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Surface exposure–age dating was applied to rock surfaces associated with ice-marginal moraines at elevations
of ~1520–1780 m a.s.l. on the slopes of Galdhøpiggen and Glittertinden, the two highest mountains in Scandinavia
located in the Jotunheimen mountains of central southern Norway. This is important for understanding the
pattern and timing ofwastage of the Scandinavian Ice Sheet at theYoungerDryas–Holocene transition. Cosmogenic
exposuredating (here 10Bedating)ofboulders fromthemoraineridgesyieldedoverallmeanages (corrected forglacio-
isostatic uplift, surface erosionand snow shielding) of~11.6 ka fromGaldhøpiggenand~11.2 ka fromGlittertinden.
Similar 10Be ages were also obtained from additionally collected proximal and distal erratic boulders and bedrock
samples. These enabled age calibration of Schmidt-hammer R-values and independent Schmidt-hammer exposure-
age dating (SHD) of the moraine ridges, which yielded comparable mean SHD ages of ~10.8 and ~10.6 ka from
the Galdhøpiggen and Glittertinden sites, respectively. Taking account of the age resolution and other limitations
of both dating techniques, the results suggest that the two sets of moraines have approximately the same age but
that neither technique candistinguishunambiguously betweenmoraine formation in the lateYoungerDryas orEarly
Holocene. Togetherwith features ofmoraine-ridgemorphologyand estimates of equilibrium-line altitudedepression
of~360–575 m(correctedfor landuplift), theresults implymoraineformationduringshort-livedre-advancesofactive
glaciers, at least the lower reachesofwhichwerewarm-based. It is concludedthat the localglaciers remainedactiveand
advancedduring deglaciation either very late in theYoungerDryas or very early in theHolocene, possibly in response
to the Preboreal Oscillation at ~11.4 ka. The study supports the concept of a thinYoungerDryas ice sheet and places
time constraints on the timing of final deglaciation in southern Norway.
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TheScandinavianIceSheetwas the largest componentof
the interconnected complexofEurasian ice sheets during
the Last Glacial Cycle and its demise was completed by
9 ka (Hughes et al. 2016; Stroeven et al. 2016). Degla-
ciation involved both ice-margin retreat (backwasting)
and surface lowering (downwasting/thinning), and the
datable domain in both cases is the numeric timing of ice
absence. Backwasting has been mapped and dated in
multiple ways, as shown in the reviews of Nesje (2009)
and Mangerud et al. (2011, 2023), and the data
compilations and modelling of Cuzzone et al. (2016),
Hughes et al. (2016) and Stroeven et al. (2016). Down-
wasting, however, is more difficult to map in time and
space as it requires dateable features of environmental
change, such as landformsdelineating inland icemargins
and sedimentary archives of changing local conditions.

Whereas the horizontal limits of the Scandinavian Ice
Sheet during the later phases of ice wastage in the
YoungerDryas (12.9–11.7 ka) are generallywell defined
by ice-marginal moraines throughout the Scandinavian
Peninsula andFinland, the vertical limits aremuchmore
difficult to define, especially away from the peripheral
areas (Briner et al. 2014, 2023; Cuzzone et al. 2016;
Hughes et al. 2016; Stroeven et al. 2016; Romundset
et al. 2023). Hence, the ice thickness and surface
geometry are poorly understood, conceptual models of
deglaciation remain controversial and the evidential
basis for modelling is incomplete. This is due largely to
the lack of field evidence left by the cold-based ice in the
interior areas of the ice sheet (Sollid&Sørbel 1988, 1994;
Kleman&H€attestrand 1999;Kleman et al. 2008; Patton
et al. 2017; Mangerud et al. 2023), and because large
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tracts of these areas lay above the contemporaneous
equilibrium-line altitude (ELA).

It is established that deglaciation was well underway
throughout most of the Scandinavian Peninsula by the
end of the Younger Dryas but this does not necessarily
apply to the highest plateaus and mountains (Dahl
et al. 1997; Goehring et al. 2008; Andersen et al. 2019;
Marr et al. 2019; Lane et al. 2020; Briner et al. 2023;
Romundset et al. 2023). Deglaciation at the Younger
Dryas/Holocene transition in the inland areas of
Scandinavia is generally considered to have been
dominated by ice-sheet downwasting. This is seen as a
response to rapid climatic warming at the Younger
Dryas–Holocene transition, and the consequent rise in
the ELA above the ice-sheet surface. Near the centre of a
multidomed Younger Dryas ice sheet, downwasting
appears to have resulted in extensive nunatak areas
above the ice-sheet surface while stagnant ice masses
survived in the adjacent valleys (Dahl et al. 1997; Linge
et al. 2006;Goehring et al. 2008; Romundset et al. 2023).
However, ice-marginal moraines on the high plateau of
Dovrefjell in central Norway have been dated to the
Younger Dryas (Lane et al. 2020) and appear to
demonstrate the existence of active, warm-based ice at
the margin of the retreating ice sheet at elevations up to
~1800 m a.s.l.

Chronological data defining the timing of the final
deglaciation in thehigh-elevationareasnear the centreof
the Scandinavian Ice Sheet are sparse. Specific obstacles
include: (i) a general lack of dateable depositional
landforms at high-elevation sites affected by cold-based
ice sheets; (ii) dependence of age estimates on radiocar-
bondatingof archives inwhichorganicmaterial is sparse
and often non-representative of the timing of ice down-
wastage; and (iii) suboptimal environmental conditions
for surface exposure dating using in situ cosmogenic
nuclides (e.g. postdepositional boulderdisturbance from
periglacial activity).However, by providing themeans to
directly determine the timing of ice absence, surface
exposure dating using in situ cosmogenic nuclides is now
themain chronological tool for elucidating the retreat of
past ice sheets and glaciers (Balco 2011, 2020).

In this paper, we focus on the age and significance of
high-elevation ice-marginal moraines in Jotunheimen,
southern Norway. The moraine ridges are located at
elevations of up to ~1780 m a.s.l. on the two highest
mountain massifs in Scandinavia (Fig. 1). At the
maximumof the last (Weichselian)glaciation, thehighest
areas of Jotunheimen were located close to the main ice
divide and ice accumulation area of the Scandinavian
Ice Sheet (Vorren & Mangerud 2008; Mangerud
et al. 2023). Our first objective was to establish the age

Fig. 1. Locationmap of the study areas. Inset map locates Jotunheimen (J) in southernNorway and themaximum extent of the Scandinavian Ice
Sheet during the Younger Dryas Stadial (YD, blue line).
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of the moraines using two complementary exposure-age
dating techniques: 10Be and Schmidt hammer exposure-
age dating (SHD).The latter technique is used to provide
independent, complementary age estimates that can be
obtained relatively easily and non-destructively from a
large sample of rock surfaces at the same sites (Matthews
&Winkler 2022), allowing data to be collectedwith little
or no disturbance of wildlife or compromise of the
natural environmental, aesthetic, archaeological, histor-
ical or cultural value of the sites. The second objective
was to reconstruct the ELA at the time of moraine-ridge
deposition and hence to determine the equilibrium-line
depression (DELA), which is indicative of the palaeocli-
matic environment of the former glaciers relative to the
present-dayglaciers at these sites.The thirdobjectivewas
tosummarize theresultsand implications inaconceptual
model of deglaciation at the Younger Dryas–Holocene
transition. In particular, we examine whether ice masses
at the highest elevations could have persisted after the
end of the Younger Dryas and expanded again in
the Early Holocene. The identification and dating of
high-elevation moraine ridges in Jotunheimen therefore
provide potentially valuable contributions towards
constraining the ice configuration in time and space,
interpreting palaeoenvironmental information from
glacial geomorphological evidence and updatingmodels
of deglaciation for high-elevation areas close to the
centre of the Scandinavian Ice Sheet.

Study area and environmental background

The study area includes the northern flanks of the two
highest mountains in Scandinavia – Galdhøpiggen,
2469 m a.s.l. and Glittertinden, 2452 m a.s.l. – where
moraine ridges were identified, mapped and sampled
over an elevation range of ~1530–1780 m a.s.l. (Fig. 1).
These sites are the only ones known to the authors with
similar distinct moraine ridges at such high elevations in
Jotunheimen. The landscape at and above this elevation
is largely till covered with extensive areas of boulders,
cobbles and disturbed soils, forming patterned ground
and other periglacial landforms (Ødeg�ard et al. 1987,
1988;Cook-Talbot 1991;Winkler et al. 2016, 2020, 2021;
Matthews et al. 2019). The sparse alpine vegetation,
dominated by grass and lichen heath with occasional
dwarf shrubsandherbaceousperennials, is characteristic
of the mid-alpine belt, the upper limit of which occurs
locally at about 1600 m a.s.l. (Matthews et al. 2018;
Hallang et al. 2022). The local bedrock is composed
predominantly of pyroxene granulite gneiss, commonly
with gabbroic textures, and less common mylonitized
zones, peridotite outcrops and quartzitic veins (Battey&
McRitchie 1973, 1975; Lutro & Tveten 2012).

Modelledweather data for the area, with a spatial and
temporal resolution of 1 km and 24 h, are available via
theonline resource seNorge.no (http://www.senorge.no).
Air temperature and precipitation data (Table S1) are

calculated via spatial interpolation of point observa-
tions, while snow data are simulated with snow models
using the weather data (Lussana et al. 2019). The mean
annual air temperature (MAAT) for the climate normal
period 1991–2020 is �3.1 °C at 1661 m a.s.l. and
�2.6 °C at 1564 m a.s.l. for the Galdhøpiggen area,
and �3.5 °C at 1645 m a.s.l. for the Glittertinden
area. The corresponding lowest temperatures occur in
February (�10.0, �9.6 and �11.1 °C, respectively) and
the highest in July (6.3, 6.9 and 6.4 °C, respectively).
Annual precipitation for the same period is 650, 664 and
932 mm, respectively, with a maximum in July and
August. The late-summer maximum is characteristic of
the continental climatic regime of eastern Norway.
Modelled snow thickness shows an annual mean of 50
and 47 cm at the two elevations on Galdhøpiggen, and
43 cmat theGlittertinden site.Maximumsnowdepthsof
~100 cm occur in April, whereas August is the only
month without snow.

