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Introduction
In this paper we develop an approach to understanding geomor-
phological landscapes based on the length of time for which land 
surfaces and their constituent landforms have been exposed to the 
atmosphere. The exposure ages of boulder and bedrock surfaces is 
increasingly used in the reconstruction of landscape evolution, 
landscape dynamics and environmental change over Holocene and 
Pleistocene timescales. Two complementary rock-surface dating 
techniques – 10Be exposure dating (10Be dating) and Schmidt-ham-
mer exposure-age dating (SHD) – are applied here to the surfaces 
of glacial and periglacial landforms that occur in Alnesdalen, an 
alpine drainage basin in southern Norway (Figure 1).

10Be exposure dating is a numerical-age dating technique that 
measures how long a rock surface has been exposed to cosmic rays 
at or near Earth’s surface. High-energy cosmic rays interact with 
quartz in the rock, producing the cosmogenic nuclide 10Be. The 
concentration of 10Be increases the longer the surface is exposed. 
The method relies on the production rate of 10Be, corrections 

for factors such as topographic shielding, surface erosion or snow 
shielding, and careful sample preparation (Balco et al., 2008).  
In contrast, SHD is a relatively simple calibrated-age dating 
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technique that depends on the weathering rate of rock surfaces 
exposed to the atmosphere. The longer the rock surface has been 
exposed, the weaker the rock surface and the lower the rebound 
value (R-value) recorded by a hand-held instrument as it impacts 
the rock surface (Matthews and Winkler, 2022).

Both techniques have been found to be particularly useful over 
Holocene and Late Glacial timescales and in glacial and perigla-
cial environments where many landforms and much of the land-
scape are composed of exposed boulders or bedrock, and organic 
material suitable for radiocarbon dating is often sparse. SHD 
requires age-calibration, that is, establishing a numerical relation-
ship between R-value and surface age based on rock surfaces of 
known age (Matthews and Winkler, 2022). Whereas 10Be has 
become the exposure-age technique of choice in glacial and peri-
glacial environments (Balco, 2011, 2020), SHD enables a larger 
number of dates to be obtained rapidly and cheaply. It is possible, 
moreover, not only to deploy both techniques in the same study 
but also to utilise a limited number of 10Be dates in the essential 
procedure of SHD age-calibration (Altınay and Sarıkaya, 2025; 
Khashchevskaya et al., 2025; Longhi et al., 2024; Matthews 
et al., 2024; Santos-González et al., 2026; Tomkins et al., 2016, 
2018; Wilson et al., 2019a, 2019b; Winkler, 2009).

Although both dating techniques have been applied widely to 
certain landform types, such as moraines, rock glaciers, rock-
slope failures and alluvial fans, there have been few attempts to 
estimate the exposure age of the many different types of land-
forms that can occur within the same landscape. Examples where 
the dating of more than one landform type have been attempted in 
this way, all using SHD, include: Wilson and Matthews (2016), 
who dated periglacial landforms (rock-slope failures, boulder 
lobes, block fields, a debris cone and a talus slope), on Muckish 
Mountain, northwestern Ireland; Scotti et al. (2017), who dated 
four types of glacial and periglacial landforms (moraines, rock 

avalanches, rock glaciers and talus slopes) in the Val Viola, Italian 
Alps; Marr et al. (2019), who dated a moraine, a pronival rampart, 
glacially-scoured bedrock and several rock-slope failures in Opp-
lendskedalen, southern Norway; Marr et al. (2022), who dated a 
blockfield, a paraglacial alluvial fan, a rock-slope failure and 
sorted stripes in Rondane, also in southern Norway; and Scapozza 
et al. (2021), who dated moraines, rock glaciers, a roche mou-
tonée and an anthropogenic landform (Roman mule track) in the 
Southern Swiss Alps.

Here, for the first time, we attempt to obtain comprehensive 
exposure-age estimates from the full range of glacial and perigla-
cial landforms within a single landscape unit. This involves the 
surfaces of erosional and depositional landforms, including 
moraine ridges, glacially-scoured bedrock, pronival ramparts, 
rock-glaciers, talus slopes, snow-avalanche fans, alluvial fans, 
erratic boulders, boulder pavements, patterned ground, solifluc-
tion lobes and rock-slope failures. This approach has the potential 
to demonstrate differences in exposure age between the different 
elements that comprise the contemporary landscape mosaic, 
requires consideration of the methodological adjustments that 
may be required in dating different types of landforms, and pro-
vides a basis for reconstructing the spatial and temporal complex-
ities of landscape change.

The drainage basin or hydrological catchment can be regarded 
as a fundamental natural landscape unit for investigating Earth-
surface processes, landform and landsystem dynamics, and the 
evolution of landscapes (e.g. Chorley, 1969; Makopoulou et al., 
2025; Oldfield, 1977; Phillips, 2021; Toebes and Ouryvaev, 
1970). However, the various landforms within any landscape, 
which are produced by particular processes or combinations of 
processes, may be active or relict and exhibit different exposure 
ages reflecting distinct developmental histories. Each landform, 
landscape element or geomorphosite (cf. Reynard, 2005; Reynard 
et al., 2009), therefore has the potential to make a unique contri-
bution to understanding the landscape as a whole.

We have deliberately selected Alnesdalen as it encompasses a 
complex mountain landscape crossed by the limit of the Younger 
Dryas Ice Sheet in southern Norway (Figure 2, inset) and contains 
glaciers at present. As such it represents a microcosm of Norwe-
gian glacial and periglacial landscape evolution and environmen-
tal change over at least the last ~15,000 years. Several previous 
studies have recognised Younger Dryas glacier limits in Alnes-
dalen and neighbouring areas (Carlson et al., 1983; Matthews and 
Wilson, 2015; Romundset et al., 2023; Wilson et al., 2020). Dif-
ferent parts of the Alnesdalen drainage basin were therefore 
expected to have been deglaciated in the Bölling-Allerød Intersta-
dial (14.6–12.9 ka; Naughton et al., 2023a), affected by glacier 
growth in the Younger Dryas Stadial (12.9–11.7 ka; Naughton 
et al., 2023b), deglacierised shortly after the onset of the Holo-
cene within the Greenlandian Stage (11.7–8.2 ka; Fletcher et al., 
2024), and affected by neoglaciation of local mountain glaciers 
later in the Late-Holocene (cf. Nesje and Matthews, 2024). As 
well as providing a chronology of the elements of the landscape 
mosaic, our approach therefore has the potential to provide 
insights into the legacy and effects of Late Glacial and Holocene 
environmental changes, and a basis for palaeoenvironmental 
reconstruction in landscapes exposed by retreating glaciers.

The specific objectives of the paper can be summarised as 
follows:

(1)	 To demonstrate and evaluate an approach to dating the 
landscape based on the application of two complementary 
exposure-age dating techniques to the full range of glacial 
and periglacial landforms in a single landscape unit;

Figure 1.  The Alnesdalen drainage basin (dashed black line), 
located about 15 km south of the coastal town of Andalsnes in 
the Romsdalsalpen of southern Norway. Red rectangles locate the 
western and eastern parts of the basin shown in detail in Figures 2 
and 3, respectively. See also the inset map in Figure 2.
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(2)	 To reconstruct, in as much detail as possible, both the pat-
tern and timing of Late Glacial and Holocene glacier varia-
tions from the exposure ages of depositional and erosional 
glacial landforms present in the Alnesdalen catchment;

(3)	 To identify consistent patterns in the exposure ages of the dif-
ferent types of periglacial landforms that occur in environ-
ments characterised by permafrost and/or seasonal frost; and

(4) To infer the responses of the different elements of the 
landscape mosaic to the climatic and other environmental 
changes of the Late Glacial and Holocene.

Background to the Alnesdalen 
study area
Alnesdalen catchment occurs within the spectacular mountain 
landscape of the Romsdalsalpane, Møre og Romsdal, southern 
Norway (Figures 2 and 3). Draining towards the north, it occu-
pies the upper part of the larger Isterdalen catchment, and lies 
wholly above the tree line in the alpine zone with an altitudinal 
range of ~700–1800 m above sea level (a.s.l.). Nearly flat valley 
floors contrast with steep valley sides and high-mountain ridges 
that have experienced multiple glacial cycles during the 
Quaternary.

Major features of the western part of the catchment (Figure 2) 
include the steep, eastern slopes of Finnan (1786 m a.s.l.) and 
neighbouring mountain peaks and ridges (Figure 4a), the broad 
valley floor of lower Alnesdalen (Figure 4b) containing Alnes-
vatnet (744 m a.s.l.), and the short hanging valley containing 
Bispevatnet (1000 m a.s.l). The eastern part of the catchment 
(Figure 3), which lies entirely within the Reinheimen National 
Park, contains the middle and upper valley of Alnesdalen (Figure 
5a), which extends from Alnesvatnet to Børtjønna (1069 m a.s.l.), 
and a hanging valley unnamed on topographic maps (termed 
Skarfjelldalen by us), the floor of which lies ~1150–1250 m a.s.l. 
(Figure 5b). The mountain ridges surrounding these valleys com-
monly rise above 1500 m a.s.l. and the highest summit of Breitin-
den reaches 1797 m a.s.l.

Two substantial east-facing cirque glaciers are present today 
on Finnan (Figures 2 and 4a) with areas of 0.71 and 0.58 km2, and 
minimum elevations of 1124 and 1199 m a.s.l., respectively 
(Andreassen and Winsvold, 2012). Aerial photographs taken over 
recent decades show that neighbouring smaller ice bodies on 
Finnan have progressively melted away (https://www.nor-
geibilder.no). Two very small ice bodies (glacierets) also occur on 
the north-facing slope of Skarfjellet near the eastern end of 
Skarfjelldalen (Figures 3 and 5b). The larger of these has an area 
of 0.04 km2 and a minimum elevation of 1401 m a.s.l. (Andreas-
sen and Winsvold, 2012).

