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Abstract Cosmogenic nuclide exposure dating is a widely used method for constraining past ice sheet
histories. We scrutinize a recently published data set of cosmogenic 10Be data from erratic boulders in
Norway used to constrain the deglaciation of the western Scandinavian Ice Sheet to 20 ka. Our model of the
10Be inventory in glacial surfaces leads us to conclude that the chronology may be afflicted by the deep
subsurface accumulation of 10Be during long-lasting ice-free periods that resulted in 10Be ages>10% too old.
We suggest that themajority of the dated erratic boulders contain a uniform level of inheritedmuon-produced
10Be and were derived from bedrock depths>2.5m and most likely ~4m. The implication of our finding is
that for landscapes that experience long ice-free periods between brief maximum glacial phases, glacial
erosion of>5m is required to remove detectable traces of inherited 10Be.

1. Introduction

Knowing the precise age of the Last Glacial Maximum (LGM) extent of ice sheets and their deglaciation is fun-
damental to ice age theory [Hays et al., 1976; Broecker and Denton, 1990], for understanding the coupled
climate-cryosphere system and deciphering the phase relationships between orbital forcing and the cryo-
sphere response [Martinson et al., 1987; Shackleton, 2000; Lisiecki and Raymo, 2005]. As such, eustatic sea level
records are instrumental in constraining the timing of globally integrated maximum ice volume; however,
dating individual ice sheet sectors remains critical for elucidating interhemispheric manifestations of global
climate change [Clark et al., 2009].

Methods available for dating maximum ice extent during the LGM are limited, and many have significant
uncertainties. Radiocarbon dating below and above LGM tills has proven useful in some settings,
although these are typically limited to a few terrestrial sites along the southern margins of Northern
Hemisphere ice sheets [e.g., Lowell, 1995; Glover et al., 2011; Hughes et al., 2016]. Many ice sheet margins
terminated on continental shelves, where sedimentary analysis and radiocarbon dating of marine
sediment cores constrain the timing of maximum extent in some cases [e.g., Sejrup et al., 2016].
Cosmogenic-nuclide exposure dating has emerged in the past two decades as a useful tool for dating
LGM ice extents [e.g., Balco et al., 2002; Balco, 2011]. Although not without limitations [Colgan et al.,
2002], cosmogenic-nuclide exposure dating of terminal moraine boulders has allowed the constraint of
additional chronologies of LGM ice extent from locations otherwise difficult to date [e.g., Balco et al.,
2002; Rinterknecht et al., 2006; Nesje et al., 2007; Håkansson et al., 2007; Houmark-Nielsen et al., 2012;
Stroeven et al., 2014; Ullman et al., 2015].

An example of such a study is that of Svendsen et al. [2015], who used 10Be dating to constrain the retreat of
the Norwegian Channel Ice Stream (Figure 1), a major artery of the Scandinavian Ice Sheet, from its maximum
LGM extent [Sejrup et al., 2003; Ottesen et al., 2016]. The 10Be chronology, which indicates a collapse of the ice
stream as early as ~20.3 ka [Svendsen et al., 2015], is at odds with radiocarbon constraints from the seafloor
indicating that this occurred 2000 years later, at ~18.5 ka [Sejrup et al., 2009]. Commonly discussed factors
such as uncertainty in the 10Be production rate, isotopic inheritance from neutron-produced 10Be, or proble-
matic radiocarbon ages cannot satisfactorily explain the disagreement. Here we explore the possibility that
the 10Be ages are made too old by the deep accumulation of muon-produced 10Be. We find that the deep
accumulation of muon-produced 10Be may satisfactorily reconcile the discrepancy.
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2. Utsira, Southwestern Norway

Utsira is an island located on the landward side of the Norwegian Channel (Figure 1), ~400 km south of the
position of the terminus of the Norwegian Channel Ice Stream during the LGM [Hughes et al., 2016]. The small
island lies 16 km offshore, is ~6.1 km2, and has a maximum elevation of 65m above sea level (asl) and average
elevation of ~ 35masl, which ismostly above amarine limit of ~16masl [Svendsen et al., 2015]. The island con-
sists of glacially plucked and weakly abraded rolling bedrock hills draped with erratic boulders. Rare glacial
striations on the barren bedrock surfaces are oriented toward the north [Undås, 1948], confirmed during our
fieldwork. We therefore assume that Utsira was overridden by the Norwegian Channel Ice Stream just prior
to the last deglaciation. The lithology of erratics reflects the underlying bedrock, which alternates between
mafic (gabbro) lithologies on thewestern part of the island, and felsic (quartz diorite) lithologies on the eastern
part of the island. Thus, we infer that the erratics are not far traveled and were plucked from either the island
itself or the nearby seafloor and deposited not far along the ice stream's northward trajectory.