Present-day glaciers exist closely adjacent to the study
sites at elevations down to ~1830 m a.s.l. (Veslgjuvbrean/-
Galdhøpiggen) and ~1860 m a.s.l. (Gr�asubrean/Glitter-
tinden), respectively (Andreassen & Winsvold 2012;
Andreassen 2022). Mountain permafrost is extensive in
the area where the lower limits of continuous and
discontinuous permafrost may extend down to ~1700
and ~1450 m a.s.l., respectively (Ødeg�ard et al. 1992;
Hauck et al. 2004; Farbrot et al. 2011; Lilleøren
et al. 2012). Permafrost may be >300 m thick in the
continuous permafrost zone at 1890 m a.s.l. (Isaksen
et al. 2002). The present-day glaciers are therefore cold-
based in their terminal zones (Etzelm€uller et al. 2003;
Etzelm€uller & Hagen 2005) where the MAAT is
approximately �4 °C. Glaciers and permafrost interact
in the area to form characteristic ice-coredmoraines close
to present glaciermargins (Østrem1964, 1965;Lilleøren&
Etzelm€uller 2011; Matthews et al. 2014).

Based on climate proxies and modern climate–
permafrost relationships Lilleøren et al. (2012) demon-
strated that the altitudinal limits of permafrost in the
Galdhøpiggen massif varied during the Holocene from
about 200 m higher than today towards the end of the
Holocene Thermal Maximum to about 200 m lower
than today during the Little Ice Age. At the elevations
of the moraines of interest in this study, permafrost is
likely to have been absent during the Holocene Thermal
Maximum. The lowest permafrost limits of the Late
Holocene seem to have occurred during the Little Ice
Age when the MAAT was ~1.0 °C lower than in AD
1961–1990 (Lilleøren et al. 2012). These variations in
permafrost limits are generally coeval with glacier varia-
tions in the neighbouring Smørstabbtindan massif and
elsewhere in southernNorway, where glaciersmelted away
during the Holocene Thermal Maximum, re-formed after
~6.0 ka (neoglaciation) and reached their Late Holocene
maxima in the 18th century during the Little Ice Age
(Matthews 1991, 2005, 2013;Matthews &Dresser 2008).

BOREAS Deglaciation of the highest mountains in Scandinavia at the Younger Dryas–Holocene transition 3
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Matthews et al. (2014) obtained SHD ages of several
thousand years from the very large multiple-ridged ice-
cored moraine (Gr�asuranden) in front of Gr�asubrean,
which rises >30 m above the surrounding terrain, and
concluded that the moraine ridges were produced by
sediment deformation resulting from Late Holocene
glacier advances in the permafrost environment. The
present form of the ice-cored moraine resulted from
major reworkingduring theLittle IceAge,whichwas the
last and most extensive centennial-scale glacier expan-
sion episode of the Late Holocene in Jotunheimen.

Little evidence exists relating specifically to the timing
of Lateglacial/Holocene deglaciation in the study area.
According to the DATED-1 reconstruction, Jotunhei-
menwasdeglaciatedafter 10 ka (Hughes et al. 2016), but
this is a low-resolution reconstruction that does not take
adequate account of local topographic variation. Min-
imum estimates of deglaciation age from northern and
eastern Jotunheimen based on radiocarbon-dated
organic material from lakes and mires in low-alpine
and sub-alpine locations are mostly in the range 9.5–
10.5 cal.aBP(e.g.Nydaletal.1970;Gunnarsd�ottir1996;
Barnett et al. 2000; Matthews et al. 2000, 2005; Nesje &
Dahl 2001; Matthews &Dresser 2008; Velle et al. 2010).
These estimates are likely to have been influenced to
varying degrees by delayed organic production in newly
deglaciated landscapes.Velle et al. (2010) considered that
deglaciation occurred in theEarlyHolocene (~11 cal. ka
BP) at Brurskardstjønne in eastern Jotunheimen
(1309 m a.s.l.) followed by rapidly increasing local
organic production from about 10 ka. The oldest
available radiocarbon date from Bukkeh�am�artjørna
(1594 m a.s.l.), eastern Jotunheimen, suggests that
deglaciation may have occurred between 11.9 and
11.2 cal. ka BP (Lie et al. 2004). Periglacial patterned
ground in the immediate vicinity of the moraines and on
Juvflye indicates that peak frost sorting occurred during
the Early Holocene and seems to have commenced
shortly after deglaciation (Winkler et al. 2016, 2020), but
precise dating was hampered by the lack of independent
local old control points for SHD.

Material and methods

Moraine characteristics and mapping

This study focuses on relict ice-marginal moraine ridges
thatoccurup to2.5 kmfromtoday’s glaciers (Figs 2, S1–
S3). The ridges are composed of diamictons with
abundant fines and avariable boulder component. They
lack the characteristic morphology of the massive ice-
cored moraine ramparts that lie much closer to the
glaciers at a higher elevation. There is no evidence of
the anastomosing ridges that are produced as a result of
sediment deformation and creep associatedwith the ice-
cored moraines formed by polythermal glaciers in a
permafrost environment. Instead, they are smaller,

discrete ridges that rise 2–10 m above the surrounding
terrain andaremore typical of themorainesof temperate
glacier landsystems produced by climatically induced
advances or still-stands in the position of the glacier
margin (cf. Evans 2003; Etzelm€uller & Hagen 2005).

The moraine ridges were identified in the field and
mapped with the aid of colour aerial photographic
images from 23 September 2017 available with 0.25 m
resolution from the Norge i bilder website (https://www.
norgeibilder.no/). However, preservation of the moraines
is poor in places because of widespread postdepositional
paraglacial and periglacial activity, including gullying,
solifluction (e.g. Fig. 2B) and the development of sorted
patterned ground (circles and stripes). The landscape
setting of the moraines is indicated in Figs S1 and S2.

At the site on Galdhøpiggen, segments of a single
arcuate latero-terminal moraine ridge can be followed
over a total distance of >2 km and an elevation range of
~1550–1620 m a.s.l. (Fig. 3A). Although the eastern
lateral moraine is less well defined because of greater
erosional activity on steeper slopes, well-preserved
moraine fragments define the outline of the lower parts
of a palaeoglacier. The minimum extent of this palaeo-
glacier is interpreted as a relatively small, isolated glacier
located beneath the north-facing slope of a small hill,
Juvvasshøe (1894 m a.s.l.), close to the northern edge of
the high-elevation Juvflye plateau (Fig. 3A). The closest
glacier, Juvfonne, is a small (~0.1 km2) ice patch located
>3 km to the SW, between 1852 and 1985 m a.s.l.
(Kjøllmoen et al. 2021), and it has existed continuously
since~7600 cal. aBP (Ødeg�ardet al. 2017).Today, the ice
patch covers an area of about 0.086 km2, and is a centre
of attention for mass balance monitoring (Kjøllmoen
et al. 2021) and findings of archaeological artefacts
(Ødeg�ardet al. 2017).Analternative interpretationof the
maximum extent of the palaeoglacier is that it represents
the extent of a merged Juvfonne/Kjelen/Veslejuvbrean
palaeoglacier that expanded from the eastern side of
Galdhøe (2223 m a.s.l.) onto the Juvflye plateau and
overran Juvasshøe (Fig. 3A).

In the Glittertinden area, a moraine belt consists of
two and in places more ridges, which is indicative
of themargin of an expandedGr�asubrean palaeoglacier.
The moraine ridges can be traced for >2 km across the
mountainside SE of Glittertinden (Fig. 3B). This
moraine belt is about 100 m wide at elevations of
~1520–1800 m a.s.l. At the highest elevations it is
oriented NW–SE, approximately parallel and approxi-
mately 1 km distal to Gr�asuranden, the ice-cored
moraine of Gr�asubrean. At lower elevations, the re-
orientation of the moraine ridges towards the east
indicates that ice from the palaeoglacier was confluent
with a valley glacier flowing down Veodalen. The
palaeoglacier can therefore be interpreted as represent-
ing an ice cap on Glittertinden. Further east, at an
elevation of ~1500 m a.s.l., the moraine belt turns
towards the NE, entering the lower part of the broad,

4 John A. Matthews et al. BOREAS
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shallowvalleyofTrollsteinkvelven for a short distance of
a few hundred metres. Four discrete ridges can be
identified at this point. Moraine ridges are much less
clear and could not be traced far to the east of the
Bergenussa river.

Sampling and material analysis for 10Be dating

At the Galdhøpiggen sites, samples were collected from
moraine ridgesandsitesboth ‘inside’and ‘outside’of the
inferred limits of the local palaeoglaciers.Moraine-ridge
sites are represented by seven boulder samples of
granitic–granodioritic composition from western and
eastern segments of the latero-terminal moraine (eleva-
tion range 1557–1566 m a.s.l.). A single bedrock surface
of felsic composition from south of the moraine at an
elevationof1694 m a.s.l. represents theonly ‘inside’ site,
and it is used as a test for the presence of inheritance and
hence whether the local palaeoglacier could have been

low-erosive and cold-based. Three ‘outside’ samples
were taken fromgranulite erratics: twowereembedded in
till and one rested on exposed bedrock. They were
locatedapproximately1 kmsouthandeastof the eastern
moraine segment, within an elevation range of 1611–
1636 m a.s.l. The sampling design was based on the
hypothesis that surface exposure ages derived from
the moraine samples would indicate the timing of
moraine formation by the palaeoglacier, whereas ages
from the ‘outside’ sites would potentially date an earlier
phase of deposition relating to deglaciation of a more
extensive ice cover.

At the Glittertinden sites, samples were taken from
moraine ridges and ‘inside’ sites. Seven granulite
boulders were sampled from the two most prominent
ridges within the moraine belt (elevation range 1528–
1759 m a.s.l.) while four ‘inside’ samples relate to
granulite erratics on bedrock (two samples) or granulite
veins in bedrock (two samples) at various elevations

Fig. 2. Photographs of the moraine ridges dated using 10Be and Schmidt-hammer exposure-age dating (SHD). A. The western ridge is from the
Galdhøpiggen study area: note the scale frompeople standing on the ridge crest, which rises diagonally across the hillside towards the Juvfonne ice
patch on the skyline. B. Uppermost part of the western ridge from the Galdhøpiggen study area close to the Galdhøpiggvegen road: note stone-
banked solifluction lobes (left) abutting the proximal slope of the ridge, whereas the ridge crest appears unaffected by periglacial processes. C. The
outer ridge of the moraine belt from theGlittertinden study area (viewed from the east side of the Bergenussa river valley) winds upslope towards
Gr�asubrean and Glittertinden on the skyline. D. Close up of the same ridge at the relatively high elevation of 1750 m a.s.l.

