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a b s t r a c t

Paired cosmogenic nuclides are often used to constrain the exposure/burial history of landforms
repeatedly covered by ice during the Quaternary, including tors, high-elevation surfaces, and steep alpine
summits in the circum-Arctic regions. The approach generally exploits the different production rates and
half-lives of 10Be and 26Al to infer past exposure/burial histories. However, the two-stage minimum-
limiting exposure and burial model regularly used to interpret the nuclides ignores the effect of variable
erosion rates, which potentially may bias the interpretation. In this study, we use a Monte Carlo model
approach to investigate systematically how the exposure/burial and erosion history, including variable
erosion and the timing of erosion events, influence concentrations of 10Be and 26Al. The results show that
low 26Al/10Be ratios are not uniquely associated with prolonged burial under ice, but may as well reflect
ice covers that were limited to the coldest part of the late Pleistocene combined with recent exhumation
of the sample, e.g. due to glacial plucking during the last glacial period. As an example, we simulate
published 26Al/10Be data from Svalbard and show that it is possible that the steep alpine summits
experienced ice-free conditions during large parts of the late Pleistocene and varying amounts of glacial
erosion. This scenario, which contrasts with the original interpretation of more-or-less continuous burial
under non-erosive ice over the last ~1 Myr, thus challenge the conventional interpretation of such data.
On the other hand, high 26Al/10Be ratios do not necessarily reflect limited burial under ice, which is the
common interpretation of high ratios. In fact, high 26Al/10Be ratios may also reflect extensive burial under
ice, combined with a change from burial under erosive ice, which brought the sample close to the
surface, to burial under non-erosive ice at some point during the mid-Pleistocene. Importantly, by
allowing for variable erosion rates, the model results may reconcile spatially varying 26Al/10Be data from
bedrock surfaces preserved over multiple glacial cycles, suggesting that samples from the same high-
elevation surface or neighbouring alpine summits may have experienced similar long-term burial un-
der ice, but varying amounts of glacial erosion.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The extent and longevity of past and present ice sheets repre-
sent topics of wide interest, because they are key to understand
how ice sheets respond to climatic changes, and, in turn, influence
global sea level (Lambeck et al., 2014; Clark et al., 2016, Schaefer
et al., 2016; Bierman et al., 2016; Blard and Leduc, 2016; Glasser,
2016). They are also important because ice sheets and cold-
climate processes have shaped much of the landscape we observe
at high latitudes and in mountainous regions today (Sugden, 1974;
Ltd. This is an open access article u
Sugden and John,1976; Kessler et al., 2008). It is inherently difficult,
however, to study the extent and longevity of past glaciations, as
the geological evidence remains fragmentary (Nielsen and Kuijpers,
2013). The terrestrial deposits that bear witness of past glacial-
interglacial cycles are often removed by subsequent glacial ad-
vances (Gibbons et al., 1984), and it is therefore difficult to establish
past ice-sheet variations pre-dating the Last Glacial Maximum
(LGM) around 21 kyr ago, except when the ice advanced beyond the
LGM limit. In the absence of geological evidence, many studies rely
on measurements of paired cosmogenic radionuclides in bedrock
samples. This approach exploits the fact that the cosmogenic nu-
clides 10Be and 26Al are produced at known rates and at a fixed ratio
of ~6.75 (Nishiizumi et al., 1989; Balco et al., 2008), although recent
studies suggest this production ratio may be higher (Argento et al.,
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http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mfk@geo.au.dk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2017.12.012&domain=pdf
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev
https://doi.org/10.1016/j.quascirev.2017.12.012
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.quascirev.2017.12.012
https://doi.org/10.1016/j.quascirev.2017.12.012


M.F. Knudsen, D.L. Egholm / Quaternary Science Reviews 181 (2018) 65e7566
2013; Corbett et al., 2017) and vary with latitude and altitude
(Argento et al., 2015a, 2015b; Borchers et al., 2016). The ratio in a
sample, however, changes over time, both under continuous
exposure with steady erosion and when buried under ice or rock,
because the two nuclides have different half-lives. Since the mid-
1980's, ratios of 26Al/10Be have been used to study the long-term
exposure/burial and erosion history of non-glaciated areas, such
as the Libyan desert (Klein et al., 1986), and subsequently in glaci-
ated areas such as Antarctica (Nishiizumi et al., 1991). This research
initiated the use of the two-stage 26Al/10Be vs. 10Be diagram to
either infer mean erosion rates for the limiting case of steady-state
surface exposure, or minimum-limiting exposure and burial dura-
tions for the limiting case of no erosion (Nishiizumi et al., 1991;
Granger, 2006). The minimum-limiting exposure and burial dura-
tions represent the simplest and shortest possible exposure/burial
history that can explain concentrations of 10Be and 26Al measured
in rock samples (Fig. 1). In this model, samples plotting along a
burial isochron is interpreted to have experienced equal lengths of
burial irrespective of the absolute 10Be concentration.

