10.1139/e10-087, 2011.

Koppes, M., Hallet, B., Rignot, E., Mouginot, J., Wellner, J.
S., and Boldt, K.: Observed latitudinal variations in erosion
as a function of glacier dynamics, Nature, 526, 100–103,
https://doi.org/10.1038/nature15385, 2015.

Koppes, M. N.: 4.09 – Rates and Processes of Glacial Ero-
sion, in: Treatise on Geomorphology, 2nd edn., edited by:
Shroder, J. (Jack) F., Academic Press, Oxford, 169–181,
https://doi.org/10.1016/B978-0-12-818234-5.00032-8, 2022.

Lehmann, B., Herman, F., Valla, P. G., King, G. E., Biswas, R. H.,
Ivy-Ochs, S., Steinemann, O., and Christl, M.: Postglacial ero-
sion of bedrock surfaces and deglaciation timing: New insights
from the Mont Blanc massif (western Alps), Geology, 48, 139–
144, https://doi.org/10.1130/G46585.1, 2020.

Lifton, N., Sato, T., and Dunai, T. J.: Scaling in situ cosmogenic nu-
clide production rates using analytical approximations to atmo-
spheric cosmic-ray fluxes, Earth Planet. Sc. Lett., 386, 149–160,
https://doi.org/10.1016/j.epsl.2013.10.052, 2014.

Luckman, B. H.: The Little Ice Age in the Canadian Rockies,
Geomorphology, 32, 357–384, https://doi.org/10.1016/S0169-
555X(99)00104-X, 2000.

Luckman, B. H., Sperling, B. J. R., and Osborn, G.
D.: The Holocene history of the Columbia Ice-
field, Canada, Quaternary Sci. Rev., 242, 106436,
https://doi.org/10.1016/j.quascirev.2020.106436, 2020.

Magrani, F., Valla, P. G., and Egholm, D.: Modelling alpine glacier
geometry and subglacial erosion patterns in response to contrast-
ing climatic forcing, Earth Surf. Proc. Land., 47, 1054–1072,
https://doi.org/10.1002/esp.5302, 2022.

Maurer, M. K., Menounos, B., Luckman, B. H., Osborn, G., Clague,
J. J., Beedle, M. J., Smith, R., and Atkinson, N.: Late Holocene
glacier expansion in the Cariboo and northern Rocky Moun-

tains, British Columbia, Canada, Quaternary Sci. Rev., 51, 71–
80, https://doi.org/10.1016/j.quascirev.2012.07.023, 2012.

Menounos, B., Koch, J., Osborn, G., Clague, J. J., and Mazzucchi,
D.: Early Holocene glacier advance, southern Coast Mountains,
British Columbia, Canada, Quaternary Sci. Rev., 23, 1543–1550,
https://doi.org/10.1016/j.quascirev.2003.12.023, 2004.

Menounos, B., Osborn, G., Clague, J. J., and Luckman, B.
H.: Latest Pleistocene and Holocene glacier fluctuations
in western Canada, Quaternary Sci. Rev., 28, 2049–2074,
https://doi.org/10.1016/j.quascirev.2008.10.018, 2009.

Menounos, B., Goehring, B. M., Osborn, G., Margold, M., Ward,
B., Bond, J., Clarke, G. K. C., Clague, J. J., Lakeman, T., Koch,
J., Caffee, M. W., Gosse, J., Stroeven, A. P., Seguinot, J., and
Heyman, J.: Cordilleran Ice Sheet mass loss preceded climate
reversals near the Pleistocene Termination, Science, 358, 781–
784, https://doi.org/10.1126/science.aan3001, 2017.

Mood, B. J. and Smith, D. J.: Holocene glacier activity in the British
Columbia Coast Mountains, Canada, Quaternary Sci. Rev., 128,
14–36, https://doi.org/10.1016/j.quascirev.2015.09.002, 2015a.