BOREAS Deglaciation of the highest mountains in Scandinavia at the Younger Dryas–Holocene transition 5
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(1397–1476 m a.s.l.) significantly below the elevation of
the moraine belt. The purpose of the latter four samples
was to test further the age of the moraine ridges and
constrain the timing of the subsequent retreat of the
palaeoglacier from the moraine belt. In addition, we
wanted to check the bedrock for nuclide inheritance,
despite frequent observations of striations, glacial polish
and grooves. This was also the purpose of collecting a

single bedrock sample from a quartz vein in syenitic
gneiss on Søre Brurskardsknappen, about 26 km south
of theGlittertinden sites, but proximal to the ~11 cal. ka
BP lake site of Velle et al. (2010).

Atotalof23rocksamples (Fig.S4)werecollected from
the top surfaces of boulders and bedrockoutcrops using
a hammer and chisel. To minimize the effect of post-
depositional landform degradation, samples were

Fig. 3. Maps of theGaldhøpiggen (A) andGlittertinden (B) study areas at the same scale (indicated inA) showing the location ofmoraines ridges
(thick red lines), boulder and bedrock samples for 10Be dating (small red circles; see Table 1 for precise coordinates), areas of moraine boulders
sampled for SHD (numbered green ovals) and control points for SHD (large green circles). The site of the young control point for SHD in the
Glittertinden area is on the glacier foreland of Gr�asubrean (west of Gr�asuranden). Minimum and maximum extent of the palaeoglacier at the
Galdhøpiggen site are also shown. Additional details on the landscape settings of the moraines are available from topographic maps and aerial
images in Figs S1 and S2.

6 John A. Matthews et al. BOREAS
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preferably takenfromlargeand(sub-)horizontalboulder
surfaces of suitable composition (Table S2). Sample
locations were recorded using a handheld GPS (Garmin
Montana 600) and checked against the digital terrain
model of the area. Elevations from the digital
terrain model are used when calculating site-specific
10Be production rates. Topographic shielding at each
sampling location is based on clinometer readings to the
skyline at 20 (JUV samples) and 15 (BER,BRUsamples)
degrees azimuth intervals, and calculated according to
Dunne et al. (1999). Field and laboratory information
used for calculating surface exposure ages are given in
Table 1.

Sample processing took place in the Preparation
Facility for Cosmogenic Nuclides at the University of
Bergen (DataS1,TableS3).Beryllium isotoperatioswere
measured at the Aarhus AMS Centre, Aarhus Univer-
sity, Denmark (Data S2).

The erosion rate used (1.5 mm ka�1) is based on
assessing the surface relief for each sampled surface
(Table S2), and by measuring the surface relief from
additional 12 surfaces with protruding quartz veins and
lenses (Fig. S5) in thevicinityof samples JUV1909–1911.
Quartz veins and lenses typically protrude 15–20 mm
above the rock surface. This is consistent with field
observations of protruding quartz veins on bedrock
outcrops previously scoured by glaciers in Jotunheimen
(Matthews & Owen 2011) and elsewhere in the Scandi-
navian mountains (Andr�e 2002; Owen et al. 2007;
Nicholson 2009; Linge et al. 2020). Based on the
abovementioned observations, the extreme range of
erosion rates fromcrystalline lithologies at Scandinavian
sites appears to be from0.2 to 4.8 mm ka�1. The highest
rates are, however, atypical for the well-drained surfaces
of both bedrock outcrops and the boulders associated
with exposed moraine crests. The chosen erosion rate
amounts to a correction of about 120 years for an
exposure period of 10 ka. An erosion rate of
1.0 mm ka�1 would lead to a correction of about
80 years, whereas a higher rate of 2.0 mm ka�1 would
give a correction of about 165 years. The correction for
erosion is thus less than half of the typical analytical
uncertainty in the dataset.

Snowshieldingwasestimated fromthemodelledmean
annual snow thickness and snow-cover duration for two
locations for the JUV samples (1564 and 1661 m a.s.l.)
and one location for the BER samples (1645 m a.s.l.),
assuming a snow density of 0.3 g cm�3 and an attenu-
ation length of 160 g cm�3 (cf. Vermeesch 2007). Snow
density measured at Juvfonne in May 2020 was
0.4 g cm�3 (Kjøllmoen et al. 2021). Using one-quarter
of thepresent-day snowthickness (TableS1) is atentative
value based on the difference between uplift-corrected
10Be ages from mid -to high-elevation Younger Dryas
sites and their inferred or independently dated early/late
Younger Dryas age (Data S3). It seems to accommodate
wind effects (thinner snow cover) on positive landforms,

as well as reduced thickness and duration of snow cover
at lower elevations and during the Holocene Thermal
Maximum.No boulder-height correctionwas applied to
the snow thickness data (cf. Heyman et al. 2016) as our
boulders are relatively small.

After performing preliminary estimates of surface
exposure ages, where topographic shielding, rock
surface erosion and snow shielding were considered,
an evaluation of the site’s uplift history was made. We
have applied a simplified approach to glacio-isostatic
rebound (land uplift). Juvvasshøe is located approxi-
mately on the same isobase as Verdalsøra (Lys�a
et al. 2008; Vorren et al. 2008), i.e. these locations have
similar relative sea-level changes since the termination
of the last glaciation at the end of the Younger Dryas
(~12 ka). We use the shape of the relative sea-level curve
from Verdalsøra to estimate the elevation changes in
500-year increments at Juvvasshøe and Bergenussa.
Approximately 70% of the elevation change occurred
before 8 ka and the remainder thereafter. The relative
uplift at Juvvasshøe was calculated by extrapolating the
isobases along the Sognefjord to Jotunheimen, which
yields a total uplift of 194 m since 12 ka. At
Juvvasshøe, a 12-ka surface has a mean elevation
56 m (3.6%) lower than today, a 11-ka surface 45 m
(2.9%) lower than today, and a 10-ka surface 36 m
(2.3%) lower than today. We use 11.5 ka as the total
exposure duration, regardless of the ages obtained from
individual boulder surfaces. The mean elevation for the
last 11.5 ka is 50 m lower than the present-day
elevation at Juvvasshøe and 53 m lower at Veodalen.
Our simplified approach differs from the ICE-6G
(Peltier et al. 2015) based ‘Correct for Elevation
Change’ tool available from iceTEA (http://ice-tea.
org) output in two aspects: (i) a quantifiable uplift
uncertainty is not included, leading to an underestima-
tion of the age uncertainties; and (ii) the palaeo-
elevation at the time of landform formation is used,
instead of the apparent onset of exposure based on
nuclide concentrations.

All 10Be ages are calculated using version 3 of the
online exposure age calculator (https://hess.ess.
washington.edu; Balco et al. 2008). We use the global
10Be production rate (Borchers et al. 2016), and the
LSDn scaling scheme (Lifton et al. 2014). Both
the western Norway and Scandinavian production rates
yield higher ages than the global production rate, ~1.3%
and 4.5%, respectively (Table S4), but our choice is based
on an assessment of the consistency of dating results for
suites of YD landforms using different production rates
(global, western Norway, Scandinavian) and scaling
models (Lm, LSDn). This exercise showed that the
Scandinavian production rate overestimates YD ages
when correcting for glacial isostatic uplift. The western
Norway production rate data set was eliminated from
consideration because it does not contain high-elevation
surfaces, leaving only a global production rate. The

BOREAS Deglaciation of the highest mountains in Scandinavia at the Younger Dryas–Holocene transition 7
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rationale behind our choice of production rate and
scaling model is further elaborated in Data S3, S4 and
Table S4.

Table 1 shows both estimated ‘raw’ ages (Fig. S6)
and corrected ages. The corrections include erosion
(1.5 mm ka�1), one-quarter of the modern snow shield-
ing (2%) and glacio-isostatic uplift (average elevation
since 11.5 ka). Erosion and snow shielding lead to~3.5%
higher ages, which increases to ~8% when uplift is
included. Only the corrected ages are used throughout
this paper as they are the closest approximations to the
true ages of the moraines. In order of decreasing impact,
the main uncertainties are associated with the quantifi-
cation of snow shielding, the precision of the uplift
history and the representativeness of the erosion rate, for
the entire exposure period.

Sampling and analysis for SHD

Using a mechanical N-type Schmidt hammer (Pro-
ceq 2017), large samples of R-values (rebound values)
were collected from boulders on moraine ridges and
glacially scoured bedrock outcrops. Sampling was
designed to produce SHD age determinations that are
both complementary and directly comparable with the
10Be ages. At each of four Galdhøpiggen moraine-ridge
sites (Fig. 3A), sample sizes of 200 R-values were
obtained and a single impact was taken from each
boulder. Four sites were also sampled from the Glitter-
tinden moraine belt, again using sample sizes of 200
impacts: two from the outer ridge, one from the inner
ridge and one from an intermediate ridge (Fig. 3B).
Similar sample sizes (n = 200) were used at ‘inside’ sites
in the Glittertinden area (three bedrock sites and two
associated sites involving erratic boulders perched on
these bedrock outcrops, all located at elevations below
the moraine belt). Sample sizes from additional rock
surfaces used for age calibration in the Galdhøpiggen
area are described below.

On the basis of a large numberof SHDapplications to
gneissic rock surfaces in southern Norway, sample sizes
of at least 200 R-values are sufficient to ensure an age
resolution of <1000 years (Matthews & Winkler 2022).
R-Value distributions from the moraine ridges (Fig. 4)
show symmetrical distributionswith little or no evidence
of departure from normality (see also the skewness and
kurtosis values in Table 3) or multimodality that might
indicate boulder populations of mixed age (Matthews &
Winkler 2022). Combining the data from adjacent sites
was expected to produce an age resolution of ~500 years
or less, while subsamples of 100 impacts permitted the
inspection of within-site R-value variability and
the detection of possible post-depositional disturbance
effects.Asboulderswere sufficientlyabundant, theuseof
one impact per boulder was favoured in order to take
between-boulder R-value variability fully into account.
Clusters of impacts were taken from several different

parts of each of the bedrock outcrops to account for
within-outcrop R-value variability.