Geologically, the region forms part of the Precambrian crystal-
line basement of the Scandinavian Caledonides (Roberts, 2003). 
The catchment bedrock is predominantly quartzdioritic to granitic 
gneiss with some banded (migmatitic), sillimanitic and augen 
gneiss (Tveten et al., 1998). The present-day climate of Alnes-
dalen is relatively mild due to the proximity of the Atlantic Ocean. 
At an altitude of 863 m a.s.l., mean annual air temperature is 
0.8°C with mean monthly air temperatures ranging from −6.5°C 
to 9.8°C for February and July, respectively (Table 1). Mean 
annual precipitation of 1152 mm is well distributed throughout 
the year with an autumn and early-winter maximum. Average 
snow depth is ~0.5 m with up to 1.5 m in spring and two snow-free 
summer months. These data indicate a periglacial environment 
characterised by seasonal frost. The lower altitudinal limit of (dis-
continuous) mountain permafrost (MPA) lies at about 1600 m 
a.s.l. in the region (Etzelmüller et al., 2003; Etzelmüller and 

Hagen, 2005; Gisnås et al., 2017; Lilleøren et al., 2012). Perma-
frost has been detected at about 1700 m a.s.l. at Breitinden but  
not at Børa (1000 m a.s.l.) a much lower summit just east of the 
Alnesdalen basin (Dalsegg and Tønneson, 2004). Although per-
mafrost is therefore generally absent today from all but the high-
est peaks, sporadic permafrost may occur above 1300–1400 m 
a.s.l. in steep north-facing rock slopes (cf. Magnin et al., 2019).

For much of the time during the Last Glaciation and at the 
Last Glacial Maximum when the Scandinavian Ice Sheet 
extended onto the Continental Shelf, much of the Alnesdalen 
catchment, at least the highest peaks and upper slopes, seems 
to have been covered in a cold-based ice sheet (Hughes et al., 
2016; Kleman et al., 2008; Kleman and Hättestrand, 1999; 
Sejrup and Hjelstuen, 2022; Stroeven et al., 2016). Mapped 
glacial striae (Carlson et al., 1983) indicate orientations 
towards Isterdalen, that is, towards the north, northeast, and 
northwest, consistent with the orientations of the valleys. 
Complete deglaciation probably occurred during the Bölling-
Allerød Interstadial (14.6–12.9 ka) before renewed glacieriza-
tion of parts of the catchment during the Younger Dryas Stadial 
(12.9–11.7 ka) and rapid final deglaciation in the Early Holo-
cene (Briner et al., 2014a, 2023; Mangerud et al., 2023; Nesje, 
2009; Romundset et al., 2023; Stroeven et al., 2016). The cli-
matic shifts that led to these major glacier variations would 
also have produced changes in the thermal regime of the gla-
ciers and the nature of the periglacial environment beyond 
their limits, such as the extent of permafrost aggradation and 
degradation (Blikra and Nemec, 1998; Lilleøren et al., 2012; 
Matthews and Nesje, 2022).

Methods
Landform classification and mapping
Glacial and periglacial landforms were classified into 15 distinct 
landform types based mainly on established morphological  
criteria but also taking into account landform composition and 
position in the landscape. Maps were prepared based on aerial 
photographic images taken between 2012 and 2019 (https://
www.norgeibilder.no/) ground truthed by field inspection and 
interpretation.

Glacial landforms.  These included: (1) terminal and lateral 
moraine ridges; (2) glacially-transported boulders perched on 
bedrock outcrops (boulders on bedrock); (3) glacially-transported 
boulders embedded in till surfaces (boulders on till); and (4) gla-
cially-scoured bedrock. Moraines were recognised as ice-mar-
ginal by their arcuate to linear ridge form with distinct proximal 
and distal slopes. They are located on valley floors or valley sides 
(deposited by valley glaciers), or in close proximity to extant gla-
ciers, or in locations inferred to have been occupied by former 
cirque glaciers. Selected examples are shown in Figure 6a to d. 
With the exception of moraines associated with glacierets and 
very small cirque glaciers, they are composed of diamicton (till) 
with embedded sub-angular to subrounded boulders that result 
from erosion and abrasion in the basal transport zone of glaciers 
(cf. Boulton, 1978; Matthews, 1987). Glacially-transported boul-
ders on bedrock and similar boulders on till were distinguished by 
their sub-angular to subrounded shapes combined with their asso-
ciation with either glacially-scoured bedrock or diamicton. Gla-
cially-scoured bedrock was identified by its generally smooth, 
abraded surface and gently sloping profile (many sites represent 
the stoss side of roches moutonnées) sometimes with grooves 
(p-forms) and/or striations.

https://www.norgeibilder.no
https://www.norgeibilder.no
https://www.norgeibilder.no/
https://www.norgeibilder.no/
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Periglacial landforms.  Throughout this paper the term ‘perigla-
cial’ refers to the landforms of non-glacial cold environments 
(Ballantyne, 2018). These include not only the landforms associ-
ated with freezing of the ground (permafrost and seasonal frost) 

but also landforms shaped by more widely occurring azonal  
processes. Included in this study are (5) pronival ramparts; (6) a 
possible rock glacier; (7) alluvial fans; (8) talus slopes; (9) snow-
avalanche fans; (10) snow-avalanche-scoured bedrock; (11) 

Figure 2.  Western part of Alnesdalen drainage basin showing major landform types and locations of sites of 10Be and Schmidt-hammer 
exposure-age dating. The inset map of southern Norway shows the location of the study area, which straddles the margin of the Younger 
Dryas ice sheet. See eastern part of the catchment (Figure 2) for key. Base map from https://www.norgeskart.no/ with 20 m contour interval.

https://www.norgeskart.no/
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rock-slope failures; (12) patterned ground; (13) solifluction lobes; 
(14) boulder fields and (15) boulder pavements. Selected exam-
ples from Alnesdalen are shown in Figures 7a to d and 8a to d. 
Pronival ramparts were distinguished from moraines by their 
location close to cliffs and/or talus on lower valley-side slopes 

with insufficient space for a glacier, strongly asymmetrical cross-
profiles (long distal slope and very short proximal slope with 
debris infill behind the ridge) and angular to very angular boul-
ders often with openwork composition (cf. Hedding and Sumner, 
2013; Shakesby, 1997). A possible rock glacier was singled out 

Figure 3.  Eastern part of Alnesdalen drainage basin showing major landform types and locations of sites of 10Be and Schmidt-hammer 
exposure-age dating. Note that only the main areas of patterned ground and glacially-scoured bedrock are indicated. Base map from https://
www.norgeskart.no/ with 20 m contour interval.

https://www.norgeskart.no/
https://www.norgeskart.no/
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by its steep front, multiple arcuate ridges (possible flow struc-
tures) and indications of former ice content in the form of melt-
out pits and furrows. However, the evidence for a rock glacier 
origin is inconclusive (see the detailed discussion in Wilson et al., 
2020). Alluvial fans were identified as low-angle fans with 
braided stream channels, the rounded to well-rounded boulders 
characteristic of fluvial transport, and locations associated with 
extant or former glaciofluvial meltwater streams.

Several colluvial landform types occur near the foot of steep 
valley sides. Talus slopes, which occur beneath bedrock cliffs, 
are accumulations of angular to very angular boulders lying close 
to the angle of repose of loose particulate material. Snow-ava-
lanche fans may resemble talus slopes but have a strongly devel-
oped, concave toe-slope caused by avalanche runout. Extremely 
angular rock shards caused by the impact of transported rockfall 

material are also characteristic of energetic snow avalanches and 
are often perched on larger boulders, while erosive avalanche 
tracks are often present up-slope. Snow-avalanche-scoured bed-
rock was identified where abraded areas on otherwise well-
weathered bedrock surfaces occur downslope of avalanche 
tracks. Rock-slope failure deposits of variable size were recog-
nised as irregular to lobate or tongue-shaped accumulations of 
rock debris extending outwards from the foot of cliffs. In addi-
tion, up-slope scars/failure niches on the cliffs usually confirmed 
a rock-slope failure origin.

The remaining periglacial landforms that we recognised are 
formed by frost-related processes (e.g. frost sorting and 

Figure 4.  (a) The east-facing slope of Finnan and the southern 
and northern Finnan cirque glaciers viewed from upper Alnesdalen. 
Note moraine ridges in the middle distance, and the Alnesstein 
rock-slope failure in the foreground. (b) Lower Alnesdalen from the 
east-facing slope of Finnan. Note Alnesvatnet, extensive glacially-
scoured bedrock on the valley floor, and the glaciofluvial meltwater 
stream from the southern Finnan glacier in the foreground.

Figure 5.  (a) Upper Alnesdalen, viewed from near the western 
end of Skarfjelldalen. Note extensive colluvial deposits (including 
talus slopes, pronival ramparts, snow-avalanche fans and rock-slope 
failures) on the lower valley-sides, and weathered glacially-scoured 
bedrock in the foreground. Extensive areas of patterned ground are 
located on the valley floor around the shallow lake (centre).  
(b) View up Skarfjelldalen looking east from near its western 
end. Note the highly weathered glacially-scoured bedrock in 
the foreground, the boulder field in the middle distance and the 
glacieret on the north-facing slope in the background.

Table 1.  Mean annual and monthly climatic data (AD 1958–2017) for Alnesdalen (863 m a.s.l.).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

Air temperature (℃)
  –6.3 –6.5 –4.7 –1.4 3.7 7.5 9.8 9.3 5.6 1.5 –3.0 –5.5 0.8
Precipitation (mm)
  109     95     93     67 53   72 82 95 120 118 116 132 1152
Snow depth (mm)
  970 1210 1410 1390 750 100   0   0   10 70 300 650   570

Source: http://www.senorge.no/.

http://www.senorge.no/
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gelifluction) on valley floors. These features are all associated 
with till deposits on valley floors in upper Alnesdalen and 
Skarfjelldalen. Extensive areas of large-scale, sorted patterned 
ground with circular centres of fine sediment surrounded by boul-
der-filled gutters were identified on the flattest parts of the valley 
floors above about 1000 m. Boulder fields, characterised by undif-
ferentiated areas of boulders with no surface evidence of fines or 
sorting, and stone-banked solifluction lobes with distinctive risers 
and treads, which occur where the gradient is slightly steeper 
(more than a few degrees) were less common. Finally, a few areas 
of boulder pavements, defined as near-horizontal surfaces com-
prised of interlocking, flat-lying boulders were located in shallow 
river beds and along lake shorelines.

10Be exposure dating

Field techniques.  Using a hammer and chisel, 25 new rock sam-
ples from 7 sites were collected from the top surfaces of boulders 
and bedrock outcrops. A further six previously published samples 
from two sites (Wilson et al., 2019b, 2020) are included in this 
study. Sample sites, shown on Figures 2 and 3, were located in 
relation to landforms of strategic importance for understanding 
both glacial and periglacial landscape history. Sites were selected 
to provide critical evidence of the timing of deglaciation, Late 
Glacial and Holocene glacier variations, and the activation and 
stabilisation of periglacial landforms.