Paired 26Al/10Be data from bedrock surfaces have been used to
study the landscape history and past glacial ice cover in areas that
were covered by ice during parts of the Quaternary, including
Svalbard (Gjermundsen et al., 2015), Minnesota in the US (Bierman
et al., 1999), the Torngat Mountains (Staiger et al., 2005) and Baffin
Island in arctic Canada (Briner et al., 2006, 2014; Margreth et al.,
2016), as well as several areas in western Greenland (Roberts
et al., 2009, 2013; Lane et al., 2014; Corbett et al., 2013; Beel
et al., 2016). Low 26Al/10Be ratios have been used to infer pro-
longed periods of burial under cold-based ice in several of these
areas (e.g. Bierman et al., 1999; Briner et al., 2006; Corbett et al.,
2013; Gjermundsen et al., 2015), whereas high 26Al/10Be ratios
have been used to infer limited burial under ice (e.g. Beel et al.,
2016; Strunk et al., 2017). Examples include high-elevation sur-
faces in western Greenland and the steep alpine summits of Sval-
bard that were interpreted by the authors as largely buried under
cold-based, non-erosive ice throughout the latter half of the Qua-
ternary (Corbett et al., 2013; Gjermundsen et al., 2015). In contrast,
other studies of paired 26Al/10Be bedrock data from western
Greenland indicate that burial under ice during the Quaternary was
very limited, suggesting that some of the high-elevation surfaces
Fig. 1. Standard 26Al/10Be vs. 10Be diagram used to interpret paired 26Al/10Be data from
bedrock surfaces with the minimum-limiting exposure and burial model. Lines in the
26Al/10Be vs. 10Be diagram, including burial isochrons, are calculated using the pro-
duction rates, half-lives, and attenuations lengths reported in Margreth et al. (2016).
around Uummannaq may have remained as nunataks during the
most recent glacial maxima (Beel et al., 2016). The ice-cover history
inferred for the Ummannaq area is thus very different than the
history inferred for other areas in western Greenland. In general, it
may be difficult to reconcile ice-cover histories based on spatially
varying 26Al/10Be ratios, because it requires regionally, and in some
cases locally, varying long-term ice-covers. Such discrepancies are
highlighted by the fact that samples from the same area, or even the
same sample site (e.g. Gjermundsen et al., 2015), frequently show
significantly different 26Al/10Be ratios.

The discrepancies highlighted above reveal some fundamental
difficulties concerning the use of the two-isotope 26Al/10Be vs. di-
agram to constrain complex burial histories. First of all, the
26Al/10Be vs. 10Be burial concept generally assumes constant erosion
rates (Nishiizumi et al., 1991). For example, exhumation of a rock
sample at a steady pace of 1 m/Myr under ice-free conditions (from
a depth of 2.6 me0 m during the Quaternary) leads to 10Be and 26Al
concentrations that correctly indicates zero ice cover in the
26Al/10Be vs. 10Be burial plot (black line in Fig. 2). However, as
pointed out by Gosse& Phillips (2001) and discussed by others (e.g.
Small et al., 1997; Bierman et al., 1999), the resulting point is shifted
significantly within the 26Al/10Be vs. 10Be diagram if the same
amount of erosion (2.6 m) is episodic, or occurs at accelerating/
decelerating erosion rates (blue and green lines in Fig. 2). An
accelerating rate of erosion may thus falsely indicate long-term
burial under ice, even when the erosion occurs under fully ice-
free conditions (blue lines in Fig. 2). Secondly, the nuclide in-
ventory at the onset of the Quaternary may be non-negligible if the
pre-Quaternary erosion rate and the total erosion during the Qua-
ternary was low, which further complicates the use of the 26Al/10Be
vs. 10Be diagram.

In this study, we introduce a novel Monte Carlo model that fully
integrates the effects of both constant and variable erosion as well
as pre-Quaternary inheritance in a systematic effort to map how
different exposure/burial and erosion histories influence the
resulting 10Be and 26Al concentrations. We show that variable
erosion rates, including the timing of the erosion, may critically
influence the concentrations of 10Be and 26Al that we measure in
rock samples. These effects challenge the conventional interpreta-
tion of paired 26Al/10Be data from areas covered by ice during the
Quaternary.

2. Simulating 10Be-26Al concentrations using a Monte Carlo
approach

The model framework used in this study to simulate the evo-
lution of terrestrial cosmogenic nuclide (TCN) concentrations over
multiple glacial-interglacial cycles during the Quaternary combines
key aspects of the approaches by Knudsen et al. (2015) and
Margreth et al. (2016), although with some important differences.
Similar to Knudsen et al. (2015), we use a Lagrangian approach that
tracks the depth of a sample as it moves towards the surface due to
erosion. The exposure/burial history associated with climatic
changes and advancing/retreating ice sheets during the Quaternary
is determined by applying a threshold value (Kleman et al., 2008;
Fabel et al., 2002; Knudsen et al., 2015) to the global benthic ma-
rine d18O record (Lisiecki and Raymo, 2005), which is a proxy for
past global land-ice volume. The d18O-threshold value is randomly
selected from a linear interval (3.25e4.85‰) with uniform proba-
bility. With this approach, we assume that the exposure/burial
history can be divided into two distinct regimes: i) glacial periods
with negligible or no exposure due to overlying ice, and ii) inter-
glacial periods characterized by full exposure (Fig. 3), hereby
assuming that shielding due to snow, till, or vegetation is negligible.
Interglacial periods are furthermore characterized by a constant