Lithological, micro-topographical and other micro-
environmental differences between boulder and bedrock
surfaces were eliminated as much as possible during
sampling. Although lithological inhomogeneity could
not be completely eliminated, boulder and bedrock
surfaces of the dominant regional pyroxene–granulite
gneiss were impacted and less common lithologies were
avoided. Following common principles and practice in
previousapplications (e.g.Sumner&Nel2002;Shakesby
et al. 2006; Aydin 2009; Matthews & Owen 2010;
Karakul 2017, 2020), impacts were confined to horizon-
tal or subhorizontal rock surfaces at points with an
absence of lichen cover. Structural defects, cracks, edges
and wet or moist rock surfaces were avoided and only
stable boulders that did not move when impacted were
used. The requirement of a minimum boulder size or
weight did not therefore arise (cf. Goudie 2006; Stahl
et al. 2013; Winkler et al. 2016, 2020). Focusing of
sampling on upstanding outcrops and the crests
of moraine ridges at locations within a relatively narrow
elevation rangewenta considerableway towardsholding
constant any microclimatic effects (particularly those
affected by snow depth and duration) on weathering
rates and hence R-values.

No abrasive pretreatment of the rock surfaces was
attempted prior to Schmidt hammer measurement on
the grounds that artificial abrasion is likely to remove
weathering as well as non-weathering roughness effects
and therefore to be counterproductive in the context of
SHD (see discussion in Matthews & Winkler 2022).
Similarly, apart from the rejection of particular anom-
alous R-values for specific reasons for which there was
evidence (such as slippage of the instrument during
measurement or the presence of structural flaws at the
point of impact), no systematic rejection of high- or low-
value outliers was deemed necessary or beneficial.

Age calibration was carried out separately for the
Galdhøpiggen and Glittertinden areas. It involved
establishing linear numerical relationships (calibration
equations) between R-value and rock-surface age using
two (young and old) control surfaces of known age. This
‘two-point’ solutiontoagecalibrationwasfirstproposed
by Matthews & Owen (2010), and has since been widely
applied (seeMatthews&Winkler 2022). In this paperwe
have used several sites on boulders and/or bedrock,
which have been weighted equally and combined to
establish each control point. Despite an underlying non-
linear (negative exponential) rate of chemicalweathering
of rock surfaces over longer timescales (Colman 1981;
Colman & Dethier 1986; Tomkins et al. 2018b), the
relationship between R-value and surface age, particu-
larly of resistant lithologies, has been shown to be
approximately linear over the shorter timescale of the
HoloceneandLateglacial (Shakesbyetal. 2011;Tomkins
et al. 2016, 2018a; Matthews & Winkler 2022). The

10 John A. Matthews et al. BOREAS

 15023885, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bor.12644 by U

N
IV

E
R

SIT
Y

 O
F B

E
R

G
E

N
, W

iley O
nline L

ibrary on [17/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



approach is therefore justifiable, provided the control-
point ages used for SHD are independent of the in situ
cosmogenic nuclide ages used to date themoraine ridges.

Putting the full approach intopractice involves a series
of nine equations, which have been summarized most
recently inMatthews&Winkler (2022). EachSHDage is
predicted with a 95% confidence interval (Ct) produced
by combining the 95% confidence interval of the
calibration equation (Cc; the calibration error) with
the 95% confidence interval associated with the surface
being dated (Cs; the sampling error). Both Cc and Cs
depend on R-value variability and sample size. The
method makes at least three assumptions: (i)
the calibration equation is indeed linear; (ii) the control

points and the surfaces to be dated have identical
lithologies; and (iii) the ages assigned to the control
points are accurate. The ‘two-point’ solution to age
calibration was necessary as additional surfaces of
known age are not available from the study area. It
should also be noted that several studies utilizing
multiple control points spread over the entire Holocene
on comparable lithologies (e.g. Shakesby et al. 2011)
confirm that a linear SHD-calibration equation is a
suitable selection for our time scale.

To allow an independent dating approach, the ages of
the ‘old’ control points in this study are provided by the
10Be ages from the erratic boulders located ‘outside’
themoraine in theGaldhøpiggen study area and ‘inside’

Fig. 4. R-Value frequency histograms for moraine-ridge sites in the (A) Galdhøpiggen (red) and (B) Glittertinden (green) areas. Vertical lines
indicate overall meanR-values for the four sites in each area (see Table 3 for numerical values of skewness and kurtosis).

BOREAS Deglaciation of the highest mountains in Scandinavia at the Younger Dryas–Holocene transition 11
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the moraine belt in the Glittertinden area. R-values for
the ‘old’ control point in the Galdhøpiggen area were
measured previously on glacially scoured bedrock
surfaces located in close proximity to the erratic boulders
on Svartkampan (Fig. 3A) (Matthews et al. 2019). The
‘young’ control point in the Galdhøpiggen area utilizes
R-values from boulders onmodern deglacierized terrain
at Veslejuvbreen, close to the Kjelen glacier front
(Matthews et al. 2014), and active frost-shattered
bedrock cliffs at Svartkampan (Matthews et al. 2019)
(Fig. 3A). In theGlittertindenarea,R-values for the ‘old’
control point were obtained in this study from boulders
and bedrock in the immediate vicinityof the ‘inside’ sites
dated by 10Be while, for the ‘young’ control point, R-
values from boulders measured previously on modern
moraine ridges on the Gr�asubrean glacier foreland
(Matthews et al. 2014) were used (Fig. 3B).

ELA reconstruction

The difference in the ELAbetween amodern glacier and
a comparable palaeoglacier in the same area (DELA) is
an index of climatic change driven by winter (accumu-
lation season) precipitation, summer (ablation season)
temperature and wind transport of (dry) snow from
adjacent mountain plateaus.

Several approaches have been developed for calculat-
ing the ELAs of palaeoglaciers from their outer limits,
based on the mapping of frontal and lateral moraines
(e.g. Sutherland 1984; Rea 2009; Benn & Hulton 2010;
Bakke & Nesje 2011; Pellitero et al. 2015). Here we use
three relatively simple methods to estimate the ELA of
the palaeoglaciers on Galdhøpiggen and Glittertinden.
Previous wide use of these methods in the context of
Norwegianglaciersprovidesnecessarycomparativedata
for interpreting our results.

• Themaximumelevationof lateralmoraines (MELM)
simply defines the ELA as the highest elevations at
which lateral moraines occur. It depends on the
pattern of glacier flow, which produces lateral
moraines only below the ELAwhere, in the ablation
zone, the glacier flowlines are towards the glacier
margin (Andrews 1975). TheMELMunderestimates
the ELA if insufficient debris is available or slopes are
too steep to form moraines, or if moraines have been
removed by post-depositional erosion.

• The toe-to-headwall altitude ratio (THAR) locates
theELAbetween themaximum(Hmax) andminimum
(Hmin) elevation of the glacier according to an
empirically determined ratio (P�ew�e & Reger 1972;
Meierding 1982). Here, we apply a ratio of 0.6, which
is appropriate for steady-state glaciers. Hmax is often
moredifficult todefine thanHminandtheTHARdoes
not take account of glacier hypsometryor topography.

• The accumulation area ratio (AAR) takes hypsome-
try intoaccountbyusing the ratioof theaccumulation

areato the totalglacierarea.TheAARiscommonly in
the range 0.5–0.8 for steady-state glaciers (Meier &
Post 1962) with significant variations associatedwith
deviations from uniform area/elevation distributions
(Nesje 1992).We follow Porter (1975), who suggested
that an AARof 0.6�0.05 is typical for valley glaciers.

All threemethodswere employed in theGaldhøpiggen
area and corrected for land uplift (as explained above in
relation to 10Be dating). The two options considered for
the outline of the palaeoglacier, estimating its minimum
andmaximumextent, eachyielded corresponding values
for the palaeo-ELAandhenceDELA.Bothoptions used
the same position of the former glacier snout and
ablation area based on the latero-terminal moraine but
different positions of the headwall and accumulation
area. The minimum extent of the palaeoglacier assumes
an isolated ice body located beneath Juvvasshøe with a
headwall at ~1740 m a.s.l. (Fig. 3A). The maximum
extent of the palaeoglacier considers a much larger ice
body with a headwall extending to ~2030 m a.s.l.
beneathGaldhøe.Modern steady-stateELAswerebased
on THAR and AAR from the present outline of the
Vesljuvbrean glacier (which has no lateral or terminal
moraines).

In the Glittertinden area, the minimum elevation of
the palaeoglacier is unknown owing to the absence of a
terminal moraine, and the absence of a lateral moraine
on the south side of Veodalen prevented reconstruction
of the outline of the palaeoglacier. Thus, neither the
THAR nor the AAR could be calculated. However, an
estimate of the MELM is available from the maximum
elevationattainedbythemorainebeltonthenorthsideof
Veodalenand themodernELAisaccuratelyknownfrom
mass-balance monitoring of Gr�asubrean between 2010
and 2021 (http://glacier.nve.no/glacier/viewer/ci/no/).
Both Gr�asubrean and Vesljuvbrean are considered very
appropriate topographically for estimating the modern
ELA and for comparison with their respective palaeo-
glaciers as they are substantial glaciers that are located
directly upslope of the palaeoglaciers with similar
aspects.

Results

10Be ages
10Be surface exposure ages (LSDn scaling, global
production rate), with internal and external uncer-
tainties (�1r) are presented in Table 1 (see also
Fig. S5). When only single uncertainties are mentioned
in the text, these are the internal uncertainties (appro-
priate for internal comparison of the dataset) unless
stated otherwise. Groups of samples and within-group
mean ages with excluded statistical outliers (error-
weighed mean ages) are identified in Table 1. Such
outliers are most likely accounted for by inheritance of

12 John A. Matthews et al. BOREAS
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10Be in boulders incorporated into moraines (over-
estimates of moraine age) or excessive post-depositional
erosion (underestimates of moraine age). Nuclide
inheritance is only apparent for the BRU bedrock
sample, based on the high apparent 10Be surface
exposure age and an 26Al/10Be ratio of 6.4�0.3. Raw
and corrected exposure ages are also provided in Table 1
but, for reasons given above, the corrected ages are
considered most realistic and are the preferred age
estimates used throughout the text and in Fig. 5.

Galdhøpiggen sites. – The three moraine boulders
from the western moraine ridge crest yielded corrected
10Be ages ranging over ~2.0 ka from 11.68�0.46
to 13.81�0.47 ka (Table 1) with a mean age of
12.55�1.12 ka. Removal of the single outlier (JUV

1909) gives an error-weighted corrected mean age of
11.92�0.32 ka. Inheritance is the most likely explana-
tion for the anomalously old age of JUV 1909.