Samples of thickness 1.0–5.0 cm were taken preferentially 
from large (long axis 60–500 cm), stable boulders and upstanding 
bedrock outcrops of suitable lithology. Sampled surfaces were 
composed of banded gneiss, granitic gneiss, augen gneiss, silli-
manite gneiss, diorite gneiss, biotite gneiss, or protruding veins, 
knobs or lenses of quartz. Sample locations and elevations were 

recorded by a Garmin Montana 600, hand-held GPS. Elevations 
were later checked against a digital terrain model (DTM, https://
hoydedata.no/LaserInnsyn2/; NDH Rauma Sør-Norddal øst 2pkt, 
0.5 m resolution, ±20 cm vertical precision).). Topographic 
shielding of each sample was based on clinometer readings to 
skyline at 20° azimuth intervals, or as required by the surrounding 
topography (see Dunne et al., 1999). Subsequently, topographic 
shielding values (including self-shielding) were calculated using 
the ‘Calculate topographic shielding’ tool in the online exposure-
age calculator (Balco et al., 2008).

Site and sample descriptions.  Three sites (10 boulder samples) 
were located on large terminal moraine ridges with the expectation 
that their exposure ages would provide the timing of landform sta-
bilisation shortly following attainment of the maximum extent of 
glacial advances or re-advances. The West Alnesdalen moraine 
(Wilson et al., 2019b) is the ice-proximal (down-valley) of two 
ridges on the valley floor of Alnesdalen (site 7, Figures 3 and 6b). 
The East Alnesdalen (Børtjønna) moraine is the ice-distal (down-
valley) ridge of the moraine complex surrounding Børtjønna and 
extending outside the Alnesdalen catchment (site 8, Figure 3). The 
Finnan moraine, which is located in front of one of the present-day 
cirque glaciers on Finnan, lies mid-way between the outermost 
‘Little Ice Age’ moraine and the valley floor (between sites 4 and 
65, Figures 2 and 6a).

Four sites (14 samples) were located within areas of bedrock 
where both bedrock and boulder surfaces were sampled. These 
samples were expected to provide minimum age estimates of 
when glaciers last occupied these sites. The first of these sites is 
located within the glacially-scoured bedrock area close to the lip 
of the hanging valley of Skarfjelldalen (site 83, Figure 3). The 
second is in the col of Alnesreset near the southern end of the 

Figure 6.  Selected moraines dated in this study. (a) Three generations of moraine ridges on the east-facing valley side of lower Alnesdalen 
beneath Finnan. Yellow lines indicate maximum glacial limits (YD: younger Dryas; EE: Erdalen event; LIA: ‘Little Ice Age’). (b) Younger Dryas 
terminal moraine ridge crossing the floor of mid-Alnesdalen (site 7, West Alnesdalen) deposited by ice flowing up-valley from the right. Note 
the moraine-dammed lake to the left. (c) Younger Dryas moraine ridge (site 78) in Skarfjelldalen. (d) Late-Holocene (‘Little Ice Age’) moraine 
ridge (site 80) from the older moraine shown in (c). Note the glacierets on the north-facing slope of Skarfjellet.

https://hoydedata.no/LaserInnsyn2/
https://hoydedata.no/LaserInnsyn2/
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Figure 7.  Selected periglacial landforms dated in this study. (a) Landform complex on the north-facing valley side of upper Alnesdalen. Yellow 
lines indicate a linear pronival rampart (PR; sites 28–30), the possible talus-foot rock glacier (RG; sites 24–26), and a tongue shaped rock-slope 
failure (RSF; sites 20–23). (b) Close-up of the pronival rampart (sites 29–30; also shown in (a). (c) Talus slope on the north-facing valley side 
of mid Alnesdalen (site 84). Note evidence of recent reworking by debris flows. (d) Snow-avalanche fan on the south-facing valley side of mid 
Alnesdalen (site 75) showing strong down-slope curvature of the distal fan surface.

Figure 8.  Further selected periglacial landforms dated in this study. (a) Patterned ground (sorted circle) in upper Alnesdalen (site 16). Note 
sub-angular to subrounded boulders and spade for scale. (b) Boulder field in Skarfjelldalen (site 101) with no evidence of patterned ground at 
the site. (c) Boulder pavement in upper Alnesdalen (site 59) showing characteristic flat-lying boulders. (d) Rock-slope failure on the south-
facing valley side of mid Alnesdalen (site 55). Note the Alnesstein in the foreground at the lower end of the deposit.
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extensive area of glacially-scoured bedrock in lower Alnesdalen 
(site 85, Figure 2). The third bedrock site (not glacially scoured) 
is at the summit of Breitinden, the highest point in the catchment 
(Figure 3). The final site of this type involved a single sample 
(Trollstigen viewpoint, near Stiggfosen, Figure 2) taken from a 
boulder lying on glacially-scoured bedrock close to the mouth of 
Alnesdalen catchment.

Two sites (8 samples) are associated within the boulder-domi-
nated landform assemblage on the south side of upper Alnesdalen 
(Figures 3 and 7a); see Wilson et al., 2020). The first site (site 25) 
occurs on the upstanding outer ridge of the possible rock glacier 
at the centre of the complex, from which dating results have been 
published previously by Wilson et al. (2020). The second site (site 
20) is located on the lower, outermost ridge of the tongue-shaped, 
rock-slope failure component of the complex.

Full 10Be sample descriptions, including photographs of each 
site are included in Supplemental Figures and Supplemental 
Table S1.

Laboratory methods and age calculations.  Sample processing was 
carried out in the Preparation Facility for Cosmogenic Nuclides at 
the University of Bergen and beryllium isotope ratios were mea-
sured at the Aarhus AMS Centre, Aarhus University. Full details 
of the laboratory methods, protocol and data are provided in Sup-
plemental Tables S2 and S3. Details of the 10Be production rate 
and scaling scheme used in the age calculations are also included 
as supplementary information.

Exposure ages were calculated using version 3.0.2 (updated 
2024-08-26) of the on-line calculator formerly known as the 
CRONUS-Earth online calculator (Balco et al., 2008; https://
hess.ess.washington.edu) employing the global 10Be production 
rate calibration of Borchers et al. (2016) and the LSDn scaling 
scheme (Lifton et al., 2014). Our choice of the global production 
rate rather than the western Norway or Scandinavian production 
rates (which yield higher ages) was based on its greater consis-
tency (particularly for elevations >700 m a.s.l.) when tested 
against the known Younger Dryas ages of 25 published and 
unpublished Norwegian marginal moraines sites (see preliminary 
publication in the poster presentation of Linge et al., 2025).

Resulting individual surface ages and site mean ages were 
calculated with internal and external uncertainties of ±1σ. In the 
text we use external uncertainties at 2σ, which is the most realis-
tic option when comparing the ages from different sites and 
assessing similarities and differences between 10Be and SHD 
ages. Site mean ages were calculated using the optional ‘single 
landform’ tool in the on-line calculator, which identifies statisti-
cal outliers and computes summary statistics. Internal uncertain-
ties include measurement uncertainties only, whereas external 
uncertainties include uncertainty of the 10Be production rate and 
the 10Be decay constant. Raw ages include site-specific topo-
graphic (including surface slope) shielding but no correction for 
glacial isostatic land elevation changes (land uplift), temporary 
snow shielding or rock-surface erosion. Our preferred ages are 
those including all three corrections, each of which resulted in 
older ages than the raw ages.

Land uplift was estimated based on multiple sources: a sea-
level curve constructed from an age-calibrated version of the 
shoreline diagram for the Sunnmøre–Sør-Trøndelag region 
(Svendsen and Mangerud, 1987); the observed marine limit of 
125 m a.s.l. in Valldalen (Stokke, 1983); the modelled marine 
limit in Isterdalen (Norges geologiske undersøkelse, 2025); and a 
total post-Younger Dryas uplift of 100 m inferred from the isobase 
map of Svendsen and Mangerud (1987, modified from Sollid and 
Kjenstad, 1980). The inner fjord areas show a change from rapid 
to slow emergence around 9–8 ka with about 7% of the uplift prior 

to 12 ka, about 61% of the uplift between 12 and 8 ka, and 32% 
thereafter. This translates into the average elevations for surfaces 
exposed for 14, 13, 12, 11 and 10 ka having been 40, 35, 30, 24, 
and 19 m lower than the present-day elevations, which are similar 
to those obtained when using the ‘correction for elevation’ tool 
(GIA model: ICE-6G) available from the iceTEA calculator 
(Jones et al., 2019). As the shoreline diagram does not extend fur-
ther back in time, we use the iceTEA estimate of 80 m lower mean 
elevation for our Breitinden site. An average elevation of 40 m 
lower than the present amounts to about 3.6% increase in age, 
whereas 24 m lower average elevation gives an increase in age of 
2.2%. The correction for elevation change alone amounts to 2.7% 
increase in age (e.g. 316 years for a raw age of 11.7 ka) relating to 
the Younger Dryas/Holocene transition).

A conservative snow-shielding correction was tentatively 
estimated from 25% of modelled modern (AD 1958–2020) daily 
snow depth values for Alnesdalen (http://www.senorge.no/). This 
amounts to 4% (Alnesdalen), 6% (Skarfjelldalen) and 8%  
(Breitinden) older ages (e.g. 468 years for a raw age of 11.7 ka 
from Alnesdalen). Exposure ages from our gneissic surfaces 
were corrected for an average erosion rate (surface lowering) of 
1.3 mm ka−1. This rate is based on the average relief of 16 mm for 
44 observed quartz veins, lenses and knobs of quartz protruding 
above rock surfaces to the north, east and south of Alnesvatnet. 
No correction was necessary for quartz surfaces. Similar average 
rock-surface weathering and erosion rates appear to be widely 
applicable to crystalline lithologies elsewhere in the Scandina-
vian mountains (André, 2002; Linge et al., 2020; Matthews and 
Owen, 2011; Nicholson, 2009). The correction for erosion alone 
amounts to less than 2% older ages (e.g. 152 years for a raw age 
of 11.7 ka).

Schmidt-hammer exposure-age dating (SHD)

Field techniques.  In sampling rock surfaces for SHD, our ambi-
tion was to be as comprehensive as possible in covering the range 
and disposition of landforms present in the Alnesdalen basin. At 
least two sites from each of the 15 landform types identified dur-
ing mapping were selected for measurement of Schmidt hammer 
impacts (R-values). More sites were selected in areas of the 
catchment of importance for reconstructing glacial history (e.g. 
where different generations of moraines were in evidence) and 
also where the landforms were most typical and/or numerous 
(Figures 2 and 3).