Mood, B. J. and Smith, D. J.: Latest Pleistocene and Holocene
behaviour of Franklin Glacier, Mt. Waddington area, British
Columbia Coast Mountains, Canada, Holocene, 25, 784–794,
https://doi.org/10.1177/0959683615569321, 2015b.

Nichols, K. A. and Goehring, B. M.: Isolation of quartz for
cosmogenic in situ 14C analysis, Geochronology, 1, 43–52,
https://doi.org/10.5194/gchron-1-43-2019, 2019.

Nishiizumi, K., Imamura, M., Caffee, M. W., Southon, J. R.,
Finkel, R. C., and McAninch, J.: Absolute calibration of
10Be AMS standards, Nucl. Instrum. Meth. B, 258, 403–413,
https://doi.org/10.1016/j.nimb.2007.01.297, 2007.

Rand, C. and Goehring, B. M.: The distribution and mag-
nitude of subglacial erosion on millennial timescales
at Engabreen, Norway, Ann. Glaciol., 60, 73–81,
https://doi.org/10.1017/aog.2019.42, 2019.

Reyes, A. V. and Clague, J. J.: Stratigraphic evidence for mul-
tiple Holocene advances of Lillooet Glacier, southern Coast
Mountains, British Columbia, Can. J. Earth Sci., 41, 903–918,
https://doi.org/10.1139/e04-039, 2004.

Roe, G. H.: What do glaciers tell us about climate vari-
ability and climate change?, J. Glaciol., 57, 567–578,
https://doi.org/10.3189/002214311796905640, 2011.

Ryder, J. M. and Thomson, B.: Neoglaciation in the southern
Coast Mountains of British Columbia: chronology prior to the
late Neoglacial maximum, Can. J. Earth Sci., 23, 273–287,
https://doi.org/10.1139/e86-031, 1986.

Schimmelpfennig, I., Schaefer, J. M., Lamp, J., Godard, V.,
Schwartz, R., Bard, E., Tuna, T., Akçar, N., Schlüchter, C., Zim-
merman, S., and ASTER Team: Glacier response to Holocene
warmth inferred from in situ 10Be and 14C bedrock analyses in
Steingletscher’s forefield (central Swiss Alps), Clim. Past, 18,
23–44, https://doi.org/10.5194/cp-18-23-2022, 2022.

Schweinsberg, A. D., Briner, J. P., Miller, G. H., Lifton,
N. A., Bennike, O., and Graham, B. L.: Holocene moun-
tain glacier history in the Sukkertoppen Iskappe area,
southwest Greenland, Quaternary Sci. Rev., 197, 142–161,
https://doi.org/10.1016/j.quascirev.2018.06.014, 2018.

Seguinot, J., Rogozhina, I., Stroeven, A. P., Margold, M., and
Kleman, J.: Numerical simulations of the Cordilleran ice sheet

https://doi.org/10.5194/gchron-7-157-2025 Geochronology, 7, 157–172, 2025

https://doi.org/10.1016/j.quascirev.2017.07.020
https://doi.org/10.5194/tc-17-5459-2023
https://doi.org/10.5194/tc-17-5459-2023
https://doi.org/10.1038/s41597-020-0530-7
https://doi.org/10.1177/0959683607082546
https://doi.org/10.1177/0959683614551214
https://doi.org/10.1139/e10-087
https://doi.org/10.1038/nature15385
https://doi.org/10.1016/B978-0-12-818234-5.00032-8
https://doi.org/10.1130/G46585.1
https://doi.org/10.1016/j.epsl.2013.10.052
https://doi.org/10.1016/S0169-555X(99)00104-X
https://doi.org/10.1016/S0169-555X(99)00104-X
https://doi.org/10.1016/j.quascirev.2020.106436
https://doi.org/10.1002/esp.5302
https://doi.org/10.1016/j.quascirev.2012.07.023
https://doi.org/10.1016/j.quascirev.2003.12.023
https://doi.org/10.1016/j.quascirev.2008.10.018
https://doi.org/10.1126/science.aan3001
https://doi.org/10.1016/j.quascirev.2015.09.002
https://doi.org/10.1177/0959683615569321
https://doi.org/10.5194/gchron-1-43-2019
https://doi.org/10.1016/j.nimb.2007.01.297
https://doi.org/10.1017/aog.2019.42
https://doi.org/10.1139/e04-039
https://doi.org/10.3189/002214311796905640
https://doi.org/10.1139/e86-031
https://doi.org/10.5194/cp-18-23-2022
https://doi.org/10.1016/j.quascirev.2018.06.014