Four boulders from the eastern moraine ridge crest
yielded corrected 10Be ages ranging from 6.41�0.29 to
14.93�0.50 ka, and a mean age of 10.98�3.50 ka.
Excluding the oldest and youngest ages (both JUV
1907 and JUV 1908 are outliers), the error-weighted
corrected mean age is 11.30�0.28 ka. The anomalous
youngageobtained for sample JUV1908 (6.41�0.29 ka)
may be the result of a slab-release event exploiting
surface-parallel rock fractures. Although there is no
obvious observational evidence for the anomalously old
age obtained for JUV1907 (14.93�0.50 ka), inheritance
again provides a likely explanation. On the other hand,
the relatively young corrected age of the single bedrock

Fig. 5. Upper panel: individual corrected 10Be exposure ages with internal uncertainties. Lower panel: normal kernel density estimates of error-
weighedmaximumcorrectedmean 10Be exposure ages fromthewesternandeasternmoraine-ridges in theGaldhøpiggen studyarea (JUVMoraine
boulders), themoraine belt in theGlittertinden study area (BERMoraine boulders), ‘inside’ sites (JUVBedrock, BERBedrock and BERErratic
boulders) and ‘outside’ sites (JUV Erratic boulders). The vertical grey band represents the Younger Dryas Stadial.
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sample from inside the moraine ridge (JUV 2201;
8.32�0.32 ka) shows a lack of nuclide inheritance and
indicates prolonged snow shielding as it is proximal to a
modern snow field. Moreover, the bedrock exposure is
located in the upper part of a modern snow field and the
apparent exposure age supports prolonged snow shield-
ing or a combination of erosion and snow shielding.

Combining all seven moraine boulders yields a
corrected mean age of 11.65�2.69 ka. Removing the
outliers (JUV 1907, 1908, 1909) gives an error-weighted
mean corrected age of 11.56�0.21 ka (Table 1).

The erratic boulders sampled from ‘outside’ the
limits of the proposed palaeoglacier yielded three 10Be
ages between 10.82�0.44 and 11.49�0.60 ka, all of
which overlap within their analytical uncertainties
(Table 1). The mean corrected age is 11.21�0.34 ka
and the error-weighted mean age is 11.16�0.26 ka.
Thus, the exposure age of the group of erratic boulders
from the ‘outside’ sites cannot be distinguished from
the age of the boulders on the eastern moraine ridge
but appears to be ~750 years younger than the
moraine boulders on the western ridge (see also
Fig. 5). This small (but not statistically significant)
age difference could be accounted for by environmen-
tal differences between the sites, possibly local
variations in snow shielding and/or differences in
weathering rate.

Glittertinden sites. – Three of the 10Be ages from the
Glittertinden moraine belt sites (BER 2102, 2103 and
2203) yielded outliers of 9.38�0.29, 8.48�0.21
and 13.63�0.37 ka. The young outliers may be explica-
ble in terms of more recent/active landform degradation
as this ridge segment has snow fields along both flanks.
The significantly old outlier may be accounted for in
terms of inheritance (Table 1). The four remaining ages

(three from the outer ridge of the moraine belt), which
range from 10.93�0.35 (BER 2202) to 11.62�0.49 ka
(BER 2201), are in close agreement, yielding an error-
weighted correctedmean age of 11.22�0.16 ka. The age
of 11.20�0.29 ka from the inner ridge (BER 2101)
supports the proposition that there is no significant
difference inagebetween theouter and inner ridgesof the
moraine. The 10Be age for theGlittertindenmoraine belt
is therefore remarkably close to the 10Be age of the
eastern moraine ridge in the Galdhøpiggen area (i.e.
11.30�0.28 ka; see also Fig. 5).

The four age estimates of boulder and bedrock
surfaces from sites ‘inside’ the moraine belt (BER 2105
andBER2204,BER2205andBER2206) are in excellent
agreement (the range of minimum corrected ages is
10.46�0.38 to 11.72�0.36 ka). None of these ‘inside’
ages are anomalous, the ages of the bedrock and boulder
samples do not differ significantly and their error-
weighted corrected mean ages are 11.09�0.89 and
11.22�0.24 ka, respectively. Similarity in age between
themoraines and the ‘inside’ sites points to rapid retreat
of the palaeoglacier from the moraine belt once it had
been constructed.

SHD ages

Control-surface R-values, their known ages and the
locally derived calibration equations are provided in
Table 2, whileR-values and SHD ages from the moraine
ridgeswith their uncertainties (95%confidence intervals)
are summarized in Table 3. Combined SHD ages for
western and eastern parts of the single moraine ridge
from the Galdhøpiggen area and the outer and inner
ridges of themorainebelt from theGlittertinden area are
used later for comparison with the preferred error-
weighted corrected mean 10Be ages.

Table 2. Control-point R-values, their 10Be exposure ages (old control points) and observed modern ages (young control points) and the age-
calibration equations for Galdhøpiggen and Glittertinden sites. Combined site values were used for SHD age calibration. Site code indicates
lithology and type of rock surface: G = pyroxene granulite gneiss; M = mylonitized pyroxene granulite gneiss; RO = rock outcrops;
Bo = boulders; SD = standard deviation; CI = 95% confidence interval; n = sample size (number of impacts).

Site code Mean SD CI n Mean SD CI n Source

Galdhøpiggen sites (y = 36 413.955 � 621.712x)
Old control (10Be age 11.16 ka) Young control (modern age 50 years)

G1 (RO) 42.42 9.04 0.94 355 – – – – Matthews et al. (2019)
G2 (RO) 38.59 9.16 0.96 350 – – – – Matthews et al. (2019)
M (RO) 41.03 8.57 0.98 300 59.66 5.62 1.12 100 Matthews et al. (2019)
G3 (Bo) – – – – 57.31 8.25 1.03 250 Matthews et al. (2014)
Combined 40.62 9.07 0.56 1005 58.49 6.94 0.73 350

Glittertinden sites (y = 31 417.55 � 530.398x)
Old control (10Be age 11.22 ka) Young control (modern age 18 years)

G4 (RO) 38.08 9.91 1.39 200 – – – – This study
G5 (Bo) 37.53 9.62 1.34 200 – – – – This study
G6 (Bo) 38.64 11.07 1.55 200 – – – – This study
G7 (Bo) – – – – 58.25 8.93 0.91 375 Matthews et al. (2014)
G8 (Bo) – – – – 60.15 8.46 0.86 375 Matthews et al. (2014)
Combined 38.08 10.20 0.82 600 59.20 8.70 0.62 750

14 John A. Matthews et al. BOREAS
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Galdhøpiggen sites. – The SHD age estimates from
Galdhøpiggen moraine-ridge sites (1–4) range over
~2.0 ka from 9.80�1.00 to 11.85�0.98 ka. Confidence
intervals of approximately 1.0 ka indicate that the age
differences between these two extremes of the range are
statistically significant. However, the differences
between the age estimates from within each part of the
ridge are not statistically significant: those from
the western part (sites 1 and 2) differ by 1.25 kawhereas
those from the eastern part (sites 3 and 4) differ by
0.90 ka. In the absence of clear outliers, therefore, it is
justifiable to combine the SHD results for each pair of
sites, yielding combined SHD ages of 11.25�0.73 and
10.25�0.73 ka, respectively, for the western and eastern
parts of the ridge. As the difference between these
combined ages of 1.0 ka is not statistically significant, it
is a reasonable conclusion that the two parts of the ridge
are of similar age. Variability in age may nevertheless be
affected by differences in weathering rate between sites
caused by such factors as minor lithological variation,
moisture availability and/or snow distribution: higher
rates would correspondwith relatively lowR-values and
hence yield relatively old ages.

Glittertinden sites. – The four SHD age estimates from
the Glittertinden moraine belt (sites 5–8) range
from10.40�0.82 to11.00�0.80 ka (Table3), adifference
of 0.6 ka. As the confidence intervals of the individual
age estimates lie between 0.75 and 0.85 ka (a little less
than those for the Galdhøpiggen moraine), none of the
fourageestimatesdiffer statistically fromeachother.The
combined ages from the outer and inner moraine ridges
of 10.80�0.45 and 10.45�0.45 ka, respectively, are also
more consistent than the results from the single
Galdhøpiggen moraine ridge (the two Glittertinden
combined ages differ by only 0.35 ka). Consistent ages
indicate that the ridgeswithin the Glittertindenmoraine

belt are all of closely similar age and also that between-
site lithological and/or environmental differenceswithin
themorainebelt are likely tobe less than those associated
with the Galdhøpiggen moraine ridge.

DELA

The modern glacier ELA estimates for the Glittertinden
area using the THAR and AAR methods are 2025 and
2050 m a.s.l., respectively (Table 4). These estimates are
close to and therefore corroborated by modern mass-
balance monitoring at Gr�asubrean, which indicates a

Table 3. Mean R-values and SHD ages for moraine-ridges from Galdhøpiggen and Glittertinden sites. SD = standard deviation; CI = 95%
confidence interval;Cs = sampling error of moraine ridge;Cc = error component of calibration curve; n = sample size (number of impacts; one
impact per boulder).

Moraine ridge R-value SHD age�95% CI (ka) Cs (years) Cc (years) n

Mean SD Skew Kurtosis

Galdhøpiggen sites
Site 1 (west ridge) 39.5 10.57 0.05 �0.96 11.85�0.98 920 355 200
Site 2 (west ridge) 41.5 10.45 �0.23 �0.71 10.60�0.97 910 355 200
Combined 40.5 10.54 �0.09 �0.88 11.25�0.73 645 345 400
Site 3 (east ridge) 41.4 10.08 �0.34 �0.65 10.70�0.95 875 355 200
Site 4 (east ridge) 42.8 10.67 �0.28 �0.82 9.80�1.00 925 360 200
Combined 42.1 10.39 �0.29 �0.73 10.25�0.73 640 355 400
Glittertinden sites
Site 5 (outer ridge) 38.5 9.10 0.02 �0.70 11.00�0.80 675 435 200
Site 6 (outer ridge) 39.3 9.97 �0.09 �0.95 10.55�0.85 735 430 200
Combined 38.9 9.54 �0.03 �0.84 10.80�0.45 500 430 400
Site 7 (inner ridge) 39.6 9.51 �0.14 �0.78 10.40�0.82 705 425 200
Site 8 (inner ridge) 39.5 8.56 0.03 �0.61 10.45�0.75 635 430 200
Combined 39.5 9.08 �0.08 �0.68 10.45�0.45 445 420 400

Table 4. Estimatesofmodernequilibrium-linealtitude (ELA),palaeo-
ELA and DELA in the Galdhøpiggen and Glittertinden areas using
three methods: MELM = maximum elevation of lateral moraines;
THAR = toe-to-headwall ratio (0.4); AAR = accumulation area ratio
(0.6). Note that the glaciers have no modern lateral moraines.