At each site we aimed to measure 200 R-values, 100 each in 
two contiguous plots, the size of which depended on the quality of 
the rock surfaces. Use of 200 impacts has been found previously, 
in relation to a wide range of gneissic rock in southern Norway,  
to be sufficient to reduce age-resolution to between 500 and 
1000 years (Matthews and Winkler, 2022). Sub-dividing the sam-
ple into two sub-samples, enabled detection of any significant 
variation in R-values across the landform and hence was regarded 
as a test of the existence of a diachronous surface (i.e. a surface 
not of uniform exposure age and hence not formed in a single 
short-lived event). In those cases where significant differences 
were detected between the two plots, the sub-samples were treated 
separately in further analysis. Out of an initial 107 sites sampled 
in this study, 14 have been split in this way into A and B sites 
yielding a final total of 121 sites to be analysed separately.

Measurements were made with mechanical N-type Schmidt 
hammers (Proceq, 2017). These calibrated instruments were fre-
quently tested for deterioration while in the field using a portable 
test anvil. For landforms composed of boulders, one impact was 
recorded from each of 200 boulders. For bedrock surfaces, 200 
impacts were spread across a wide area of the rock surface 

https://hess.ess.washington.edu
https://hess.ess.washington.edu
http://www.senorge.no/
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involving, where available, more than one closely adjacent rock 
outcrop. In a few cases, the specified sample sizes differed, most 
notably where landforms and data have been used from our previ-
ously published studies on particular landforms within the catch-
ment (Matthews and Wilson, 2015; Wilson et al., 2020). Whether 
boulders or bedrock were sampled, the intention was for the mea-
surements to include the local lithological variability in the pre-
dominantly gneissic bedrock while avoiding schistose and 
quartzitic lithologies, the weathering rate, compressive strength and 
R-values of which are appreciably different (Matthews et al., 2016).

Points of impact on rock surfaces were restricted in order to 
minimise other types of non-age related variability that poten-
tially affect R-values. These include confining impacts to hori-
zontal or sub-horizontal rock surfaces, avoiding unstable boulders, 
structural defects, cracks and edges, and lichen or moss cover, and 
carrying out measurements only when surfaces were dry (cf. Kar-
akul, 2017, 2020; Shakesby et al., 2006; Sumner and Nel, 2002). 
No abrasive pre-treatment of the rock surface was carried out at 
points of impact prior to measurement, and no attempt was made 
to identify and reject anomalous readings during measurement 
(other than those obviously due to rock crystal crushing or instru-
ment slippage).

Age calibration.  This was carried out using the ‘two-point solu-
tion’ first proposed by Matthews and Owen (2010) and most 
recently outlined in full by Matthews and Winkler (2022). Based 
on ‘young’ and ‘old’ surfaces of known age (control points), the 
two-point solution establishes a linear relationship between mean 
R-value and exposure age. This relationship is described numeri-
cally and graphically by the calibration equation and calibration 
curve, respectively. Confidence intervals around each predicted 
age depends on the statistical uncertainties associated with both 
the error of the calibration equation (Cc), which depends on the 
uncertainties of the control points, and the sampling error (Cs) 
associated with the sample measurements at particular sites.

We have introduced an important modification to the calcula-
tion of Cc, which results in confidence intervals for age of ±1035–
1835 years. These intervals are around twice the width of those 
obtained in previous applications of the two-point solution. The 
modification involves combining the mean R-values from several 
separate control surfaces to form each control point (Table 2). Each 
combined mean R-value is calculated using the weighted average 
sample size rather than the total sample size. For example, the con-
trol point for ‘young moraine boulders and road-cut bedrock’ uses 
a weighted average sample size of 180 rather than the total sample 
size of 900 individual R-values. The resulting broader confidence 
intervals for age better reflect the large variability in R-values 
between sites of the same age and hence are more realistic repre-
sentations of the uncertainties than those used formerly.

For young control points we utilised data from moraine boul-
ders, glacially-eroded bedrock, alluvial boulders and anthropo-
genic road-cut bedrock. Modern moraines on the glacier foreland 
of the South Finnan Glacier (Figure 6a) are considered to have 
been deposited between the well-established maximum ‘Little 
Ice Age’ extent of southern Norwegian glaciers in the mid-eigh-
teenth century (~260 years ago), and the last moraine-building 
event of the ‘Little Ice Age’ in the AD 1930s (~80 years ago; cf. 
Nesje and Matthews, 2024). Although local documentary evi-
dence is lacking, the proximity of these moraines to the present-
day glacier, their fresh non-weathered appearance and the sparse 
vegetation cover fully support this assertion. Glacially-scoured 
bedrock with an exposure age of ~80 years was located closely 
proximal to the youngest moraine ridge. An age of 20 years was 
assumed for modern alluvial boulders deposited and reworked  
by the present glaciofluvial meltwater stream of the same glacier 
at downstream locations (see Figure 6a). As the current road 

between Valldalen and Isterdalen was constructed in AD 1936 
(Tennøy and Askheim, 2025), bedrock surfaces excavated in the 
road cuts were assigned an exposure age of 80 years.

Our old control points utilised all the available 10Be-dated sur-
faces from the Alnesdalen catchment. These included moraines, a 
rock-slope failure, the possible rock glacier and glacially-scoured 
bedrock sites as indicated in Table 2.

Table 2.  R-value data from young and old control surfaces of known 
exposure age from within the Alnesdalen catchment. Combined 
values (in italics or bold) are averages for more than one site 
weighted according to sample size as explained in the text. Combined 
values in bold are those used to calculate age-calibration equations.

Control  
Site

Age 
(Years)

N Mean S.D. C.I.

R-value (95%)

Young moraine boulders
  Site 1 260 200 56.4 11.0 1.55
  Site 2 260 200 55.5 8.14 1.14
  Site 51 80 200 55.2 7.73 1.09
  Combined 200 200 55.7 9.41 1.32
Young road-cut bedrock
  Site 68 80 200 55.2 7.07 0.99
  Site 77 80 100 56.9 5.10 1.02
  Combined 80 150 55.7 6.50 1.05
Young moraine boulders and road-cut bedrock
  Combined 160 180 55.7 8.57 1.26
Young alluvial boulders
  Site 3 20 100 61.8 7.10 1.41
  Site 4 20 100 57.1 8.30 1.64
  Site 36 20 200 57.5 8.77 1.23
  Combined 20 133 58.5 8.47 1.46
Young glacially-scoured bedrock
  Site 50 80 200 60.2 6.70 0.94
Young glacially-scoured bedrock and alluvial boulders
  Combined 40 150 59.1 7.94 1.29
Old moraine boulders
  Site 7A 12,650 175 40.2 9.67 1.44
  Site 7B 12,650 200 39.1 9.33 1.31
  Site 8 13,110 200 38.6 8.30 1.17
  Site35 10,770 200 36.0 9.32 1.31
  Combined 12,283 194 38.4 9.15 1.30
Old rock-glacier? Boulders
  Site 24 14,450 200 37.7 8.34 1.17
  Site 25 14,450 200 39.2 8.35 1.17
  Site 26 14,450 200 38.0 9.24 1.29
  Site 104 14,450 200 38.2 8.57 1.20
  Combined 14,450 200 38.3 8.63 1.21
Old rock-slope failure boulders
  Site 20 12,220 200 38.9 8.13 1.14
  Site 21 12,220 200 38.2 7.86 1.10
  Site 22 12,220 200 38.3 8.05 1.13
  Site 23 12,220 200 38.6 8.40 1.17
  Combined 12,220 200 38.5 8.11 1.13
Old moraine, rock glacier and rock-slope failure boulders
  Combined 12,984 198 38.4 8.63 1.21
Old glacially-scoured bedrock
  Site 83A 14,550 100 38.7 8.06 1.60
  Site 83B 14,550 100 42.8 7.90 1.57
  Site 85 12,400 200 37.6 8.02 1.13
  Site 86 12,400 200 38.7 8.05 1.13
Old glacially-scoured bedrock
  Combined 13,116 150 39.0 8.02 1.30

N: sample size; S.D: standard deviation; C.I: confidence interval.
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Separate calibration equations and calibration curves were cal-
culated for two types of rock surface that yielded different mean 
R-values for surfaces of the same age. The first type of surface 
involved boulders from moraines and road-cut bedrock for the 
young control point; and moraine boulders, the rock-glacier and a 
rock-slope failure for the old control point. The second type of 
surface involved glacially-scoured bedrock and alluvial boulders 
for the young control point; and glacially-scoured bedrock for the 
old control point. Use of two age calibrations was necessitated by 
the distinctly higher mean R-values characteristic of young rock 
surfaces that have been strongly abraded by glacial or glacioflu-
vial processes. In contrast, lower R-values are characteristic of the 
rougher granular rock surfaces that are produced by frost weather-
ing or subjected to colluvial processes in periglacial environments 
(cf. Matthews and Mcewen, 2013; Olsen et al., 2020). After pro-
longed weathering, therefore, the mean R-values of old surfaces 
of both types converge and become statistically indistinguishable, 
as can be seen in Figure 9.

Results
10Be ages and their interpretation
10Be age estimates for individual samples and sites with and 
without corrections, with 1σ internal and external uncertainties 
are presented in Table 3. Mean corrected ages are visualised in 
Figure 10. In the following text corrected age estimates and 2σ 
external uncertainties are used unless otherwise stated. Ages are 
reported with uncertainties rounded to one significant figure, and 
central values rounded accordingly.

The oldest raw 10Be ages of 17.3 ± 2.3 to 116 ± 15 ka are from the 
bedrock samples from the summit of Breitinden. The youngest of 
these has a 26Al/10Be value of 5.8 ± 0.3 (Supplemental Table S3) 
indicating a complex exposure history, and hence the corrected expo-
sure age of 20.2 ± 2.8 ka (BREI-02) is interpreted as a reliable maxi-
mum estimate of the timing of deglaciation following wastage of 

the Scandinavian Ice Sheet shortly after the Last Glacial Maximum. 
The significantly greater ages of the other samples are attributed to 
inherited 10Be (alternative interpretations are discussed below).

The valley-floor moraine ridges from West and East Alnes-
dalen yielded corrected mean ages of 12.7 ± 1.6 and 13.1 ± 1.7 ka, 
respectively. As each of these mean ages is based on three sam-
ples that produced consistent results, they are interpreted as reli-
able estimates of the timing of moraine stabilisation. Although the 
uncertainties are large, moraine deposition clearly occurred dur-
ing the Younger Dryas Stadial, which lasted for around 1200 years 
between ~12.9 and 11.7 ka. This conclusion is in line with previ-
ous interpretations of the age of the West Alnesdalen moraine and 
proposed Younger Dryas glacier limits throughout the region 
(Carlson et al., 1983; Matthews and Wilson, 2015; Romundset 
et al., 2023; Wilson et al., 2020).