Fig. 2. Theoretical exhumation histories for synthetic samples that experienced a total of (a) 13 m and (c) 2.6 m of subaerial erosion in a non-glacial setting during the Quaternary.
None of the synthetic samples experienced any shielding due to overlying ice. Panels (b) and (d) show the 26Al/10Be vs. 10Be trajectories in the two-isotope diagram associated with
the theoretical exhumation histories in panel (a) and (c), respectively. Circles denote starting points associated with the onset of the Quaternary (for different pre-Quaternary
erosion rates defined by the gradient at the onset of the Quaternary 2.6 Myr ago), whereas squares denote end points associated with the present. Blue colours denote exhu-
mation histories characterized by accelerating erosion rates during the Quaternary, while green colours denote decelerating erosion rates during the Quaternary. Black colours
denote constant erosion rates during the Quaternary. Note how the shape of the exhumation histories determines the end point in the burial plot. (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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subaerial erosion rate that is randomly selected from a logarithmic
interval (0.05e50 m/Myr) with uniform probability. The interval
thus spans scenarios with very low subaerial erosion rates, such as
burial of bedrock under regolith, to scenarios with much more
efficient subaerial erosion. The primary focus of this study is on
scenarios with low subaerial erosion rates, because higher rates
imply a decrease in the amount of inheritance. This renders the
higher rates increasingly irrelevant to the focus of our study.

In this study, glacial erosion is not simulated as a constant rate of
mass removal from the surface, as in Knudsen et al. (2015) and
Strunk et al. (2017), but rather as distinct erosion events akin to the
approach of Margreth et al. (2016). Every glacial period thus ex-
periences an erosion event, in which removal of material from the
surface simulates bedrock abrasion and plucking, or stripping of
regolith that may have developed through interglacial bedrock
weathering (e.g. Anderson and Anderson, 2010). The thickness of
the material removed in each glacial period, which is independent
of erosion during previous glacial periods, is selected randomly
from a logarithmic interval with uniform probability. However, to
ensure that a wide range of possible model-parameter
combinations, which represent various geologically plausible
exposure/burial and erosion histories, are thoroughly explored, we
combine different probability distributions to cover the various
realistic scenarios for glacial erosion. This is necessary to get sim-
ulations with no, or negligible, glacial erosion over e.g. the last 15
glacial cycles, while at the same time covering scenarios that
combine low subaerial erosion, limited burial under ice, and
negligible glacial erosion over all glacials, except the last two glacial
periods. We thus separate the probability distributions for the
glacial erosion into three categories, i.e. the last glaciation (εMIS2),
the penultimate glaciation (εMIS6), and all earlier glaciations during
the Quaternary (εEarly). Note that the duration of the last glaciation
is by no means limited to marine isotope stage (MIS) 2, but is
determined solely by the d18O-threshold value, as is the case for all
ice-covered periods. We then limit the maximum possible amount
of erosion for each glacial period to 2m, as removal of a rock layer of
this thickness is often considered sufficient to remove TCNs pro-
duced during previous periods of exposure (Gosse and Phillips,
2001; Larsen et al., 2014). The full range of Monte Carlo model
simulations carried out in this study is designed to integrate



Fig. 3. (a) Three examples of how a d18O-threshold value is applied to the marine benthic d18O record of Lisiecki and Raymo (2005) in order to define the ice-cover histories in the
Monte Carlo simulations. The ice-cover histories associated with the three d18O-threshold values (3.69‰ (green), 4.43‰ (magenta), and 4.63‰ (blue)) are shown by the dotted lines
in the bottom of panel a. (b) Exhumation histories associated with the three different ice covers in the bottom of panel a. Apart from the d18O-threshold values, each of the three
exhumation histories are defined by a random subaerial erosion rate and an independent stochastic erosion events associated with each ice-covered period. (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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different probability distributions in order to thoroughly explore
themodel space, and thus include a total of 8� 106 simulations that
are combined into one pool (Table 1). For instance, the 2 � 106

simulations carried out with setup #2 (Table 1) ensures that we
include scenarios resembling burial under cold-based non-erosive
ice, characterized in the model simulations by low or negligible
erosion during all glacial periods (less than 0.1 m of glacial erosion
despite burial under ice during 99% of the Quaternary). It is
important to note, however, that by assigning a discrete amount of
erosion to each ice-covered period, independently of the erosion
during other ice-covered periods, it is not possible to determine the
Table 1
Compilation of the four model setups designed to combine a wide range of expo-
sure/burial histories, subaerial erosion rates, and, in particular, glacial erosion his-
tories. N refers to the number of model simulations carried out with each setup,
while d18O is the range of d18O-threshold values, and εint the range of subaerial
erosion rates used for the pre-Quaternary and during ice-free periods in the Qua-
ternary. εMIS2 and εMIS6 refer to the range of glacial erosion during the last and
penultimtae glacial periods, whereas εEarly is the range of glacial erosion in all earlier
glacial periods.