Utsira rests ~175 km south (up ice flow) of the Troll core site, where radiocarbon datedmarine sediment cores
provide minimum ages for the deglaciation at 18,140–18,760 cal yr B.P. [Sejrup et al., 2009]. To determine the
timing of deglaciation up ice stream from the Troll site, Svendsen et al. [2015] obtained 10Be ages from seven
large (average diameter 2.4m) erratic boulders resting directly on bedrock surfaces at Utsira. The seven ages
are 20.2 ± 0.4, 20.2 ± 0.6, 20.2 ± 0.7, 20.8 ± 0.8, 22.6 ± 0.5, 24.2 ± 0.7, and 25.0 ± 0.6 ka (Figure 2). The distribution
exhibits a right skewness indicative of isotope inheritance in the older (22.6 to 25.0 ka) boulders. Thus, the age
distribution was interpreted as indicating deglaciation of Utsira at 20.3 ± 0.3 ka (the average age of the four

Figure 1. Southwestern Norway showing Norwegian Channel, the extent of the Eurasian Ice Sheet during the LGM and
when Utsira became ice free at ~18 or 20 ka, and the location of the Troll core site and the island of Utsira. Modified
from Svendsen et al. [2015].
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youngest samples). The 10Be age of a single bedrock sample, from the northeastern portion of the island, of
40.8 ± 0.9 ka supports the influence of inheritance on the distribution of 10Be ages.

The anomalously old age of the bedrock sample reveals that upon LGMdeglaciation, a significant inventory of
10Be in the bedrock surfaces remained from the exposure period(s) prior to the last ice sheet advance (LGM)
across the island. Thus, any erratic boulders plucked from the upper few meters of bedrock surfaces during
the LGMwould likely exhibit 10Be ages that would be clearly older than the mean 10Be age of the entire distri-
bution. Furthermore, because the boulders seem to be locally sourced, the inheritance in some of the erratic
boulder samples is easy to accept. Although there is no relationship between boulder dimension and 10Be
age, some of the boulders we dated are large (up to 4 × 3 × 6m), and larger ones exist (up to ~5 × 8 × 6m),
revealing that the ice sheet is capable of plucking very large boulders during the LGM (Figure 2).

The ~1500–2000 year (9–11%) difference between the mean 10Be age of 20.3 ± 0.3 ka (the four youngest
boulders on Utsira) and the basal radiocarbon age from the Troll core site of ~18,140–18,760 cal yr B.P. is
difficult to explain. The radiocarbon age is from very near the basal contact with till, making it difficult to
argue that the sediments postdate the deglaciation at the Troll site by more than decades to a few centuries.
One possibility is that the foraminifera (mixed benthics) that were dated contained some younger tests due
to bioturbation; however, the effect on the radiocarbon age would likely be small. Similarly, if the 405 year
reservoir correction that was used is too small, then the resulting radiocarbon age would be younger, making

Figure 2. Normal kernel density plot for the seven Utsira boulder samples (black line), as well as individual exposure ages
(upper left). Error bars on exposure ages are shown at the 1 sigma level. The prominent right skew of the plot is interpreted
to be a manifestation of 10Be inheritance due to insufficient glacial erosion during the LGM. Also shown are examples of
erratic boulders on Utsira.
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the age discrepancy yet larger. If the
reservoir correction was too high,
which seems unlikely, the radiocar-
bon age could only become a couple
centuries older. H.P. Sejrup (oral com-
munication, 2016) has obtained basal
radiocarbon ages from additional
cores that are consistent with the
Troll core. Furthermore, the age of
deglaciation at the Troll site is sup-
ported by a suite radiocarbon ages
from basal marine sediments above
till in isolation basins on Karmøy
(14 km east of Utsira) that are
18.0 cal ka B.P. [Svean, 2016]. Based
on the above, it is reasonable that
Utsira became ice free between 18.5
and 18 ka.