Three dated samples from the Finnan moraine gave ages 
younger than the other 10Be-dated moraines. The mean age of 
10.8 ± 1.4 ka obtained from this moraine is consistent with 
moraine deposition by a local glacier in the Early Holocene.

Two bedrock samples from the area of glacially-scoured bed-
rock in Skarfjelldalen and two samples from boulders on bedrock 
yielded a corrected mean 10Be age of 14.6 ± 1.8 ka. There is there-
fore little or no doubt that this site was deglaciated in the Bölling-
Allerød Interstadial (14.6–12.9 ka) as the Scandinavian Ice Sheet 
downwasted and/or retreated from the area.

In contrast, the corrected mean age of 12.4 ± 1.5 ka from 
Alnesreset for the four consistent bedrock samples is appreciably 
younger and similar to the age of 12.6 ± 1.7 ka (TROLL-1) 
obtained from the single boulder lying on bedrock from the Troll-
stigen viewpoint at the mouth of the Alnesdalen basin. The ages 
of both sites suggest Younger Dryas deglacierisation but, due to 
the scale of the uncertainties, an earlier deglaciation age cannot be 
ruled out.

The remaining 10Be ages, which were obtained from the peri-
glacial boulder-dominated landform complex in upper Alnes-
dalen, were expected in the light of their location to yield older 

Figure 9.  Relationships between mean R-value and surface exposure age represented as linear age-calibration curves and age-calibration 
equations. Mean R-values for individual sites (crosses) and the corresponding combined mean values for old and young control points (circles 
with 95% confidence intervals) are also shown. Colours distinguish between initially glacially-scoured bedrock and alluvial boulders (blue), and 
the initially rougher surfaces of boulders from colluvial landforms, moraine ridges and road-cut bedrock (red). See text for further explanation.
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Table 3.  Summary of 10Be surface exposure ages for each sampled surface obtained from the online exposure age calculator formerly known 
as the CRONUS-Earth online exposure age calculator (Balco et al., 2008; https://hess.ess.washington.edu) using the global production rate 
(Borchers et al., 2016) and LSDn scaling (Lifton et al., 2014).

Sample ID Raw age (ka) Average 
elevation 
change 
(m)

Uplift-corrected age 
(ka)

Uplift- and snow-
shielding-corrected 
age (ka)

Uplift-, snow-
shielding-, and 
erosion-corrected 
age (ka)

West Alnesdalen moraine (Wilson et al., 2019b)
  ALN 1701 11.18 ± 0.59 (0.89) 30 11.50 ± 0.61 (0.91) 11.89 ± 0.63 (0.94) 12.05 ± 0.64 (0.97)
  ALN 1702 11.91 ± 0.49 (0.86) 30 12.23 ± 0.50 (0.88) 12.65 ± 0.52 (0.91) 12.83 ± 0.54 (0.94)
  ALN 1703 11.88 ± 0.40 (0.81) 30 12.20 ± 0.41 (0.83) 12.62 ± 0.43 (0.86) 12.80 ± 0.44 (0.88)
  Error-weighted mean age 11.74 ± 0.28 (0.75) 12.06 ± 0.28 (0.77) 12.47 ± 0.29 (0.79) 12.64 ± 0.30 (0.82)
East Alnesdalen moraine (Børtjønna)
  ALN 1801* 13.78 ± 0.45 (0.93) 30 14.14 ± 0.46 (0.96) 14.63 ± 0.48 (0.99) 14.87 ± 0.50 (1.02)
  ALN 1802 12.56 ± 0.46 (0.87) 30 12.89 ± 0.47 (0.90) 13.34 ± 0.49 (0.93) 13.53 ± 0.50 (0.95)
  ALN 1803 12.49 ± 0.42 (0.85) 30 12.82 ± 0.43 (0.87) 13.27 ± 0.44 (0.90) 13.46 ± 0.45 (0.93)
  ALN 1804 11.48 ± 0.43 (0.80) 30 11.79 ± 0.44 (0.83) 12.19 ± 0.46 (0.85) 12.36 ± 0.47 (0.88)
  Error-weighted mean age 12.17 ± 0.25 (0.76) 12.49 ± 0.26 (0.78) 12.92 ± 0.27 (0.81) 13.11 ± 0.27 (0.83)
Alnesdalen rock glacier (Wilson et al., 2020)
  ALN 1805 12.33 ± 0.44 (0.85) 40 12.77 ± 0.46 (0.88) 13.22 ± 0.47 (0.91) 13.41 ± 0.49 (0.94)
  ALN 1806 13.65 ± 0.43 (0.92) 40 14.13 ± 0.45 (0.95) 14.63 ± 0.47 (0.98) 14.86 ± 0.48 (1.02)
  ALN 1807 13.83 ± 0.54 (0.98) 40 14.33 ± 0.56 (1.02) 14.83 ± 0.58 (1.05) 15.07 ± 0.60 (1.09)
  Mean age 13.27 ± 0.82 (1.13) 13.74 ± 0.85 (1.17) 14.23 ± 0.88 (1.22) 14.45 ± 0.90 (1.25)
Alnesdalen rock-slope failure
  SB-170810-1 10.54 ± 0.47 (0.78) 30 10.83 ± 0.49 (0.81) 11.21 ± 0.50 (0.83) 11.36 ± 0.52 (0.85)
  SB-170810-2 11.47 ± 0.43 (0.80) 30 11.78 ± 0.44 (0.83) 12.19 ± 0.46 (0.85) 12.35 ± 0.47 (0.88)
  SB-170810-3 11.44 ± 0.46 (0.82) 30 11.75 ± 0.47 (0.84) 12.16 ± 0.49 (0.87) 12.32 ± 0.50 (0.89)
  SB-170810-4 11.43 ± 0.39 (0.78) 30 11.73 ± 0.40 (0.80) 12.14 ± 0.42 (0.83) 12.30 ± 0.43 (0.85)
  SB-170810-5 11.70 ± 0.41 (0.81) 30 12.01 ± 0.43 (0.83) 12.43 ± 0.44 (0.86) 12.60 ± 0.45 (0.88)
  Error-weighted mean age 11.35 ± 0.19 (0.70) 11.66 ± 0.20 (0.72) 12.06 ± 0.20 (0.74) 12.22 ± 0.21 (0.76)
Skarfjelldalen
  ALN 1904 13.49 ± 0.37 (0.88) 40 13.96 ± 0.38 (0.91) 14.61 ± 0.40 (0.95) 14.66 ± 0.40 (0.96)
  ALN 1905 13.66 ± 0.39 (0.90) 40 14.13 ± 0.41 (0.93) 14.79 ± 0.43 (0.97) 14.84 ± 0.43 (0.98)
  ALN 1906 13.68 ± 0.35 (0.88) 40 14.16 ± 0.36 (0.91) 14.81 ± 0.38 (0.96) 14.87 ± 0.38 (0.96)
  ALN 1907 12.74 ± 0.36 (0.84) 40 13.18 ± 0.38 (0.87) 13.79 ± 0.40 (0.91) 13.84 ± 0.40 (0.91)
  ALN 1908* 12.16 ± 0.36 (0.80) 40 12.58 ± 0.37 (0.83) 13.17 ± 0.39 (0.87) 13.21 ± 0.39 (0.87)
  Error-weighted mean age 13.39 ± 0.19 (0.81) 13.85 ± 0.19 (0.84) 14.50 ± 0.20 (0.88) 14.50 ± 0.20 (0.88)
Alnesreset
  ALN 1909 11.24 ± 0.32 (0.74) 30 11.56 ± 0.33 (0.76) 11.94 ± 0.34 (0.78) 11.96 ± 0.34 (0.79)
  ALN 1910 11.67 ± 0.32 (0.76) 30 11.98 ± 0.33 (0.78) 12.38 ± 0.34 (0.81) 12.40 ± 0.34 (0.81)
  ALN 1911 11.65 ± 0.33 (0.77) 30 11.97 ± 0.34 (0.79) 12.37 ± 0.35 (0.81) 12.39 ± 0.35 (0.81)
  ALN 1912 12.33 ± 0.43 (0.85) 30 12.66 ± 0.44 (0.87) 13.08 ± 0.46 (0.90) 13.29 ± 0.47 (0.93)
  Error-weighted mean age 11.65 ± 0.17 (0.71) 11.96 ± 0.18 (0.73) 12.36 ± 0.18 (0.75) 12.39 ± 0.18 (0.76)
Trollstigen viewpoint
  TROLL-1 11.71 ± 0.38 (0.79) 30 12.04 ± 0.39 (0.81) 12.45 ± 0.40 (0.84) 12.62 ± 0.41 (0.86)
Finnan moraine (Strupen)
  ALN 1901 10.14 ± 0.39 (0.71) 24 10.36 ± 0.39 (0.73) 10.70 ± 0.41 (0.75) 10.73 ± 0.41 (0.75)
  ALN 1902 10.30 ± 0.38 (0.72) 24 10.53 ± 0.39 (0.73) 10.89 ± 0.40 (0.76) 10.91 ± 0.40 (0.76)
  ALN 1903 10.09 ± 0.35 (0.69) 24 10.30 ± 0.36 (0.71) 10.64 ± 0.37 (0.73) 10.67 ± 0.37 (0.73)
  Error-weighted mean age 10.17 ± 0.21 (0.64) 10.32 ± 0.22 (0.65) 10.74 ± 0.23 (0.67) 10.74 ± 0.23 (0.67)
Breitinden
  BREI-01 72.47 ± 0.83 (4.43) N/A  
  BREI-02 17.32 ± 0.54 (1.16) 80 18.47 ± 0.58 (1.24) 19.63 ± 0.62 (1.32) 20.06 ± 0.64 (1.38)
  BREI-03-A 116.22 ± 2.13 (7.37) N/A  
  BREI-03-B 110.43 ± 1.70 (6.91) N/A  

Reported are raw ages (uncorrected), ages corrected for uplift, ages corrected for uplift and snow shielding, and final ages corrected for uplift, snow 
shielding, and erosion. For sites with two or more samples, the ‘single landform’ tool has been used to detect outliers* and to calculate summary statistics. 
Error-weighted mean ages are provided, except for the Alnesdalen rock glacier where only a mean age with standard deviation could be calculated. Ages are 
given with external uncertainties in parenthesis. Additional field, laboratory and calculation details are given in Supplemental Tables S1 and S2. Bold values 
are the site mean values.

exposure ages than both the West and East Alnesdalen moraines. 
This was the case for the corrected mean age of 14.5 ± 2.5 ka from 
the possible rock glacier but not for the corrected mean age of 
12.2 ± 1.5 ka from the rock-slope failure. Interpretation of the 

exposure age of the rock glacier is entirely consistent with our 
expectation that it formed on terrain that was ice-free when the 
moraines were deposited in the Younger Dryas Stadial. The 
younger 10Be exposure age of the rock-slope failure is difficult to 

https://hess.ess.washington.edu
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explain because, on the basis of its morphostratigraphical posi-
tion, this feature predates the rock glacier. The most plausible 
explanation for the relatively young age from the rock-slope  
failure is post-depositional disturbance of surface boulders, evi-
denced by the presence of frost-sorted patterned ground (large-
scale sorted circles) on the surface of this landform. Snow cover 
could also be thicker at the site of the rock-slope failure.