N d18O εno_ice εMIS2 εMIS6 εEarly

#1 2 � 106 3.25e4.85 0.05e50 0-2 m 0-2 m 0-2 m
#2 2 � 106 3.25e4.85 0.05e50 0e0.2 m 0e0.2 m 0e0.2 m
#3 2 � 106 3.25e4.85 0.05e50 0-2 m 0e0.2 m 0e0.2 m
#4 2 � 106 3.25e4.85 0.05e50 0-1 m 0-1 m 0e0.2 m
most likely exposure/burial and erosion history associated with a
given set of 10Be and 26Al concentrations. The model simulations
only allow us to explore the range of possible exposure/burial and
erosion histories for a given set of concentrations. Interpreting the
most likely exposure/burial and erosion history should therefore
involve comparison to other 26Al/10Be data from nearby locations
and integration of field observations and geological/geomorpho-
logical constraints.

For each simulation, the model combines a d18O-threshold value
with a constant interglacial erosion rate and a range of independent
glacial erosion values, which makes it possible to calculate the
change in 10Be and 26Al concentrations over time as the simulated
sample moves towards the surface due to erosion (Fig. 3). Impor-
tantly, as starting concentration, we use the secular equilibrium
concentration calculated using the subaerial erosion rate also used
for ice-free conditions during the Quaternary, as determined by the
d18O-threshold value. Note that the secular equilibrium concen-
tration is calculated for the depth where the sample was at the
onset of the Quaternary 2.6 Myr ago. Hence, for a sample that
experienced 5.0 m of total erosion during the Quaternary, the initial
nuclide concentrations were calculated for a sample buried under
5.0 m of bedrock, which leads to starting concentrations at the
onset of the Quaternary that plot deep inside the standard two-
isotope diagram (Fig. 4). Trajectories evolving from their starting
points track changes in 26Al/10Be vs. 10Be, driven by production
during ice-free periods and loss due to radioactive decay, over the



Fig. 4. Two-isotope burial plot showing the 26Al/10Be vs. 10Be trajectories associated with the three exhumation and ice-cover histories outlined in Fig. 3. The red and cyan iso-lines
show how the 26Al/10Be ratios and 10Be concentrations develop from the onset of the Quaternary (coloured circles) towards the present (coloured squares) and are therefore not
decay-corrected. The 26Al/10Be ratios and concentrations at the onset of the Quaternary depend on the pre-Quaternary erosion rate (red) and the depth under the surface 2.6 Myr
ago (cyan), which is equal to the amount of total erosion during the Quaternary. The term “Total erosion” refers to the total amount of subaerial and glacial erosion a sample has
experienced during the Quaternary, while “Ice cover” refers to the total amount of burial under ice during the Quaternary. The term “Pre-Quat 10Be” refers to the percentage that the
decay-corrected 10Be concentration at the onset of the Quaternary (coloured circles) contributes to the present 10Be concentration (coloured squares). (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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last 2.6 Myr towards the present (Fig. 4).
In this study, we investigate systematically how these trajectory

end-points are related to specific exposure/burial and erosion
landscape histories. To illustrate the results, we use a range of
synthetic 10Be and 26Al sample concentrations and identify the
exposure/burial and erosion histories leading to concentrations
that match these concentrations within the assigned uncertainties
(sBe ¼ 5% and sAl ¼ 5%). In the simulations, the depth-dependent
production rates are calculated as the sum of production due to
neutron spallation, negative muons, and fast muons. For simplicity,
we adopt the following parameters directly from Margreth et al.
(2016): a reference 10Be production rate for neutron spallation of
4.0 atoms/(g*yr) (Borchers et al., 2016), a reference 26Al/10Be pro-
duction ratio of 6.75 (Balco et al., 2008), reference 10Be and 26Al
production rates for negative muons of 0.06 atoms/(g*yr) and 0.49
atoms/(g*yr) (Lifton et al., 2014; Heisinger et al., 2002a,b), respec-
tively, and reference 10Be and 26Al production rates for fast muons
of 0.02 atoms/(g*yr) and 0.16 atoms/(g*yr) (Lifton et al., 2014;
Heisinger et al., 2002a,b), respectively. Furthermore, we use 10Be
and 26Al half-lives of 1.378 Myr (Chmeleff et al., 2010) and 720 kyr
(Nishiizumi, 2004), respectively, and attenuation lengths for
neutron spallation, negative and fast muons of 150 g/cm2 (Balco
et al., 2008; Gosse and Plillips, 2001), 1500 g/cm2 (Heisinger
et al., 2002a,b; Braucher et al., 2011), and 4320 g/cm2 (Heisinger
et al., 2002b; Braucher et al., 2011), respectively. Finally, we apply
a rock density of 2.65 g/cm3. Recent studies suggest that the
26Al/10Be production ratio may be higher than the commonly used
reference value of 6.75, at least in the Arctic (Argento et al., 2013;
Corbett et al., 2017). To explore the importance of this aspect, we
repeated the simulations described above, using the 26Al/10Be
production ratio of 7.3 reported in a recent study of continuously
exposed bedrock and boulder surfaces in Greenland (Corbett et al.,
2017).
3. Results