Parameter Method

MELM THAR AAR

Galdhøpiggen area
Modern glacier ELA (Vesljuvbrean) – 1980 1990
Palaeo-ELA (minimum glacier extent) 1605 1630 1665
Palaeo-ELA (maximum glacier extent) 1605 1800 1825
DELA (minimum glacier extent)1 �5752 �545 �520
DELA (maximum glacier extent)1 �5752 �375 �360
Glittertinden area
Modern glacier ELA (Gr�asubrean) – 2025 2050
Palaeo-ELA 1780 – –
DELA1 �4803 �440 �465

1All DELA estimates include a land uplift correction of 195 m.
2DELAestimate for theGaldhøpiggenareausingamodernglacierELA
of 1985 m a.s.l. (mean value of the modern ELAs estimated using the
THARand AARmethods).

3DELA estimate for the Glittertinden area using the modern steady-
state ELA for Gr�asubrean of 2065 m a.s.l. based on glacier mass
balance-monitoring 2010–2021 (http://glacier.nve.no/glacier/viewer/
ci/no/).
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steady-state ELA of 2065 m a.s.l. (http://glacier.nve.
no/glacier/viewer/ci/no/). They also suggest that confi-
dence can be placed in the use of the THAR and AAR
methods in the Galdhøpiggen area, which yielded ELA
values of 1980 and 1990 m a.s.l., respectively, based on
the present outline of Vesljuvbreen. The validity of our
modern ELAs based on THAR and AAR is further
supported by the lower values (by ~45–60 m) predicted
for theGaldhøpiggenareacomparedwith theGlittertind
area. This would be expected from the greater con-
tinentality of the latter location in eastern Jotunheimen.

The single palaeo-ELA estimate for the Glittertinden
area of 1780 m a.s.l. based on theMELMand using the
modern steady-state ELA fromGr�asubrean, indicates a
DELA (corrected for land uplift) of�480 m (Table 4). If
this is an overestimate (which is possible owing to the
nature of the MELM), the similarity with the DELA
estimates using THAR and AARof�440 and�465 m,
respectively (differing from theMELMestimateby40 m
or less) suggests that a large overestimate is unlikely.

Minimum and maximum estimates of DELA for the
Galdhøpiggenareabasedon theMELM(using themean
of the modern ELA estimates based on the THAR and
AAR applied to Vesljuvbrean) are both �575 m
(Table 4). This is unlikely to be a large overestimate of
the trueDELAfor theminimumpalaeoglacier extentas it
lies 55 m or less from theDELA estimates based entirely
on the THAR or AAR. However, for the maximum
palaeoglacier extent, the THAR- and AAR-based
DELA estimates of �375 and �360 m, respectively, are
considerably less than the MELM-based estimate. With
no compelling reason to prefer either palaeoglacier
extent from the other, mean values of the THAR- and
AAR-based DELAs of�460 and�440 m are estimated
for the Galdhøpiggen area. These values are very similar
to the equivalent values estimated for the Glittertinden
area and hence an overall mean estimate of �450 m for
the DELA in both areas.

Discussion

Exposure age of the moraines

Comparison of the preferred ages for the moraine
ridges based on 10Be dating and SHD (Fig. 6)
demonstrates that both exposure-age dating techniques
have insufficient age resolution to distinguish unam-
biguously between Early Holocene and Younger Dryas
ages. Including the statistical uncertainties, the range of
moraine ages lies between ~9.5 and ~12.7 ka, while
more likely age ranges based on the mean values alone
lie between ~11.2 and ~11.9 ka for 10Be dating and
~10.3 and ~11.3 ka for SHD. However, the age
differences between the dating techniques appear to
be greater than the age differences within the moraine
sets (particularly between the western and eastern
Galdhøpiggen ridges). This may be accounted for by

limitations of SHD as a calibrated-age dating technique
that assumes that the ages of the old control points are
error free as well as not being obtained from sites with
identical environmental conditions to those of the
moraine ridges. The simplest hypothesis is therefore
that both sets of moraine ridges have a similar true age
and date from either late in the Younger Dryas or very
early in the Holocene.

The true age of the moraine ridges in both the
Galdhøpiggen and Glittertinden areas is likely to
correlatewithglacier advances thathavebeen recognized
elsewhere in southern Norway and/or episodes of
relatively cold climate that have been precisely dated in
Greenland ice-core chronologies (Fig. 6C). Potential
EarlyHolocene events at~8.2and~9.3 kaareclear in the
Greenland d18O record (Rasmussen et al. 2007, 2014; see
alsoVintheret al. 2006),butcanbediscountedas theyare
generally beyond the range ofour exposure ages.Glacier
extentduring the~8.2kaevent, knownas theFinseEvent
inNorway (Nesje&Dahl 1991, 2001;Dahl&Nesje1994,
1996; Nesje & Matthews 2023) was, moreover,

Fig. 6. Graphical comparison of the preferred 10Be and SHD ages of
the moraine ridges on (A) Galdhøpiggen and (B) Glittertinden in
relation to (C) the Greenland ice-core d18O record (after Rasmussen
et al. 2007, 2014). 10Be ages (red) are error-weighted corrected mean
ages with 1r (solid bar) external uncertainties from Table 1. SHD ages
(green)arecombinedmeanages (n = 400 impacts)with95%confidence
intervals from Table 3. Vertical (blue) bands represent intervals of
relatively cold climate, which are recognisable in the Greenland d18O
record and/or the record of southern Norwegian glacier variations.
Note the ages of five centennial-scale Early Holocene events and the
millennial-scale Younger Dryas Stadial (YD).

16 John A. Matthews et al. BOREAS
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insufficient toaccount for theextentof thepalaeoglaciers
identified in this study. Although the ~10.2 ka event is
relatively poorly defined in the Greenland ice-core
chronology, it is widely recognized as associated with a
glacier re-advance within the Erdalen Event in southern
Norway (Nesje et al. 1991; Dahl et al. 2002;Matthews&
Dresser 2008; Shakesbyet al. 2020).Glacier extent at this
time was, however, only slightly greater than during the
Little IceAge and therefore incompatiblewith the extent
of thepalaeoglaciers onGaldhøpiggenandGlittertinden
(see also the discussion of ELAs below).

Our exposure-age estimates are compatible with two
other Early Holocene centennial-scale events in the
Greenland d18O record, namely, those at ~10.9 and
~11.4 ka (Fig. 6C). The earliest Holocene event, also
known as the Preboreal Oscillation (Bj€orck et al. 1997;
Kobashi etal. 2007;Mekhaldi etal. 2020)occurredonlya
few hundred years after the end of the Younger Dryas.
Moraines havebeen attributed previously to this event in
southern Norway (e.g. Fareth 1987; Bakke et al. 2005;
Lane et al. 2020; Romundset et al. 2023) but to the
authors’ knowledge such moraines have not been
accurately dated.

Numerous moraines, not only those delimiting the
margin of the Younger Dryas ice sheet but also those
deposited by mountain glaciers located beyond its
western limit, have been dated to the Younger Dryas
Stadial (12.9–11.7 ka) (Nesje 2009; Stroeven et al. 2016;
Lane et al. 2020;Mangerud 2023;Mangerud et al. 2023).
Based on our evidence from exposure-age dating, a
Younger Dryas age is clearly possible for the moraine
ridges on Galdhøpiggen and Glittertinden, but further
independent evidence would be necessary to distinguish
between late Younger Dryas and Early Holocene
possibilities.

The error-weighted minimum-corrected mean ages of
the 10Be samples from the erratic boulders located
immediately ‘outside’ the moraine ridge in the Galdhø-
piggen area (11.16�0.26 ka) and from erratic boulders
(11.22�0.24 ka) and bedrock (11.09�0.89 ka) ‘inside’
the moraine belt in the Glittertinden area are indistin-
guishable both from each other and from the exposure
ages from the moraine-ridges (Table 1). This strongly
suggests that both the glacier advance that produced the
moraines and the subsequent retreat of the glacier were
part of a short-lived event during deglaciation. Other-
wise, greater age differences, and hence greater time
lapses would have been apparent between the moraine
‘inside’ and ‘outside’ sites.

ELA depression of the palaeoglaciers

The DELAvalues for the Younger Dryas may have been
as largeas�600 to�700 minmaritimeareas towards the
northwestern coast of southern Norway (Larsen et al.
1984), and our full range of estimates for theGaldhøpig-
gen and Glittertinden areas is �360 to �575 m.

However, our mean estimate of �450 m for the
palaeoglaciers in the Galdhøpiggen and Glittertinden
areas is remarkably close to several estimates of Younger
DryasDELAs from themiddle and innerNordfjord area
(Fareth 1987; Dahl & Nesje 1992; Nesje & Dahl 1992;
Nesje 2009).

The ~DELA values that have been estimated for the
Erdalen Event (~10.0 ka) in southern Norway are
significantly lower than our estimate of �450 m from
moraines deposited by the Galdhøpiggen and Glitter-
tinden palaeoglaciers. According to Dahl et al. (2002),
theDELA for the Erdalen event at Nigardsbreen did not
exceed �230 m, which is close to the mean value of
�270�35 mcalculatedbyus for fiveoutlet glaciersof the
Jostedalsbreen ice cap (Erdalsbreen, Briksdalsbreen,
Melkevollbreen, Bøyabreen and Nigardsbreen), lower
than the mean value of �320 m for the Jostedalsbreen
region as a whole (Nesje et al. 1991; see also Nesje &
Dahl 1991;Dahl&Nesje 1992), but higher thanvaluesof
�220 m from the Nordre Folgefonna ice cap (Bakke
et al. 2005) and�205 m from the northern sector of the
Hardangerjøkulen ice cap (Dahl & Nesje 1996).
Although fewer values are available for the Erdalen
Event in Jotunheimen, Shakesby et al. (2020) estimated
DELAs of between �210 and �240 m for Styggedalsb-
reen,acirqueglacier in theHurrunganemassifofwestern
Jotunheimen.

The DELA values from our palaeoglaciers are
therefore too large to relate to the Erdalen Event and
hence support our conclusion from exposure-age dating
that the moraines on Galdhøpiggen and Glittertinden
are older than the Erdalen Event.