SHD ages and their interpretation
SHD ages with their associated 95% confidence intervals from all 
121 sites (including sub-sites and control sites) are summarised in 
Table 4 and visualised in Figure 11. The corresponding R-value 
distributions (Figure 12a–c) have been found particularly useful 
in identifying, differentiating and interpreting landforms with 
synchronous surfaces (such as moraines, rock-slope failures and 
ice-scoured bedrock) from those with diachronous surfaces, such 
as talus slopes, pronival ramparts and snow-avalanche fans (see, 
e.g. Matthews and Mourne, 2025; Matthews and Winkler, 2022). 
Each SHD age provides an estimate of the average age of a land 
surface. Whereas the SHD age from a synchronous surface can be 
expected to estimate the timing of the formation of a landform 
during a single short-lived event, the SHD age of a diachronous 
surface may provide evidence of landform history but bear little 
or no relationship to the timing of the onset of landform develop-
ment (i.e. landform age).

Moraines.  Of the 22 sites on moraines, a group of 18 yielded SHD 
ages between 11.5 ± 1.6 and 14.9 ± 1.7 ka (Table 4; Figure 10). 
Based on SHD ages and their statistical confidence intervals 
alone, the results suggest that moraine deposition could have 
occurred at various times between the Bölling-Allerød Intersta-
dial and the Early Holocene. However, most can be assigned to 
the Younger Dryas, particularly when interpreted in the light of 
the available 10Be ages and morphostratigraphy. Almost all  
of these moraine sites have near-normal R-value distributions 
(Figure 12a), as expected for synchronous surfaces

Three SHD ages from sites 7A, 7B and 8 on the West and East 
Alnesdalen moraine ridges (also dated by 10Be), range from 
11.7 ± 1.4 to 12.8 ± 1.3 ka and are fully compatible with having 
been deposited during the Younger Dryas Stadial. Three SHD 
ages from the terminal moraine ridges that are located closely dis-
tal to the West Alnesdalen moraine (sites 58 and 105) or proximal 
to the East Alnesdalen moraine (sites 9A) are closely similar 
(between 12.8 and 11.5 ka, respectively) and cannot be separated 
statistically. Although the SHD age from site 9A (14.6 ± 1.6 ka)  
is statistically older than that of site 9B from the same ridge, it  
is younger according to morphostratigraphy. Thus, the SHD age 
of site 9B is considered an anomaly and all four moraine ridges 
from mid and upper Alnesdalen are assigned to the Younger 
Dryas Stadial.

Three lateral moraine ridges in lower Alnesdalen can also be 
assigned to the Younger Dryas on the basis of SHD ages. Two of 

Figure 10.  10Be ages for the nine sites. Upper panel: Elevation distribution of corrected ages with 2σ external uncertainties. Lower panel: 
Probability density distributions. Mean corrected ages are shown for sites with more than one dated sample. The shaded vertical band spans 
the Younger Dryas.
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Table 4.  Schmidt hammer R-values, SHD exposure ages and related statistics for all sites classified according to landform type.

Landform type Site no. Mean  
R-value

S.D. N C.I. 
(95%)

Skew Kurtosis Age 
(years)

C.I. 
(95%)

Cs 
(years)

Cc 
(years)

Moraine 7A 40.2 9.67 175 1.44 0.20 −0.33 11,650 1400 1075 900
7B 39.1 9.33 200 1.31 −0.11 −0.12 12,465 1320 965 900
1 56.4 11.0 200 1.55 −0.56 −0.57 −360 1475 1140 935
2 55.5 8.14 200 1.14 −0.65 0.19 310 1260 845 935
34A
34B

35.8
38.1

10.06
9.58

100
100

1.99
1.90

0.34
0.06

−0.41
−0.77

14,910
13,205

1735
1655

1485
1415

890
860

35 36.0 9.32 200 1.31 0.27 −0.81 14,765 1315 965 890
8 38.6 8.30 200 1.17 0.03 −0.80 12,835 1245 860 895
9A 36.2 8.85 100 1.75 0.14 −0.79 14,615 1585 1310 890
9B 40.4 9.01 100 1.79 −0.27 −0.79 11,500 1605 1330 895
46 38.8 8.60 200 1.21 −0.03 −0.65 12,685 1265 890 900
47 39.5 8.39 200 1.18 −0.23 −0.67 12,170 1250 870 900
51 55.2 7.73 200 1.09 −0.16 −0.25 530 1230 800 935
58 38.7 8.80 150 1.42 0.14 −0.83 12,760 1385 1055 900
105 38.7 7.64 150 1.23 −0.14 −0.71 12,760 1285 915 900
62 37.7 7.06 200 0.99 −0.09 −0.48 13,505 1155 730 895
64 37.0 8.79 200 1.24 0.25 −0.85 14,020 1275 910 895
71 38.7 8.76 200 1.23 0.09 −0.61 12,760 1275 910 900
78 38.0 7.94 200 1.12 0.07 −0.46 13,280 1215 825 895
79 38.2 8.19 200 1.15 0.13 −0.55 13,132 1235 850 895
80 51.0 8.79 200 1.24 −0.39 −0.13 3645 1295 910 925
99 39.3 8.29 200 1.17 0.07 −0.86 12,315 1245 860 900

Alluvial fan 3 61.8 7.10 100 1.41 −0.58 0.11 −1715 1245 920 840
4 57.1 8.30 100 1.64 -1.00 1.08 1340 1365 1075 840
36 57.5 8.77 200 1.23 −0.46 −0.37 1080 1160 800 840
67 40.0 8.53 200 1.20 0.19 −0.53 12,465 1145 775 845

Pronival rampart 32 41.19 8.69 150 1.41 −0.35 −0.56 10,915 1380 1045 905
5 38.9 8.64 150 1.39 −0.02 −0.23 12,615 1370 1035 895
6 36.8 10.17 150 1.64 −0.06 −0.54 14,170 1510 1220 895
28 39.0 8.62 200 1.20 −0.01 −0.53 12,540 1265 895 900
29 44.7 11.66 200 1.63 −0.02 −0.76 8315 1515 1210 910
30 45.8 9.88 200 1.38 −0.11 −0.61 7500 1370 1025 915
14 43.9 9.77 200 1.37 −0.05 −0.47 8905 1360 1010 910
10 36.9 8.91 200 1.25 0.37 0.00 14,095 1285 925 895
12A
12B

36.1
38.7

9.31
8.86

100
100

1.85
1.76

0.00
0.06

−0.97
−0.76

14,690
12,760

1640
1590

1375
1310

890
900

96 38.3 9.48 200 1.33 0.37 −0.15 13,060 1330 980 895
Rock glacier? 24 37.7 8.34 200 1.17 0.03 −0.60 13,500 1245 865 895

25 39.2 8.35 200 1.17 0.33 0.16 12,390 1245 865 900
26 38.0 9.24 200 1.29 0.05 −0.42 13,380 1310 960 895
104 38.2 8.57 200 1.20 −0.24 −0.33 13,130 1260 890 895

Talus slope 27 46.2 9.78 200 1.37 −0.19 −0.27 7200 1365 1015 915
31 51.7 9.19 200 1.28 −0.28 −0.58 3125 1330 950 925
15 48.8 8.68 200 1.22 −0.28 −0.44 5275 1285 900 920
11 48.9 8.81 200 1.24 −0.19 −0.33 5200 1295 915 920
13A
13B

46.8
42.6

9.79
9.43

100
100

1.94
1.87

−0.04
0.12

−0.97
−0.53

6755
9870

1710
1660

1445
1395

915
905

45A
45B

49.0
46.0

8.76
8.53

100
100

1.74
1.69

−0.10
−0.03

−0.80
−0.50

5125
7350

1590
1555

1295
1260

920
915

84 45.0 8.30 200 1.17 0.04 −0.37 8090 1255 860 910
92A
92B

47.4
45.2

9.68
10.78

100
100

1.92
2.14

−0.59
−0.50

−0.34
−0.40

6315
7945

1700
1835

1430
1595

915
910

Snow-avalanche fan 43 50.5 8.71 200 1.22 −0.27 −0.13 4015 1290 905 925
44 49.5 8.91 185 1.29 −0.30 −0.37 4755 1330 960 920
54 40.8 9.31 200 1.31 −0.12 −0.33 11,205 1320 965 900
74 45.4 8.53 200 1.23 0.03 −0.47 7795 1270 885 910
75 47.6 7.74 200 1.09 0.04 0.04 6165 1220 800 915

Rock-slope failure 20 38.9 8.13 200 1.14 0.0 −0.48 12,615 1230 840 900
21 38.2 7.86 200 1.10 −0.20 −0.40 13,130 1210 815 895
22 38.3 8.05 200 1.13 −0.20 −0.51 13,060 1225 835 895
23 38.6 8.40 200 1.17 0.03 −0.66 12,835 1250 870 895
41 42.7 8.93 200 1.26 0.02 −0.34 9795 1295 925 905
42A
42B

44.3
40.8

9.90
9.38

100
100

1.96
1.86

0.17
0.27

−0.71
−0.26

9350
11,205

1720
1655

1465
1385

905
900

(continued)
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these (sites 62 and 64), which occur on the east-facing valley-side 
slope of Finnan, yielded SHD ages of 13.5 ± 1.2 and 14.0 ± 1.3 ka 
respectively. Closely similar SHD ages were obtained from sites 46 
and 47 on the lateral moraine located near the base of the 

northwest-facing slope of Skarfjellenden (Figure 1). SHD ages of 
13.3 ± 1.2, 13.1 ± 1.2, and 12.3 ± 1.3 ka for 3 terminal moraines near 
the head of Skarfjelldalen (sites 78, 79 and 99, respectively, Figure 
2), can also be assigned to the Younger Dryas with confidence.