We thus now explore the possibility
that the age discrepancy between
the 10Be and radiocarbon ages could
lie in the 10Be dating method.
Although inheritance may explain
the older outliers among the age
population, the cluster of four ages
that are virtually identical is not easily

explained by neutron-produced 10Be inheritance [Heyman et al., 2011]. An additional factor could be that the
10Be production rate that Svendsen et al. [2015] used is too low, resulting in 10Be ages that are too high.
However, the 10Be production rate used of 4.15 ± 0.15 atoms g�1 yr�1 (along with Lm scaling of Balco et al.
[2008]) is from a local production rate calibration experiment with a robust age control [Goehring et al.,
2012a, 2012b]. Furthermore, this value is higher than other recently derived 10Be production rates [e.g.,
Balco et al., 2009; Putnam et al., 2010; Briner et al., 2012; Young et al., 2013; Stroeven et al., 2015]. Thus, realistic
alternative 10Be production rates would result in an increase in the age discrepancy with the Troll core
radiocarbon chronology.

Another consideration relates to the influence on 10Be production due to potential effects from ice age
atmospheric compression and katabatic winds for sites adjacent to ice sheets. Because Utsira is at low ele-
vation, atmospheric compression effects during the early portion of postglacial exposure (when the ice
sheet was still nearby) would be negligible [Staiger et al., 2007]. On the other hand, the effect of katabatic
winds could lead to higher rates of 10Be production hence 10Be ages older than their true exposure dura-
tions. Staiger et al. [2007] estimate that this effect could be >2% in Antarctica, but it is difficult to model.
These effects are likely too small to satisfactorily account for the 9–11% age difference, as are other factors
mentioned above.

3. The Deep Accumulation of 10Be at Utsira

The production of 10Be within a bedrock or boulder surface is dependent on two primary mechanisms, spal-
lation by neutrons as discussed above and by two flavors of muons (fast and negative, or slow, muons). In
contrast to spallation by neutrons, production by muons extends deep into the Earth's surface on account
of fewer nuclear interactions, and therefore, the attenuation of muons occurs over a longer mass-depth scale
(on the order 1500 g cm�2 and 4000 g cm�2 for slow and fast muons, respectively) [e.g., Heisinger et al., 2002a,
2002b; Phillips et al., 2016] than neutrons (~160 g cm�2) [Gosse and Phillips, 2001]. In general, the production
of 10Be by muons at the surface is only a small fraction of the total production, but at depths greater than
~2.5m (Figure 3), production by muons exceeds production by spallation and becomes the dominant

Figure 3. Relationship between 10Be production via spallation (blue) and
muons (red) versus depth at Utsira (ρ = 2.65 g cm�3). Production by spalla-
tion and muons has been scaled based on the mean elevation of samples
fromUtsira; the fraction of total (yellow) 10Be production bymuons is 3.4% at
the surface.
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production mechanism. In most settings, the accumulation of 10Be by muons is of negligible importance due
to its small contribution to total 10Be production. Overall, 10Be production by muons is low (<0.1 g�1 yr�1),
but over long time periods (more than tens of thousands of years) 10Be can accumulate at significant depths
to measurable levels given current analytical capabilities. Because of the low elevation of Utsira, the relative
contribution to total 10Be production by muons using the latest 10Be production cross sections [Phillips et al.,
2016] is 3.4% at the surface (Figure 3), which is higher than it would be at a higher elevation site because
neutron-produced 10Be production increases more rapidly with altitude. The samples from Utsira are thus
more prone to inheritance from deep production by muons than are higher elevation sites.

To explore the possible influence of inheritance in the erratics from Utsira, we model the buildup of 10Be in
Utsira bedrock. We modify the canonical equation describing 10Be accumulation [Lal, 1991] to model the
accumulation of 10Be during a continuous period of exposure prior to the LGM (tpre), removal of a depth of
rock (z) via plucking during the LGM (and attendant loss of 10Be), and accumulation of 10Be following ice
retreat (tpost) [Applegate et al., 2010]:

N10 ¼ P10 zð Þ
λ10

1� e�λ10tpost 1� e�λ10tpre
� �

e
�zρ
=Λ þ 1� e�λ10tpost

� �h i

We use this equation to derive a range of solutions of pre-LGM exposure duration versus glacial erosion (in
this case plucking) depth (Figure 4). Note that we use the sea level high-latitude spallation production rate
from Borchers et al. [2016] and scaling of Lal [1991] recast in terms of air pressure [Stone, 2000].