The new approach in this study, which attempts to fully inte-
grate Quaternary erosion histories, including both variable and low
constant erosion rates, provides a novel perspective on how 26Al
and 10Be concentrations may evolve over time. Importantly, the
removal of overlying rock due to Quaternary erosion implies that
10Be and 26Al concentrations initially evolve from a point inside the
26Al/10Be vs. 10Be diagram, and not from the constant erosion en-
velope (Fig. 4). A starting point at the constant erosion envelope
would require that the sample has remained at the surface (no
erosion during the Quaternary) or, alternatively, that the initial
concentrations are negligible compared to those accumulated
throughout the Quaternary. The latter assumption may not be ful-
filled for landforms that were covered by ice for extensive periods
and experienced low pre-Quaternary erosion rates and limited total
erosion during the Quaternary. However, the contribution of the
nuclides inherited from the pre-Quaternary decreases with
increasing pre-Quaternary erosion rates, increasing amounts of
total erosion during the Quaternary, and decreasing burial under
Pleistocene ice covers (Fig. 5). Not surprisingly, lower pre-
Quaternary erosion rates are associated with lower 26Al/10Be ra-
tios at the starting point, simply because 26Al decays almost twice
as fast as 10Be and lower erosion rates imply more time for decay.
The starting point of the Quaternary TCN trajectory can be located
anywhere inside the burial plot, although only above the 26Al/10Be



Fig. 5. Contribution of decay-corrected 10Be concentrations at the onset of the Quaternary to the present concentration of 10Be as a function of (a) pre-Quaternary erosion rates, (b)
total amount of erosion during the Quaternary, and (c) total amount of burial under ice during the Quaternary. The panels show 5 � 104 randomly selected model simulations out of
a total of 8 � 106 simulations.
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equilibrium line for zero erosion (lowermost red line in Fig. 4). The
starting point is displaced increasingly leftwards (towards lower
10Be concentrations) for increasing amounts of Quaternary erosion
(cyan lines in Fig. 4) and upwards (towards higher 26Al/10Be ratios)
for increasing erosion rates during the pre-Quaternary (red lines in
Fig. 4).

The shape and length of the TCN trajectory depend on the
Quaternary exposure history, but also onwhen and how quickly the
sample was brought to the surface by erosion. Importantly, the TCN
trajectory cannot reach the constant erosion envelope of the
26Al/10Be vs. 10Be diagram if slow non-glacial erosion and full sur-
face exposure continue to dominate throughout most of the Qua-
ternary (e.g. in the form of transport-limited subaerial weathering),
and is supplemented by a few efficient erosion events during the
most recent 2e3 glaciations (dark blue trajectory in Fig. 4). Essen-
tially, there is not enough time to increase the 26Al/10Be ratio to
levels near the constant erosion envelope following themost recent
glaciations, because the time spent in the high-production zone
near the surface is too short. A sample that experienced such a
scenario (Fig. 7 aec) would, according to the standard interpreta-
tion of the 26Al/10Be vs. 10Be burial plot, imply prolonged burial by
non-erosive ice, when in fact the burial timewas limited and the ice
was erosive.

The fact that the starting point of the Quaternary TCN trajectory
can be located deep inside the two-isotope diagram because the
initial exposure to cosmic rays is occurring at depth, implies that
vastly different exposure/burial histories can lead to the same TCN
concentrations for some areas of the burial plot (Fig. 6). It is
nevertheless possible to infer some general trends concerning the
solution loci that satisfy given combinations of 10Be and 26Al. The
total Quaternary erosion is low and very well constrained for low
26Al/10Be ratios (<4.5), in particular for high 10Be concentrations
plotting close to the constant erosion envelope (Fig. 6). Not sur-
prisingly, the amount of total erosion tends to increase with
decreasing 10Be concentration and increasing 26Al/10Be ratios. For
high 26Al/10Be ratios (>5.5), however, the total erosion during the
Quaternary is poorly defined, except for high 10Be concentrations
(10Be > 2 � 106 atoms/g) that plot close to the constant erosion
envelope. In contrast, the duration of burial under ice is rarely
uniquely defined, as the range of possible ice-cover fractions is
wide for most 26Al/10Be ratios (Fig. 5). However, low 26Al/10Be ratios
(<4.5) combined with low 10Be concentrations (<~2� 105 atoms/g)
are uniquely associated with prolonged burial under ice.
Conversely, low 26Al/10Be ratios (<4.5) combined with high 10Be
concentrations (>2 � 106 atoms/g) are only compatible with very
limited burial under ice. The erosion associated with samples
plotting in this area of the burial field mainly takes place during the
most recent glacial periods, in particular MIS2-4 and MIS6.

The model simulations thus show that very high degrees of
Pleistocene exposure (>80%) combined with low subaerial erosion
rates and significant glacial erosion (>1 m) during the most recent
glacial maxima can result in low 26Al/10Be ratios (e.g. Fig. 7 aec).
Conversely, high 26Al/10Be ratios are not necessarily associated with
limited ice covers, but may in fact be associated with prolonged
burial under ice. A rather extreme example of such a scenario is
given in Fig. 7 def, in which the total amount of exposure
throughout the Quaternary is 7%, but because the sample was
briefly exposed during the most recent interglacials, while being
located close to the surface, the 26Al/10Be ratio increase to >6 to-
wards the present. The overall pattern of results is robust against
changes in the 26Al/10Be production ratio. Changing the 26Al/10Be
production ratio from 6.75 to 7.3 does not influence the overall
pattern, but it does shift the various combinations of 26Al/10Be vs.
10Be (i.e. synthetic samples in Fig. 6) so that their relationship with,
or distance to, the constant erosion envelope remains unchanged
(see Supplementary Fig. 1). For instance, more burial under ice is
required to get very low 26Al/10Be ratios (~3.5) for a26Al/10Be pro-
duction rate of 7.3 compared to a production rate of 6.75.