Although, as noted above, moraine ridges have been
attributed to the Preboreal Oscillation (~11.4 ka), Early
Holocenemoraines thatareolder than theErdalenEvent
have yet to be recognized with certainty or dated
accurately in southern Norway. The DELA values and
underlying climatic fluctuations during the Preboreal
Oscillation (~11.4 ka) and the ~10.9 ka event are
nonetheless subject to the constraint of being interme-
diate in scale between those of the ErdalenEvent and the
Younger Dryas.

Deglaciation at the transition from Younger Dryas to
Early Holocene

Our interpretation and conceptual model of the pattern
of deglaciation across the Younger Dryas–Holocene
transition in the highest parts of Jotunheimen are
summarized in Fig. 7A–C. This does not support
traditional ice-sheet reconstructions that indicate a thick
ice sheet during the Younger Dryas and early Preboreal
over southern Norway, without nunataks in the Jotun-
heimen area (e.g. Sollid & Sørbel 1981; Sollid &
Reite 1983). However, our model is consistent with a
relatively thin,multidomedYoungerDryas ice sheet over
central southern Norway from which we infer the

BOREAS Deglaciation of the highest mountains in Scandinavia at the Younger Dryas–Holocene transition 17
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presence of nunataks in Jotunheimen (cf. Dahl
et al. 1997; Lie et al. 2004; Lane et al. 2020; Winkler
et al. 2021; Romundset et al. 2023). In the absence of
extensive direct dating or reliable modelling results
relating to the inland areas of the ice sheet, the precise
thickness of the ice sheet remains speculative.

Rapid ice wastage late in the Younger Dryas and early
in the Holocene (cf. Goehring et al. 2008; Stroeven
et al. 2016; Romundset et al. 2023) led to the isolation of
most likely stagnant ice in the main valleys of Jotunhei-
menwhile on thehighestmountains, individual active ice
bodies continued toexist (Fig. 7B).Mappingof erosional
and depositional landforms in central southern Norway
(Garnes & Bergersen 1980; Sollid & Sørbel 1994)
indicates that the Younger Dryas ice sheet in the
Jotunheimen area was dynamically active. After

theYoungerDryas–EarlyHolocene transition, however,
themeanannualELAmost likely roseabovethe ice sheet.
This initiated a dynamically inactive, vertically down-
wasting ice sheet with formation of lateral meltwater
channels and ice dammed lakes between stagnant ice
bodies in the northern parts of the valleys Gudbrands-
dalen and Østerdalen and the main watershed towards
Romsdalen and Trøndelag NW and north of Jotunhei-
men, respectively (Romundset et al. 2023). In the main
valleys of Jotunheimen, however, no detailed studies of
potential ice-stagnation features have been carried out.

The concept of the co-existence of thin, initially still
cold-based ice at high elevation with stagnant ice bodies
in themainvalleysand individualmountainglacierswith
active margins is reminiscent of the deglaciation pattern
envisaged for parts of the European Alps (Reitner
et al. 2016; Ivy-Ochs et al. 2023). These active glaciers,
like the present-day glaciers above ~1800 m a.s.l.,
probably remained in the permafrost zone (Lilleøren
et al. 2012) and hence were cold based throughout the
Holocene. In order to produce the dated moraines,
however, theymust havebeenwarmbased in their latero-
terminal marginal zones. Thus, a short-term glacier
advance led to the deposition of lateral and terminal
moraines at elevations of ~1500–1800 m a.s.l. by a
glacier with an equilibrium-line depression (DELA) of
~360–575 m (i.e. relative to the present-day ELA at
2050 m a.s.l. shown in Fig. 7A and corrected for land
uplift).

According to our exposure-age dating, the advance of
the palaeoglaciers that produced the dated moraines
occurred either very late in the Younger Dryas or very
early in the Holocene, and is likely to have occurred in
response to a cold climatic fluctuation that interrupted
the general trendof climaticwarming at that time.Active
glacier margins dated in this study may therefore
represent moraine building associatedwith the response
of theglaciers to increasing topographical control during
the Younger Dryas–Early Holocene transition as the ice
sheet thinned and glaciers receded into high-elevation
valleys and cirqueswith aNEaspect (cf.Dahl et al. 1997;
Barr & Lovell 2014). Continuing warming led to further
glacier shrinkage in the later part of the Early Holocene
and during the Holocene Thermal Maximum of the
Middle Holocene. However, this was followed by Late
Holocene cooling and neoglaciation, during which time
the remaining very small cold-based glaciers were
comparable in size to those surviving in the landscape
today in the zone of mountain permafrost (Fig. 7A).

Conclusions

• High-elevation moraine ridges at ~1500–
1800 m a.s.l. on theGaldhøpiggen andGlittertinden
massifs have mean exposure ages of ~11.6–11.2 ka
(10Be) and ~10.8–10.6 ka (SHD).

Fig. 7. Conceptualmodel of deglaciation for the highestmountains of
Jotunheimen. Approximate ice extent and thickness is shown (A) at
present, (B) during theYoungerDryas–Holocene transition, and (C) at
theYoungerDryasmaximum. InA, relictmoraines (red) dated by 10Be
and SHD and Late Holocene ice-cored moraines (green) mentioned in
the text are located in relation to the equilibrium-line altitude (ELA) of
present-day cold-based glaciers and the present lower altitudinal limits
of continuous and discontinuous permafrost. In B, the palaeoglacier
(minimumandmaximumextent), estimatedDELAs, the extent of cold-
based ice andcontinuouspermafrost (darkblue), thepresence of active,
warm-based ice at the glacier margin and stagnant ice in an adjacent
valley are shown. In C, a thin, cold-based ice sheet covers the whole
landscape (apart from a nunatak with continuous permafrost)
and frozen-bed conditions affect all but the areas with the thickest ice
cover (indicated by ‘?’).
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• Allowing for the multicentury uncertainties and age
resolution of both techniques, the exposure ages
indicate moraine formation either towards the end of
the Younger Dryas Stadial (~12.9–11.7 ka) or in the
very early Holocene, associated with the Preboreal
Oscillation (~11.4 ka) or the ~10.9 ka event. Forma-
tion during the Erdalen Event (~10.2–9.7 ka) can be
ruled out.

• The reconstructed palaeoglaciers indicate an
equilibrium-line depression (DELA) of ~360–575 m.
Combined with the exposure ages and the morphol-
ogy of the moraine ridges, this is consistent with
moraine deposition during a short-lived advance of
warm-based glacier margins in response to a
centennial-scale (cold) climatic fluctuation.

• A conceptual model of deglaciation that takes all our
results and interpretations into account supports the
idea of a thin, multidomed, cold-based Younger
Dryas ice sheet covering the highest mountains of
southern Norway (apart from nunataks). Following
ice wastage and segmentation, individual active ice
bodies on the high mountains remained active and
advanced during the Younger Dryas–Holocene tran-
sitionwhile continual downwasting affected stagnant
ice in the surrounding valleys.
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Supporting Information

Additional Supporting Information to this article is
available at http://www.boreas.dk.

Fig. S1. Topographic map (A) and corresponding aerial
image (B) for the site near Galdhøpiggen. The
geomorphological setting and periglacial features in
the vicinity of the moraines are indicated on the aerial
image. The moraine fragments (dark green) central in
this study are located in the northern slope of
Juvvasshøe. Aerial images show a gradual change
from an area of predominantly periglacial patterned
ground (sorted circles and stripes; violet), to an area
dominated by solifluction lobes with clear surface
stripes (striped solifluction lobes; purple), to solifluc-
tion lobeswith uniform (vegetated) surface character-
istics (solifluction lobes, maroon). The eastern part of
the site is dominated of temporal snowbeds (white),
with snow patches and/or no/restricted lichen growth.
The ice-cored moraine in the southwestern corner is a
Little Ice Age feature formed by the glacier in Kjelen,
westofLakeJuvvatnet.Themapandaerial imagewere
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retrieved via Kartverket (https://norgeskart.no and
https://norgeibilder.no).FigureS3Awaspartlyused to
outline the landform setting.

Fig. S2. Topographic map (A) and corresponding aerial
image (B) for the site near Glittertinden. The
geomorphological setting and periglacial features in
the vicinity of the moraines are indicated on the aerial
image. The moraine fragments (dark green) central in
this study are located on the western side of the
Bergenussa river.Dottedmoraine fragments haveonly
been briefly checked in the field. The aerial image
predominantly shows an area of periglacial patterned
ground (sorted circles and stripes; violet), and a
smaller area dominated by solifluction lobes with
uniform (vegetated) surface characteristics (solifluc-
tion lobes; maroon). Lateral meltwater channels are
cut by the younger marginal moraine fragments. The
ice-coredmoraine in the southwesterncorner isaLittle
IceAge feature formed by theGr�asubreen glacier. The
map and aerial image were retrieved via Kartverket
(https://norgeskart.no and https://norgeibilder.no).
Figure S3B was to a large degree used to outline the
landform setting.

Fig. S3. Digital elevation models for the area outlined in
Fig. 3A near Galdhøpiggen (A) and the area near
Glittertinden inFig. 3B (B), retrieved fromKartverket
(https://hoydedata.no/).

Fig. S4.1. Sample JUV 1901. Photos of (A) surface after
sampling (hammer length 28.5 cm; hammer head
4 9 4 9 9 cm), (B) the field setting (sitting people
for scale, white arrowmarks sampled boulder), (C) the
sample material before crushing (A3 sheet
(29.7 9 42.0 cm)with tapemarking)and (D) sampled
material consisting mainly of coarse-grained quartz,
feldspar, garnet and muscovite.

Fig. S4.2. Sample JUV 1902. Photos of (A) the surface
before sampling (yellow/black try-square tool
13 9 20.5 cm), (B) the field setting (standing people
for scale, white arrow marks sampled boulder), (C)
the sample material before crushing (A3 sheet
(29.7 9 42.0 cm) with tape marking) and (D) the
sampled material consisting mainly of coarse-grained
quartz, feldspar, garnet, muscovite, biotite and gneiss
xenolith.

Fig. S4.3. Sample JUV 1903. Photos of (A) the surface
before sampling (hammer length 28.5 cm; hammer
head 4 9 4 9 9 cm), (B) the field setting (sitting
people for scale, white arrowmarks sampled boulder),
(C) the sample material before crushing (A3 sheet
(29.7 9 42.0 cm) with tape marking) and (D) the

sampled material consisting mainly of fine-grained
quartz, feldspar and muscovite.