Next, we use the age of deglaciation at Troll as a proxy for the deglaciation of Utsira, as discussed above.
Using 18.5 ka for a deglaciation age of Utsira, we calculate the inherited 10Be concentration in the 20.3 ka erra-
tics upon LGM ice retreat from the island. This value is ~8000 10Be atoms g�1, which equates to ~1850 year in
apparent age (Figure 4). Utsira likely deglaciated shortly after deglaciation of the Troll site, and thus, we treat
this as a minimum estimate of inheritance. In any case, we use this inheritance value to calculate plausible
plucking depths for a range of preexposure durations. For example, if Utsira remained exposed between
the deglaciation following marine oxygen isotope stage (MIS) 6 (140 ka) and the onset of the LGM advance
(30 ka), then the preexposure duration would be 110 kyr. Combined with our estimate of inheritance, this
would yield plucking depths of ~4.3m for the 20.3 ka erratic boulders. This ice sheet occupation of Utsira is
reasonable given current knowledge of the history of the Scandinavia Ice Sheet, although it is unknown
whether ice reached the island during MIS 4 [Mangerud et al., 2011]. Thus, the measured surfaces of the
20.3 ka erratic boulders may have been plucked from depths on the order of ~4m below the pre-
LGM surface.

Figure 4. (a) Contours ofmodeled inherited 10Be concentration (atom g�1) at Utsira for a range of preexposure lengths and
theoretical source depths of glacially plucked boulders during the LGM. (b) As in Figure 4a except inherited 10Be concen-
trations are converted to equivalent exposure age (years). The bold contours represent the solution outlined in the text.

Geophysical Research Letters 10.1002/2016GL070100

BRINER ET AL 10BE IN PERIPHERAL ICE SHEET LANDSCAPES 5



An erratic boulder with inheritance
usually presents itself as an outlier,
significantly older than the mean of
others in a sample population. At
Utsira, on the other hand, we won-
der how a cluster of four 10Be ages
of erratic boulders, each with a dif-
ferent history of erosion, transporta-
tion, and deposition, contains the
same amount of inheritance (if the
assumed deglaciation age of 18.5 or
18 ka is correct). We interpret this
possible “uniform inheritance” as an
indication of a near-constant back-
ground level of inherited 10Be that
exists throughout these boulders. At
depths below the neutron-produced
10Be zone (~2.5m), the change in
10Be concentration as a function of
depth is small, and for 2.4m dia-
meter blocks, is negligible given cur-
rent detection limits of 2–5% as
shown in Figure 5. Near the surface,
in the neutron-produced 10Be zone,
there is a measureable difference
between the top and bottom of a
theoretically plucked 2.4m thick
boulder. On the other hand, below
about 2.5m, the percent difference
in 10Be concentration between the
bottom and top of a plucked boulder
becomes lower than current typical

analytical precision. We therefore argue that the 20.3 ka Utsira erratics may contain uniform inheritance, in
which case their source must be from deeper than 2.5m below the pre-LGM surface of Utsira. This depth
is compatible with estimated plucking depths of ~4m based on the above calculations. We note that it does
not matter which side of the boulder is sampled, as each side will contain statistically similar inheritance
levels. In addition, the distribution of erratic ages also supports lower plucking depths: Three of the 10Be ages
from Utsira predate 20.3 ka by 2–4 kyr. This could be explained by their origin from shallower depths below
the pre-LGM surface, from within the neutron-produced 10Be zone (Figure 4).

Based on the above calculations, it seems possible that the 20.3 ka erratics contain a uniform amount of inheri-
tance and that they therefore misrepresent the true timing of deglaciation of Utsira. This conclusion is sup-
ported by data from the adjacent island of Karmøy (Figure 1). Here Svendsen et al. [2015] provide 10Be ages
for three erratic boulders (20.1 ± 0.4, 20.4 ± 0.6, and 22.3 ± 0.7 ka) and one glacially sculpted bedrock surface
(97.8 ± 1.9 ka) from the southwestern part of the island, a similar age pattern as onUtsira. Unlike Utsira, the ubi-
quitous gneissic lithologies of both the bedrock and the boulders make it more difficult to assess whether the
boulders are locally derived or not. In any case, adjacent to this site are Svean's [2016] basal radiocarbon ages of
18.0 cal ka B.P. mentioned above. Taken together, it appears that both Utsira and southwestern Karmøy (1) are
possiblypart of a landscapedeglaciatedbetween~18.5 and~18 ka, (2) are exposed subaerially formuch longer
than they are covered by ice, (3) are not eroded deeply when covered by ice, (4) exhibit varying amounts of
glacial erosion that yield different amounts of inheritance in bedrock surfaces, and (5) contain a background
level of inheritance that yields 10Be ages ~2000 years older than the true timing of deglaciation.