172 A. C. Hawkins et al.: TCN profiles in bedrock to infer Holocene glacier cover

through the last glacial cycle, The Cryosphere, 10, 639–664,
https://doi.org/10.5194/tc-10-639-2016, 2016.

Solomina, O. N., Bradley, R. S., Hodgson, D. A., Ivy-
Ochs, S., Jomelli, V., Mackintosh, A. N., Nesje, A., Owen,
L. A., Wanner, H., Wiles, G. C., and Young, N. E.:
Holocene glacier fluctuations, Quaternary Sci. Rev., 111, 9–34,
https://doi.org/10.1016/j.quascirev.2014.11.018, 2015.

Steinemann, O., Ivy-Ochs, S., Grazioli, S., Luetscher, M., Fischer,
U. H., Vockenhuber, C., and Synal, H.-A.: Quantifying glacial
erosion on a limestone bed and the relevance for landscape de-
velopment in the Alps, Earth Surf. Proc. Land., 45, 1401–1417,
https://doi.org/10.1002/esp.4812, 2020.

Steinemann, O., Ivy-Ochs, S., Hippe, K., Christl, M., Haghipour,
N., and Synal, H.-A.: Glacial erosion by the Trift glacier
(Switzerland): Deciphering the development of riegels,
rock basins and gorges, Geomorphology, 375, 107533,
https://doi.org/10.1016/j.geomorph.2020.107533, 2021.

Tomkins, J. D., Lamoureux, S. F., and Sauchyn, D. J.: Recon-
struction of climate and glacial history based on a compari-
son of varve and tree-ring records from Mirror Lake, North-
west Territories, Canada, Quaternary Sci. Rev., 27, 1426–1441,
https://doi.org/10.1016/j.quascirev.2008.04.012, 2008.

Wirsig, C., Ivy-Ochs, S., Akçar, N., Lupker, M., Hippe, K., Wacker,
L., Vockenhuber, C., and Schlüchter, C.: Combined cosmogenic
10Be, in situ 14C and 36Cl concentrations constrain Holocene
history and erosion depth of Grueben glacier (CH), Swiss
J. Geosci., 109, 379–388, https://doi.org/10.1007/s00015-016-
0227-2, 2016.

Wirsig, C., Ivy-Ochs, S., Reitner, J. M., Christl, M., Vockenhu-
ber, C., Bichler, M., and Reindl, M.: Subglacial abrasion rates at
Goldbergkees, Hohe Tauern, Austria, determined from cosmo-
genic 10Be and 36Cl concentrations: Subglacial abrasion rates
at Goldbergkees, Hohe Tauern, Earth Surf. Process., 42, 1119–
1131, https://doi.org/10.1002/esp.4093, 2017.

Geochronology, 7, 157–172, 2025 https://doi.org/10.5194/gchron-7-157-2025

https://doi.org/10.5194/tc-10-639-2016
https://doi.org/10.1016/j.quascirev.2014.11.018
https://doi.org/10.1002/esp.4812
https://doi.org/10.1016/j.geomorph.2020.107533
https://doi.org/10.1016/j.quascirev.2008.04.012
https://doi.org/10.1007/s00015-016-0227-2
https://doi.org/10.1007/s00015-016-0227-2

	Abstract
	Introduction
	Study area
	Methods
	Field methods
	Laboratory processing
	Bedrock exposure history modeling

	Results and discussion
	Late Holocene moraine ages
	Paired 14C and 10Be on erratic and bedrock
	14C bedrock depth profiles
	Monte Carlo simulations
	Results synthesis and regional context

	Conclusions
	Code availability
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