4. Discussion

The systematic exploration of how different exposure/burial
histories lead to different or, in some cases, similar 26Al/10Be ratios
and absolute concentrations, has some fundamental implications
for the interpretation of existing paired 26Al/10Be bedrock data. Our
results thus map out how a range of different exposure/burial and
erosion histories may lead to the same 26Al/10Be ratio, highlighting
that paired 26Al/10Be data often cannot be uniquely associated with
one particular exposure/burial history, as noted in earlier studies
(e.g. Gosse & Phillips, 2001). However, the simulations also offer a
possibility to reconcile spatially-varying 26Al/10Be data, in partic-
ular from locations where relatively uniform, long-term ice-cover
histories would be expected, such as homogeneous high-elevation
plateaus or neighbouring alpine summits.

4.1. Simulating the ice-cover and erosion history of the alpine
summits of northwestern Svalbard

The steep alpine summits in northwestern Svalbard, which
stand several hundred meters above the surrounding glaciers,
experienced very limited subaerial and/or glacial erosion over the
last several hundred thousand years (Gjermundsen et al., 2015).
Low 26Al/10Be ratios in 8 out of 10 samples from 8 individual peaks
have been interpreted to indicate that these summits were shielded
by glacial ice throughout the last 0.78e1.24 Myr or more (Fig. 8).
Nevertheless, two samples taken a few meters apart from the
alpine summit of “Kongen” yield very different 26Al/10Be ratios (6.2
and 3.4, respectively). The high 26Al/10Be ratio of 6.2 is suggested to



Fig. 6. The range of total ice-cover fractions during the Quaternary (blue) and total amounts of erosion during the Quaternary (red) of the model simulations that fit specific points,
or synthetic test samples, in the 26Al/10Be vs 10Be diagram within errors. The associated error bars are based on a 5% uncertainty of the 10Be and 26Al concentrations. The red and
blue numbers are based on 8 � 106 numerical simulations combining a wide range of different exposure/burial and erosion histories. The subaerial erosion rate, which is applied to
the pre-Quaternary as well as ice-free periods during the Quaternary, was randomly selected from the range 0.05 m/Myr e 50 m/Myr in each simulation. The glacial erosion is
simulated as distinct erosion events that are independent of glacial erosion during other ice-covered periods. The glacial erosion associated with each glacial period is limited to the
range 0e2 m. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. Two landscape evolution scenarios demonstrating that low and high 26Al/10Be ratios not necessarily reflect prolonged burial under ice and limited burial under ice,
respectively. Panels on the left describe (a) the exposure/burial history, (b) exhumation history, and (c) the associated evolution of the 26Al/10Be ratio for a scenario with significant
exposure during the Quaternary (52%) combined with significant erosion during the last glacial period, for instance via glacial plucking. Panels on the right describe (d) the
exposure/burial history, (e) exhumation history, and (f) the associated evolution of the 26Al/10Be ratio for a scenario with a rather extreme degree of burial under ice during the
Quaternary and a transition from burial under erosive ice to burial under non-erosive ice at some point during the mid-Pleistocene.
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Fig. 8. Paired 26Al and 10Be data from the steep alpine summits of northwestern Svalbard (Gjermundsen et al., 2015). All concentrations are normalized to sea-level. The numbers in
blue next to the Svalbard samples (cyan squares) show the total Quaternary ice-cover fractions of the simulations that match the 26Al and 10Be concentrations from Svalbard within
the error bars. The numbers in red show the total amount of erosion during the Quaternary that match the 26Al and 10Be concentrations within error bars. For all samples, we used
total uncertainties of 5% and 8% for 10Be and 26Al, respectively. (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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result from a rock fall during the mid-Quaternary, but our simula-
tions indicate that such a high ratio combined with high absolute
concentrations are incompatible with continuous ice cover
throughout the last 1 Myr (Fig. 8). On the contrary, our simulations
indicate that both these samples can be explained by burial under
ice during 15e40% of the Quaternary (using total uncertainties of
sBe ¼ 5% and sAl ¼ 8%), although with different amounts of total
erosion (Fig. 9). In the overlapping interval, characterized by an ice
cover of 15e40%, the sample with a26Al/10Be ratio of 3.4 experi-
enced a total erosion of 1.3e1.6 mwhere the sample with a ratio of
6.2 experienced a total erosion of 2.4e15.0 m (Fig. 9b). A notable
difference between models satisfying the 26Al/10Be data from these
two samples is that the erosion during the last two glacial periods
was negligible for the high-ratio sample (26Al/10Be ¼ 6.2). In
Fig. 9. Model simulations that fit the 10Be and 26Al data from the two samples taken a few
cover during the Quaternary for the simulations that fit the concentrations of the sample wit
during the Quaternary as a function of the total Quaternary ice cover for the simulations tha
total erosion during the Quaternary for the two samples, whereas the magenta (26Al/10Be ¼
period. Note how the total erosion during the Quaternary is dominated by erosion associat
sample with 26Al/10Be ¼ 3.4. (For interpretation of the references to colour in this figure le
contrast, most of the erosion associated with the low-ratio sample
(26Al/10Be ¼ 3.4) took place during the last two glacial periods, for
example as glacial plucking of the steep bedrock ridges or as rock
falls in response to ice loading/unloading. The occurrence of such
rock falls is not unlikely given the steep nature of the summits
(Gjermundsen et al., 2015). The simulations furthermore suggest
that the subaerial erosion rate during the Quaternary, as well as the
pre-Quaternary, must have been very low, i.e. < 3 m/Myr for the
high-ratio sample (26Al/10Be ¼ 6.2) and ~1 m/Myr or less for the
low-ratio sample (26Al/10Be ¼ 3,4), respectively. To our knowledge,
there are no geological constraints that preclude such limited
subaerial erosion rate of these summits during the Quaternary or
pre-Quaternary. In fact, subaerial erosion rates around 1 m/Myr or
less are needed to explain the combination of a high 10Be
meters apart from the steep summit of “Kongen”, northwestern Svalbard. (a) Total ice
h a26Al/10Be ratio of 3.4 (red dots) and a ratio of 6.2 (blue dots), respectively. (b) Erosion
t fit the 26Al/10Be data. Red (26Al/10Be ¼ 3.4) and blue (26Al/10Be ¼ 6.2) dots denote the
3.4) and cyan (26Al/10Be ¼ 6.2) dots denote the erosion associated with the last glacial
ed with the last glacial period for simulations with relatively low ice covers fitting the
gend, the reader is referred to the Web version of this article.)
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concentration and a low 26Al/10Be ratio measured in one of the
samples from the summit of “Kongen”. This is also the case when
using the two-stage minimum-limiting exposure and burial model
to interpret the data.