There remain many unknowns, and the calculations based on the Utsira erratics are poorly constrained. If
Utsira deglaciated hundreds of years after the Troll site (e.g., closer to the timing of deglaciation of southern

Figure 5. Plot showing constraints for depths where uniform inheritance can
be found in Utsira erratics. Red curve shows the difference in 10Be concen-
tration between the top and bottom of a 2.4m diameter boulder (the aver-
age boulder diameter of the sampled Utsira erratics). For example, a 2.4m
diameter boulder plucked from the surface has a measureable difference
(95.9%) between the 10Be concentration measured at the top versus the
bottom of the block. On the other hand, a 2.4m diameter boulder plucked
from 4m depth would not have a measureable difference (0.65%) in 10Be
concentration between the top and bottom of the block. The typical range in
10Be measurement uncertainties (2–5%) is shown in blue shading, thus
setting limits on the minimum depth of plucking of a 2.4m boulder where
one would find “uniform” inheritance.
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Karmøy at ~18 ka), then the inherited component would be higher, and therefore, erosion depths may be
slightly lower (but still below the 2.5m uniform inheritance cutoff). Similarly, if the preexposure duration were
shorter, perhaps, if Utsira were occupied by ice for some portion of MIS 4, then the given amount of inheri-
tance would yield lower erosion depths. On the other hand, if the preexposure duration was longer, for exam-
ple, if the history of prior exposure predates MIS 6, then the boulders must have been plucked from deeper
levels. This is plausible given the limited amount of erosion of bedrock on both Utsira and Karmøy during the
LGM yielding such high exposure ages; the same would likely be true during previous glacial occupations of
these sites, and therefore, inheritance could build up from one glacial cycle to the next.

4. Conclusions

Our calculations reveal the likelihood that deep uniform inheritance as a result of 10Be production by muons
affects the 10Be ages of large erratic boulders on Utsira. The island rests in an ice sheet distal location, and the
bedrock surfaces have probably been subaerially exposed through much of the Middle and Late Quaternary;
most likely, Utsira was only ice covered during themaximum phases of major glaciations. Thus, long exposure
durations combined with light glacial erosion during brief glacial occupations has led to the accumulation of
significant (detectable) 10Be even at many meters depth in the bedrock surfaces.

There aremany settings around the globe that are similar to Utsira—that is, sites that experience long periods
of exposure between brief, maximum ice sheet advances. In fact, this is probably the case for almost all per-
ipheral areas of former ice sheets, for example, southern Laurentide and Cordilleran ice sheets [Balco and
Rovey, 2010] and the Eurasian Ice Sheet [Svendsen et al., 2004]. Although our discussion also applies to moun-
tain summits and northern ice sheet borders, frozen-bedded conditions there result in muchmore significant
inheritance problems [e.g., Bierman et al., 1999; Briner et al., 2005]. Along southern, erosive ice sheet margins,
previous research has indeed revealed inheritance in glacially eroded bedrock [e.g., Briner and Swanson,
1998], and Colgan et al. [2002] cautioned future users of cosmogenic nuclide exposure dating of bedrock
about inheritance limitations in lightly eroded glacial terrains. We suggest this caution be extended to dating
erratic boulders as well. Chronologies derived frommoraine boulders and erratics resting on or near bedrock
(and potentially sourced from that bedrock) [e.g., Balco et al., 2002; Ullman et al., 2015] could be afflicted by a
minor amount of uniform 10Be inheritance that, in turn, could influence 10Be chronologies of the timing of
LGM ice extent. Boulders that are recycled from thick moraine deposits or that are sourced frommore deeply
scoured regions up ice flow would be less likely to contain inheritance. Nevertheless, even at low-elevation,
warm-based icemarginal sites that experienceabrasionandplucking, glacial removal of theneutron-produced
10Be zone (upper 2.5m)maynotbe sufficient to rid surfaces of detectable inheritance. Thus, existing and future
chronologies could be influenced by hundreds to a few thousands of years of difficult-to-detect levels
of inheritance.
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