Landform type Site no. Mean  
R-value

S.D. N C.I. 
(95%)

Skew Kurtosis Age 
(years)

C.I. 
(95%)

Cs 
(years)

Cc 
(years)

Rock-slope failure 48 41.7 9.51 200 1.34 0.02 −0.30 10,540 1335 985 905
52 35.7 9.01 200 1.27 0.38 −0.65 14,985 1290 935 890
53 36.9 8.30 200 1.17 0.18 −0.44 14,095 1240 860 895
55
81
82

36.7
39.4
39.8

8.89
8.05
7.51

200
200
200

1.25
1.13
1.06

0.30
−0.05

0.01

−0.46
−0.52
−0.27

14,245
12,245
11,945

1285
1225
1190

920
835
780

895
900
900

Boulder field 56
101

36.0
40.4

8.03
8.28

200
200

1.13
1.16

0.01
0.11

−0.75
−0.61

14,765
11,500

1220
1245

830
860

890
900

Boulders on till 76 37.7 8.60 200 1.21 0.20 −0.69 13,505 1265 890 895
95 36.3 8.75 200 1.23 0.29 −0.61 14,540 1270 905 890

Boulders on bedrock 73 36.4 8.04 200 1.13 0.40 −0.32 14,465 1225 835 900
89 40.1 9.85 200 1.39 0.27 −0.74 11,725 1360 1020 900

Boulder pavement 49 39.2 8.21 200 1.15 0.21 −0.59 12,390 1235 850 900
59 39.9 8.31 200 1.17 −0.28 −0.40 11,870 1245 860 900
60A
60B

35.3
40.5

8.84
8.05

100
100

1.75
1.60

0.44
−0.18

0.51
−0.25

15,280
11,425

1590
1495

1305
1190

905
900

Patterned ground 16 40.5 9.17 200 1.29 0.13 −0.56 11,425 1310 950 900
(sorted circles) 17 36.3 9.57 200 1.35 0.10 −0.41 14,540 1335 990 890

18 38.6 9.52 200 1.34 0.33 −0.29 12,835 1335 985 895
19 40.8 8.79 200 1.24 −0.11 −0.76 11,205 1280 910 900
98 40.1 8.39 200 1.18 0.06 −0.69 11,725 1250 870 900

Solifluction lobe 61 36.0 8.54 200 1.20 0.07 −0.49 14,765 1255 885 890
100 41.3 9.06 200 1.27 −0.08 −0.60 10,835 1305 940 905

Glacially-scoured bedrock 33A
33B

40.5
35.9

10.68
10.18

100
100

2.12
2.02

0.08
0.15

−0.61
−0.41

12,140
15,135

1625
1570

1385
1320

845
845

40 39.7 8.60 200 1.21 −0.08 −0.73 12,660 1150 780 845
106 33.3 8.44 200 1.19 0.48 −0.04 16,825 1140 770 845
107 33.3 8.14 200 1.14 0.33 −0.03 16,825 1125 740 850
108 32.1 8.57 200 1.21 0.56 0.25 17,605 1150 780 845
37 41.4 9.00 200 1.27 0.05 −0.28 11,555 1175 820 845
38A
38B

41.6
39.2

7.94
8.13

100
100

1.57
1.61

−0.19
−0.05

−0.08
−0.72

11,425
12,985

1330
1350

1030
1055

845
845

39 41.4 8.83 200 1.24 −0.09 −0.56 11,555 1165 805 845
50 60.2 6.70 200 0.94 −0.73 0.42 675 1035 610 840
57 35.9 8.06 200 1.13 0.13 −0.32 15,135 1120 735 845
63 35.8 7.39 200 1.04 0.32 −0.44 15,200 1080 670 845
65 36.9 8.21 200 1.15 0.29 −0.53 14,480 1130 745 845
66 37.0 8.11 200 1.14 0.13 −0.68 14,415 1125 740 845
69 38.0 8.16 200 1.15 −0.09 −0.53 13,765 1125 740 845
70 37.7 9.28 200 1.31 0.19 −0.52 13,960 1195 845 845
72 35.3 9.05 200 1.27 0.46 −0.55 15,520 1155 785 845
83A
83B

38.7
42.8

8.06
7.90

100
100

1.60
1.57

0.01
−0.26

−0.28
−0.15

13,310
10,645

1345
1330

1045
1025

845
845

85 37.6 8.02 200 1.13 0.12 −0.81 14,025 1115 730 845
86 38.7 8.05 200 1.13 0.16 −0.75 13,310 1120 730 845
87 39.4 7.72 100 1.53 0.22 0.15 12,855 1310 1000 845
90A
90B

39.6
37.3

7.94
8.99

100
100

1.57
1.78

−0.19
0.34

−0.44
−0.23

12,725
14,220

1335
1440

1030
1165

845
845

91 39.8 7.87 200 1.11 0.03 −0.73 12,595 1110 715 845
93 39.9 9.52 200 1.34 −0.18 −0.74 12,530 1210 865 845
94A
94B

42.4
39.6

8.47
8.49

100
100

1.68
1.68

−0.33
0.08

−0.60
−0.06

10,905
12,725

1405
1390

1125
1100

845
845

102 44.8 8.02 200 1.13 −0.42 −0.17 9345 1115 730 845
Snow-avalanche-scoured bedrock 88A

88B
59.1
62.4

8.02
5.84

100
100

1.60
1.16

−1.18
−1.02

1.43
1.40

50
−2105

1335
1130

1040
760

840
840

Road-cut bedrock 68 55.2 7.07 200 0.99 −0.38 −0.18 530 1185 735 935
77 56.9 5.10 100 1.02 −0.13 −0.40 730 1200 755 935

Table 4.  (continued)
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Figure 11.  SHD ages with their 95% confidence intervals for each site numbered and grouped according to landform type.
YD: Younger Dryas Stadial (shaded vertical band); BA: Bölling-Allerød Interstadial.

The SHD age of 14.8 ± 1.3 ka from site 35 on a southern 
lateroterminal moraine of the South Finnan Glacier (Figure 2) is 
regarded as anomalously old because: (1) it is morphostratigraph-
ically younger than the older Younger Dryas lateral moraines on 
the valley side; (2) it is significantly older than the 10Be age of 
10.8 ± 1.4 ka obtained from the equivalent northern laterotermi-
nal moraine; and (3) its positively skewed R-value distribution 
(Figure 12a) suggests that relatively old surface boulders may 
have been incorporated during moraine formation (possibly 
derived from boulders of supraglacial origin with a pre-deposi-
tional weathering signal).

Disparate SHD ages of 14.9 ± 1.7 and 13.2 ± 1.7 ka (sites 
34A and 34B, respectively) were obtained from the short latero-
terminal moraine that was deposited by a former glacier that 
flowed out of the hanging valley currently occupied by the North 

Finnan Glacier and Bispevatnet (Figure 2). The positive skew of 
the R-value distribution from site 34A again suggests the possi-
bility that relatively old surface boulders have affected the SHD 
age of this site. As this moraine appears to merge with the valley-
side lateral moraines of approximately the same age, it too is 
interpreted as dating from the Younger Dryas based on the age of 
site 34B. The short terminal moraine that relates to a former 
cirque glacier on the east-facing flank of Alnestinden (site 71) 
yielded a SHD age of 12.8 ± 1.3 ka, which is interpreted as also 
dating from the Younger Dryas.

The remaining group of four moraines with SHD ages between 
−0.4 ± 1.5 and 3.7 ± 1.3 ka (sites 1, 2, 51 and 80), which lie close 
to the South Finnan Glacier and another present-day glacier in 
Skarfjelldalen, clearly date from the Late-Holocene. The first three 
of the sites with SHD ages of −0.4 ± 1.5 to 0.5 ± 1.2 ka are from 
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Figure 12.  (continued)
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Figure 12.  (continued)
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Figure 12.  (a–c) Frequency histograms of Schmidt-hammer R-values obtained from landform surfaces (note the 2-unit class interval). Vertical 
lines show mean R-values for surfaces of known age (control surfaces for age-calibration). Young control points are represented by glacially-
scoured bedrock and alluvial (glaciofluvial) boulders (blue) or moraine boulders and road-cut bedrock (red). Corresponding old control points 
of 39.0 and 38.4 (statistically indistinguishable and too close to be represented separately) are shown as a single line (38.7, green). See text for 
further explanation.
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the ‘Little Ice Age’ moraines on the glacier foreland of the South 
Finnan Glacier (Figures 2 and 6a), which were used as young con-
trol points. The significantly older SHD age of 3.7 ± 1.3 ka from 
site 80 is the closest terminal moraine to the very small glacier at 
the head of Skarfjelldalen (Figures 3 and 6d). However, we con-
sider that this moraine also dates from the ‘Little Ice Age’, the rela-
tively old SHD age being caused by anomalously low R-values 
resulting from the short supraglacial or englacial rather than sub-
glacial transport paths that must have characterised the boulders in 
the moraine. Due to an absence of abrasion, such boulders tend to 
have a rough surface texture that would result in anomalously low 
R-values for recently exposed surfaces (Boulton, 1978; Matthews, 
1987; Olsen et al., 2020). An older moraine, reworked in the 
‘Little Ice Age’ or with the addition of more recent surface rockfall 
boulders on its surface, is also a possibility.

Alluvial fans.  The three active alluvial fans associated with the 
glacial meltwater stream from the South Finnan Glacier were 
used as young control surfaces and are essentially modern (sites 
3, 4 and 36; Figure 11). The SHD ages of –1.7 ± 1.3 to 1.3 ± 1.4 ka 
give a good indication of the age resolution to be expected from 
the application of SHD to smooth, abraided rock surfaces that are 
unweathered, which can be largely attributed to the variable 
nature of the gneissic lithology.

Located where the tributary stream from Bispevatnet meets 
the main valley floor (Figure 1), site 67 yielded a SHD age of 
12.5 ± 1.2 ka. This indicates a relict landform which, on the basis 
of its very large boulders (commonly 2–3 m diameter) must have 
been deposited by a meltwater stream with much greater dis-
charges than today.

Pronival ramparts.  Eleven sites relate to pronival ramparts, which 
occur widely in the catchment towards the base of steep slopes. 
Their SHD ages range from 7.5 ± 1.4 to 14.7 ± 1.6 ka (Figure 11). 
Some of these have been mapped previously (Carlson et al., 
1983) and based on their SHD ages and R-value distributions, 
both active and relict examples have been recognised (see 
Matthews and Wilson, 2015; Wilson et al., 2020).