Our simulations show that prolonged burial under minimally
erosive ice throughout the last 1 Myr, albeit with a total exposure of
~5% distributed over the warmest interglacial periods is indeed
possible for the 8 samples characterized by 26Al/10Be ratios <5,
which is in agreement with the interpretation of Gjermundsen
et al. (2015). However, the model simulations also show that all
10 26Al/10Be datasets can be explained by exposure/burial histories
that include burial under ice for as little as 17% of the last 2.6 Myr
(40% of the last 1 Myr) (Fig. 8), roughly corresponding to ice cover
during Marine Isotope Stages (MIS) 2e4 over the last glacial cycle.
The only exception is a sample from a summit close to the coast
(26Al/10Be ratio ¼ 6.8), which, according to our results, must have
experienced burial under ice less than 20% of the Quaternary period
(Fig. 8). The range of total erosion during the Quaternary vary from
0.4 to 1.6 m (26Al/10Be ¼ 3.4) to 3.0e17.7 m (26Al/10Be ¼ 6.2), with
the majority of samples requiring a total amount of within the
range 0.5e5.0m. Ourmodel simulations of the combined data from
Svalbard therefore suggest that these steep summits could have
remained ice free throughout large parts of the Pleistocene, and
that the summits possibly only were covered by ice during the
coldest parts of the glacial periods. In fact, this is the most
straightforward interpretation if we impose the geological
constraint that the ice cover must have been more-or-less similar
for the various summits, as well as for the two samples from the
summit of “Kongen”. This scenario, however, contrasts with the
interpretation of Gjermundsen et al. (2015), who infer more or less
continuous ice cover throughout the last 1 Myr.

4.2. General implications for the interpretation of Quaternary ice
covers and erosion rates

Our simulations demonstrate how widely different exposure/
burial and erosion histories can lead to similar 10Be and 26Al con-
centrations, and that low 26Al/10Be ratios are not uniquely associ-
ated with prolonged burial under ice as was the case for the
Svalbard samples Conversely, high 26Al/10Be ratios combined with
relatively low absolute concentrations do not necessarily reflect
insignificant burial under ice, but may in fact be associated with
prolonged ice covers throughout large parts of the Quaternary. For
instance, an area that was buried under erosive ice throughout the
early-middle part of the Quaternary, during which it experienced
significant erosion (>3 m), and subsequently experienced a tran-
sition to burial under non-erosive ice, punctured only by brief pe-
riods of exposure during thewarmest interglacials, may quite easily
reach 26Al/10Be ratios >6 (e.g. Fig. 7 def). The key aspect of this
scenario is that the sample is brought close to the surface at some
point before the most recent interglacial periods, and that the ab-
solute concentrations are sufficiently low for the subsequent
exposure to drive up the 26Al/10Be ratio. The model simulations
thus offer new possibilities for reconciling spatially-varying
26Al/10Be data from mapped high-elevation surfaces, such as
those found in western Greenland, the Torngat Mountains, on
Baffin Island, and elsewhere. This is particularly relevant at loca-
tions where geological or geomorphological considerations or
other field constraints suggest that the ice-sheet history was rela-
tively homogeneous and coherent within a certain area. In such
cases, a sample displaying a high 26Al/10Be ratio and high absolute
concentrations may be used to infer a limited degree of burial
under ice across the area in question, as suggested above for the
alpine summits of northwestern Svalbard. Alternatively, a sample
characterized by a low 26Al/10Be ratio and low absolution
concentrations can be used to infer prolonged burial under ice
across a wider area.