Fig. S4.4. Sample JUV 1905. Photos of (A) the surface
before sampling (hammer length 28.5 cm; hammer
head 4 9 4 9 9 cm), (B) the field setting (sitting
people for scale, white arrowmarks sampled boulder),
(C) the sample material before crushing (A3 sheet
(29.7 9 42.0 cm) with tape marking) and (D) the
sampled material consisting mainly of fine-grained
quartz, feldspar, biotite, hornblende and muscovite.

Fig. S4.5. Sample JUV 1906. Photos of (A) the surface
before sampling (hammer length 28.5 cm; hammer
head 4 9 4 9 9 cm), (B) the field setting (standing
person for scale, white arrowmarks sampled boulder),
(C) the sample material before crushing (A3 sheet
(29.7 9 42.0 cm) with tape marking) and (D) the
sampled material consisting mainly of medium-
grained quartz, feldspar, biotite and hornblende.

Fig. S4.6. Sample JUV 1907. Photos of (A) the surface
before sampling (yellow/black try-square tool
13 9 20.5 cm), (B) the field setting (standing people
for scale, white arrow marks sampled boulder), (C)
the sample material before crushing (A3 sheet
(29.7 9 42.0 cm) with tapemarking) (D) the sampled
material consists mainly of coarse-grained quartz,
feldspar, biotite and muscovite.

Fig. S4.7. Sample JUV 1908. Photos of (A) the surface
before sampling (hammer: length 28.5 cm, head
4 9 4 9 9 cm, yellow arrow marks crack/fissure), (B)
the field setting (standing people for scale, white arrow
marks sampled boulder), (C) the samplematerial before
crushing (A3sheet (29.7 9 42.0 cm)with tapemarking)
and (D) the sampled material consists mainly of fine-
grained quartz, feldspar and mica.

Fig. S4.8. Sample JUV 1909. Photos of (A) the surface
after sampling (fat chisel 18.5 cm long), (B) the field
setting (people for scale, white arrow marks sampled
boulder), (C) the sample material before crushing (A3
sheet (29.7 9 42.0 cm) with tape marking) and (D)
the sampled material consisting mainly of medium-
to coarse-grained quartz, feldspar, biotite, and
hornblende.

Fig. S4.9. Sample JUV 1910. Photos of (A) the surface
before sampling (hammer: length 28.5 cm, head
4 9 4 9 9 cm), (B) the field setting (people for scale,
white arrowmarks sampledboulder, red-border arrow
marks JUV 1909), (C) the sample material before
crushing (A3 sheet (29.7 9 42.0 cm) with tape mark-
ing) and (D) the sampledmaterial consistingmainlyof
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medium- to coarse-grained quartz, feldspar and
biotite.

Fig. S4.10. Sample JUV 1911. Photos of (A) the surface
after sampling (hammer: length 28.5 cm, head
4 9 4 9 9 cm), (B) the field setting (people for scale,
white arrowmarks sampledboulder, red-border arrow
marks JUV 1909), (C) the sample material before
crushing (A3 sheet (29.7 9 42.0 cm) with tape mark-
ing) and (D) the sampledmaterial consistingmainlyof
medium- to coarse-grained quartz, feldspar and
biotite.

Fig. S4.11. Sample JUV 2201. Photos of (A) the surface
after sampling (hammer: length 28.5 cm, head
4 9 4 9 9 cm), (B) the field setting (people for scale,
white arrow marks sampled boulder), (C) the sample
material before crushing (A3 sheet (29.7 9 42.0 cm)
with tape marking) and (D) the sampled material
consisting mainly of medium-grained quartz and
feldspar.

Fig. S4.12. Sample BER 2101. Photos of (A) the surface
after sampling (hammer: length 28.5 cm, head
4 9 4 9 9 cm), (B) the field setting (white arrow
marks sampled boulder), (C) the outer surface of
sample material before crushing (A3 sheet
(29.7 9 42.0 cm) with tape marking) and (D) the
inner surface of sample material before crushing. The
sampled material consists mainly of medium-grained
quartz and feldspar.

Fig. S4.13. Sample BER 2102. Photos of (A) the surface
after sampling, (B) the field setting (standing hound
for scale), (C) the outer surface of sample material
before crushing (A3 sheet (29.7 9 42.0 cm) with tape
marking) and (D) the inner surface of samplematerial
before crushing. The sampledmaterial consistsmainly
of medium-grained quartz and feldspar.

Fig. S4.14. Sample BER 2103. Photos of (A) the surface
after sampling (black hand-held GPS Garmin Mon-
tana 680t for scale), (B) the field setting (backpack to
the right for scale, white arrow marks sampled
boulder), (C) the outer surface of sample material
before crushing (A3 sheet (29.7 9 42.0 cm) with tape
marking) and (D) the inner surface of samplematerial
before crushing. The sampledmaterial consistsmainly
of medium-grained quartz and feldspar.

Fig. S4.15. Sample BER 2104. Photos of (A) the surface
after sampling (open field book and hound for scale),
(B) the field setting (backpack tothe left for scale,white
arrow marks sampled boulder), (C) the outer surface
of sample material before crushing (A3 sheet

(29.7 9 42.0 cm) with tape marking) and (D) fine-
grained lithology dominated by quartz and feldspar.

Fig. S4.16. Sample BER 2105. Photos of (A) the surface
after sampling (black hand-held GPS Garmin Mon-
tana 680t for scale), (B) the field setting (backpack to
the left for scale, white arrowmarks sampled boulder),
(C) the outer surface of sample material before
crushing (A3 sheet (29.7 9 42.0 cm) with tape mark-
ing) and (D) the inner surface of sample material
before crushing. Sampled material consists mainly of
medium-grained quartz and feldspar.

Fig. S4.17. Sample BER 2201. Photos of (A) the surface
after sampling (hammer: length 28.5 cm, head
4 9 4 9 9 cm), (B) the field setting (white arrow
marks sampled boulder, red-border arrowmarksBER
2202), (C) the outer surface of sample material before
crushing (A3 sheet (29.7 9 42.0 cm) with tape mark-
ing) and (D) the medium- to fine-grained lithology
dominated by quartz, feldspar, mica and garnet.

Fig. S4.18. Sample BER 2202. Photos of (A) the surface
after sampling (hammer: length 28.5 cm, head
4 9 4 9 9 cm), (B) the field setting (white arrow
marks sampled boulder, red-border arrowmarksBER
2201), (C) the outer surface of sample material before
crushing (A3 sheet (29.7 9 42.0 cm) with tape mark-
ing) and (D) the medium- to fine-grained lithology
dominated by quartz, feldspar and mica.

Fig. S4.19. Sample BER 2203. Photos of (A) the surface
after sampling (yellow/black try-square tool
13 9 20.5 cm), (B) the field setting (white arrow
marks sampled boulder), (C) the outer surface of
sample material before crushing (A3 sheet
(29.7 9 42.0 cm) with tape marking) and (D) the
fine-grained lithology dominated by quartz, feldspar
and mica.

Fig. S4.20. Sample BER 2204. Photos of (A) the surface
after sampling (hammer: length 28.5 cm, head
4 9 4 9 9 cm), (B) the field setting (white arrow
marks sampled boulder), (C) the outer surface of
sample material before crushing (A3 sheet
(29.7 9 42.0 cm) with tape marking) and (D) the
fine-grained lithology dominated by quartz, feldspar
and mica.

Fig. S4.21. Sample BER 2205. Photos of (A) the surface
before sampling (yellow/black try-square tool
13 9 20.5 cm), (B) the field setting (white arrow
marks sampled bedrock surface), (C) the outer surface
of sample material before crushing (A3 sheet
(29.7 9 42.0 cm) with tape marking) and (D) the
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fine-grained lithology dominated by quartz, feldspar,
mica and garnet.

Fig. S4.22. Sample BER 2206. Photos of (A) the surface
before sampling (yellow/black try-square tool
13 9 20.5 cm), (B) the field setting (standing hound
forscale,whitearrowmarkssampledbedrocksurface),
(C) the outer surface of sample material before
crushing (A3 sheet (29.7 9 42.0 cm) with tape mark-
ing) and (D) the fine-grained lithology dominated by
quartz, feldspar and mica.

Fig. S4.23. Sample BRU 2201. Photos of (A) the surface
before sampling (yellow/black try-square tool
13 9 20.5 cm), (B) the field setting (white arrow
marks sampled bedrock surface), (C) the outer surface
of sample material before crushing (A3 sheet
(29.7 9 42.0 cm) with tape marking) and (D) the
sampled material consisting mainly of quartz.

Fig. S5. Typical observations of weathering reliefs used
for erosion rate assessment. (A) Gneiss boulder with a
quartzveinprotrudingca.2 cmabovethe rocksurface.
(B) Gneiss boulder with quartz knobs protruding 1–
1.5 cm above the rock surface. (C) Boulder surface
showing granular disintegration, enhanced by crus-
tose lichens, resulting in a pitted surface. (D) Boulder
surface showing small-scale exfoliation (1–2 mm
thick).

Fig. S6. Kernel density estimates for calculated (‘raw’)
10Be ages from (A) Galdhøpiggen–Juvvasshøe
(n = 11), and (B) Glittertinden–Bergenussa (n = 11).
No corrections for erosion, snow shielding or glacio-
isostatic uplift. Individual (lines) and summed
(shaded) 10Be ages (with their internal uncertainties)
calculatedwith freeMATLABcode fromBalco (2001)

availablefromhttp://depts.washington.edu/cosmolab/
pubs/gb_pubs/camelplot.m.

Table S1. Mean monthly and mean annual air temper-
ature, precipitation and snow thickness for the
sampled elevations at Galdhøpiggen and Glittertin-
den. Modelled data are retrieved from SeNorge
(http://www.senorge.no).

Table S2. Description of surfaces sampled for 10Be
surface exposure dating.

Table S3. Summary of sample preparation protocol for
surface exposure dating using in situ 10Be.

Table S4. 10Bemean ages computed using three different
10Be production rates and two different scaling
schemes. ‘Calculated’ infers ages calculated with no
correction for erosion, snow shielding or glacio-
isostatic uplift. ‘Erosion, snow corrected’ infers
ages corrected for erosion (1.5 mm ka�1) and snow
shielding (25% of modern (1958–2020) annual snow
cover). ‘Erosion, snow, uplift corrected’ infers ages
corrected for erosion and snow shielding (as
described), and uplift. ‘n’ infers number of samples
included in the mean, ‘*’ notifies that outliers have
been excluded.

Data S1. Description of laboratory preparation.

Data S2. Description of AMS analysis of Be.

Data S3. Description of calculation and correction of
10Be ages.

Data S4. References.
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