4.3. The influence of pre-Quaternary erosion rates

To decipher the most likely exposure/burial and erosion history
from inverse modelling of 26Al/10Be data, it is essential to use the
available field observations and geological/geomorphological con-
straints to guide themodelling and subsequent interpretation. Such
constraints may include the presence of weathering pits, grussy
weathered surfaces, regolith, blockfields, and freshly eroded glacial
erratics. Importantly, if credible estimates of the pre-Quaternary
erosion rate are available for the specific site in question, this in-
formation should be integrated in the model setup as the pre-
Quaternary erosion rate along with the subaerial erosion rate
during the Quaternary may limit the range of possible exposure/
burial and erosion histories that fit the measured 26Al/10Be data. To
investigate this aspect, we carried out additional simulations, using
the setup and parameter values in Table 1 with the only exception
that the subaerial erosion rate (εno_ice) was held constant at 1, 5, 10,
and 20 m/Myr, respectively. The simulations show that as the pre-
Quaternary erosion rate, along with the subaerial erosion rate
during the Quaternary, increase, more burial under ice is required
to explain low 26Al/10Be ratios (Fig. 10). In general, the range of
possible exposure/burial scenarios, as well as the amount of total
erosion during the Quaternary, becomes increasingly limited as the
pre-Quaternary rate increases. For low 26Al/10Be ratios, the total
amount of erosion during the Quaternary tends to decrease with
increasing pre-Quaternary erosion rates, but this relationship also
depends on the absolute concentrations. A more notable effect,
however, is that an increasingly smaller portion of the 26Al/10Be
data in the two-isotope diagram can be accounted for as the pre-
Quaternary erosion rate increases (Fig. 10), simply because higher
subaerial erosion rates are incompatible with high concentrations
of 10Be and 26Al. This implies that for a significant fraction of the
26Al/10Be data in the literature, such as those from northwestern
Svalbard, the subaerial erosion rate must be very low (<5 m/Myr,
and in some cases < 1 m/Myr). Another possibility is that the
subaerial erosion rates changed significantly over time, or, alter-
natively, that production rate was higher than suggested by the
available scaling models.

By combining geological constraints with detailed inverse
modelling of the 26Al/10Be data, it may be possible to determine if
the long-term ice cover in the circum-Arctic regions really was
quite limited as suggested by some studies (e.g. Beel et al., 2016), or,
alternatively, much more continuous and prolonged as suggested
by other studies (e.g. Corbett et al., 2013; Gjermundsen et al., 2015).
While there clearly may be local and regional differences in the
long-term ice cover in the Arctic, our simulations suggest that it is
also a distinct possibility that the spatially-varying 26Al/10Be data to
a large degree reflect spatial differences in the erosion history,
including the timing of the erosion. It is thus possible that the
Pleistocene ice-cover was much more limited than hitherto
believed at many high-elevation surfaces inwestern Greenland and
Arctic Canada. The opposite, however, is also a distinct possibility,
in which case the spatially-varying 26Al/10Be data primarily reflect
variable degrees of glacial erosion during the mid-Quaternary.

5. Conclusions

In this study, we have used a new Monte Carlo model approach
to investigate systematically the combined effects of variable
erosion rates, including the timing of erosion, and the exposure/
burial history associated with Pleistocene ice covers on concen-
trations of 10Be and 26Al in surface samples. The model simulations



Fig. 10. The range of total ice-cover fractions during the Quaternary (blue) and total amounts of erosion during the Quaternary (red) of the model simulations that fit specific points,
or synthetic test samples, in the 26Al/10Be vs 10Be diagram within errors. The associated error bars are based on a 5% uncertainty of the 10Be and 26Al concentrations. The numbers
are based on model simulations carried out with the setup described in Table 1, and outlined in Fig. 6, with the only exception that the subaerial erosion rate during the pre-
Quaternary, as well as the Quaternary, was held constant at (a) 1 m/Myr, (b) 5 m/Myr, (c) 10 m/Myr, and (d) 20 m/Myr, respectively. The green dots denote the secular equilib-
rium 26Al/10Be ratios and 10Be concentrations for subaerial erosion rates of (a) 1 m/Myr, (b) 5 m/Myr, (c) 10 m/Myr, and (d) 20 m/Myr. The dashed green lines denote the change in
26Al/10Be vs 10Be associated with radioactive decay under ice-covered conditions (i.e. no exposure). (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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show that low 26Al/10Be ratios do not necessarily reflect prolonged
burial under ice, but may as well reflect very limited burial under
ice combined with abrupt exhumationwithin the last glacial cycles,
e.g. due to glacial plucking. Similarly, high 26Al/10Be ratios may also
reflect a wide range of exposure/burial histories, including pro-
longed burial under ice combined with a transition from erosive to
non-erosive glacial regimes during the mid-Pleistocene. The abso-
lute concentrations of 10Be and 26Al, along with geological/
geomorphological constraints that may guide the modelling and
interpretation, are thus key to determining the most likely erosion
and exposure/burial history experienced by a sample. Based on the
model simulations, we propose that a large part of the spatially-
varying 26Al/10Be data from bedrock surfaces in the circum-Arctic
regions experienced similar long-term burial under ice, but vary-
ing amounts of glacial erosion.
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