Pronival ramparts are particularly well developed on both the 
north and south side of upper Alnesdalen (Figure 3). The northern 
example (sites 10, 12A, 12B and 14), which extends for about 
1.0 km with distal slopes that rise up to 50 m above the valley 
floor, yielded ages from 8.9 ± 1.5 to 14.7 ± 1.6 ka. As the feature 
is located distal to the East Alnesdalen moraine on terrain that was 
deglaciated prior to the Younger Dryas, the older SHD dates sug-
gest parts of the feature have been relict since then. Sites with 
younger ages, on the other hand, are indicative of later activity,  
as was suggested for the southern feature (Figure 7a and b) by 
Wilson et al. (2020) where sites 28, 29 and 30 yielded slightly 
younger SHD ages of 7.5 ± 1.4 to 12.5 ± 1.3 ka. Although this 
may indicate that greater rockfall activity occurred during the 
Holocene on the north-facing valley side, significant later activity 
has occurred locally on both aspects.

The distributions of R-values (Figure 11a) and the relatively 
young SHD ages of associated talus slopes (see below) support 
the diachronous nature of many of the pronival rampart sur-
faces. Site 30, for example, with the youngest SHD age, has a 
distinct bimodal distribution with the younger mode coinciding 
with the mean R-value of a modern surface and the older mode 
coinciding with the mean R-value of a surface of Younger Dryas 
age. We conclude therefore that some pronival ramparts remain 
active today.

The remaining three pronival ramparts (sites 5, 6, 32 and 96) 
yielded SHD ages between of 14.2 ± 1.5 and 10.9 ± 1.4. The 
strong negative skew of the R-value distribution for the youngest 

of these (site 32) at the foot of Alnestinden, combined with field 
evidence of recent snow-avalanche activity nearby (see below) 
again indicates a diachronous surface. Older ages at the other 
three sites again suggest features that have been relict since at 
least the Younger Dryas on terrain located beyond the limits of 
Younger Dryas glaciers.

Rock glacier.  The possible rock glacier in upper Alnesdalen 
(Figures 3 and 7a) yielded consistent SHD ages between 
13.5 ± 1.3 and 12.4 ± 1.3 (sites 24, 25, 26 and 104), which cannot 
be distinguished statistically (Figure 11). These ages are compat-
ible with the mean corrected 10Be age of 14.5 ± 2.5 ka from this 
feature. The R-value distributions of the four sites are close to 
normal with no evidence of diachronous surfaces (Figure 12a).

Interpretation of these exposure ages follows Wilson et al. 
(2020). Initially, following deglaciation in the Bölling-Allerød 
Interstadial, paraglacial boulder deposition probably involved one 
or more rock-slope failures. Rock glacier deformation may have 
occurred in a later phase of development, in a permafrost environ-
ment during the Younger Dryas. If this landform is indeed a rock 
glacier, the surface boulders are likely to have been transported in 
a largely undisturbed state (cf. Rode and Kellerer-Pirklbauer, 
2012; Winkler, 2025; Winkler and Lambiel, 2018) while perma-
frost creep continued beneath the surface for some time into the 
Holocene until the landform became relict throughout.

Talus slopes.  The 11 sites on talus slopes yielded SHD ages 
between 9.9 ± 1.7 and 3.1 ± 1.3 ka (Table 4). Pre-Holocene ages 
can be ruled out statistically (Figure 11): nine sites date from the 
Mid-Holocene; one from the Early Holocene; and one from the 
Late-Holocene. The talus slopes are best developed in areas of 
the landscape that were deglaciated before the Younger Dryas, 
especially those in upper Alnesdalen. All the dated talus sites are 
interpreted as diachronous surfaces. Some exhibit significant dif-
ferences in age between subsites (sites 13A/B, 45A/B and 92A/B; 
Table 4), which suggest more than one generation of boulders 
affected different parts of the same surface. Many have apprecia-
ble numbers of boulders with R-values >60 (sites 11, 13A, 15, 
45A, 92A; Figure 12b), which indicate surfaces influenced by sig-
nificant modern activity. However, as the SHD ages indicate the 
average exposure age of the surface boulders, a high proportion of 
the surface boulders (and an even higher proportion of the sub-
surface material) must be older than Mid-Holocene.

Snow-avalanche fans.  Five snow-avalanche fans have SHD ages 
of 14.0 ± 1.3 to 11.2 ± 1.3 ka (sites 43, 44, 54, 74 and 75; Table 4 
and Figure 11). These are located within the areas shown as talus 
slopes on Figures 2 and 3. Indeed, some snow-avalanche fans are 
reworked talus slopes. Although different processes are involved 
(snow-avalanche vs rockfall) both landform types are character-
ised by diachronous surfaces and their SHD ages are interpreted in 
much the same way. Low-level modern activity is evident on all 
five snow-avalanche fans, which reflects the likelihood that only a 
small quantity of rock particles is transported by each snow ava-
lanche (cf. Matthews et al., 2020a). Snow avalanches are therefore 
thought to have contributed incrementally to fan development, 
possibly with varying frequency, over a long period of time.

Rock-slope failures.  With SHD ages ranging from 9. 4 ± 1.7 to 
15.0 ± 1.3 ka, most of the 13 sites from 8 rock-slope failures date 
from before the Holocene (Figure 11). The ages of the 3 oldest of 
these landforms (sites 52, 53 and 55), which are located in upper 
Alnesdalen, exceed 14.0 ka, while 4 sites from different transverse 
ridges on the tongue-shaped feature (sites 20, 21, 22 and 23), also 
in upper Alnesdalen, yielded ages between 12.6 ± 1.2 and 
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13.1 ± 1.2 ka (see Wilson et al., 2020). Thus, the four oldest rock-
slope failures, all of which are relatively large, occurred <1–2 ka 
after deglaciation. One of these, site 55, includes the Alnesstein 
shown in Figures 4a and 8.

Two sites from a rock-slope failure in upper Skarfjelldalen 
(sites 81 and 82) yielded slightly younger SHD ages of 12.3 ± 1.2 
and 12.0 ± 1.2 ka. This rock-slope failure is morphostratigraphi-
cally older than the moraine ridge (sites 78 and 79) that overrides 
it, which has been dated to the Younger Dryas Stadial.

Three relatively small rock-slope failures near Alnesreset 
(sites 41, 42A, 42B and 48; Figure 2) with a SHD age range of 
9.4 ± 1.7 to 11.2 ± 1.7 ka date from the Early Holocene. These 
SHD ages appear slightly younger than the 10Be mean age of 
12.4 ± 1.5 ka obtained from glacially-scoured bedrock nearby.

Boulder fields.  The two boulder fields (sites 56 and 101) in upper 
Alnesdalen and upper Skarfjelldalen (Figures 3 and 8b) respec-
tively, produced significantly different SHD ages of 14.8 ± 1.2 
and 11.5 ± 1.3 ka. The older age indicates formation and stabilisa-
tion shortly after deglaciation while the younger age suggests 
later disturbance before stabilisation in the Early Holocene.

Boulders on till.  Glacially-transported boulders embedded in till 
surfaces were dated in mid-Alnesdalen (site 76; Figure 3) and 
south of Bispevatnet (site 95; Figure 2). Both sites are located  
on the proximal side of dated moraine ridges and interpreted as 
having been deposited as glaciers retreating from moraines at the 
end of the Younger Dryas. The SHD age of 13.5 ± 1.3 ka from site 
76 cannot be distinguished statistically from the mean 10Be age  
of 12.7 ± 1.6 ka from site 7 on the West Alnesdalen moraine. The 
SHD age of 14.5 ± 1.3 from site 95 is considered anomalously old 
and attributable to local lithological variation (see further discus-
sion below).

Boulders on bedrock.  Glacially-transported boulders perched on 
glacially-scoured bedrock surfaces yielded SHD ages of 14.5 ± 
1.2 ka (site 73) and 11.7 ± 1.4 ka (site 89; Figures 2 and 11). The 
corresponding SHD ages from each underlying bedrock surface 
were 15.5 ± 1.2 (site 72), 12.7 ± 1.3 (site 90A) and 14.2 ± 1.4 
(sites 90B). The results from sites 89 and 90A, which lie proximal 
to Younger Dryas moraine ridges (sites 46 and 47), are fully con-
sistent with deposition of boulders during withdrawal of the  
glacier from the moraine. However, the large variation in SHD 
ages both within and between the other surfaces of demonstrably 
similar age, again point to large potential errors caused by local 
lithological variability within the Alnesdalen catchment.

Boulder pavements.  SHD ages from three of the four boulder-
pavement sites in upper Alnesdalen (sites 49, 59 and 60B, Figure 3; 
see also Figure 8c) fall within a relatively narrow range (11.4 ± 1.5 
to 12.4 ± 1.2 ka) and cannot be distinguished statistically from each 
other (Figure 11). These ages are consistent with formation through-
out the Bölling-Alleröd Interstadial and Younger Dryas Stadial. 
The anomalously old SHD age of 15.3 ± 1.6 ka from site 60A may 
have been affected by anomalously high moisture availability lead-
ing to enhanced weathering of boulder surfaces.

Patterned ground.  The SHD age range of 14.5 ± 1.3 to 11.2 ± 
1.3 ka from the sorted circles in upper Alnesdalen (sites 16–19) 
and upper Skarfjelldalen (site 98; Figure 3; see also Figures 8a 
and 11) may reflect the time span between the onset and final 
stabilisation of these landforms (cf. Winkler et al., 2016, 2020). 
The dating evidence suggests that they formed rapidly following 
deglaciation, that some sites remained active during the Younger 

Dryas and that final stabilisation occurred before the Holocene 
Thermal Maximum (see further discussion below).

Solifluction lobes.  The SHD ages of 14.8 ± 1.3 and 10.8 ± 1.3 ka 
from two stone-banked solifluction lobes (sites 61 and 100; 
Figure 3) exhibit a similar age range to the sorted circle sites (see 
also Figure 11). Nevertheless, interpretation must differ as geli-
fluction rather than frost sorting is the primary formation process. 
Gelifluction would have been favoured by water-saturated condi-
tions during deglaciation in the Bölling-Allerød Interstadial but 
may have continued at a reduced rate long into the Holocene 
while boulders remained almost undisturbed on the lobe surface 
(cf. Matthews et al., 1986a; Nesje et al., 1989).

Glacially-scoured bedrock.  Apart from the modern control surface 
from the glacier foreland of the South Finnan Glacier (site 50) 
with a SHD age of 0.7 ± 1.0 ka, 29 glacially-scoured bedrock sites 
ranged in age between 9.4 ± 1.1 and 17.6 ± 1.2 ka (Figure 11). 
Most of the sites occur within the extensive area of bedrock high-
lighted on Figure 2, which we interpret as having been occupied 
by glacier ice in Younger Dryas times. The very wide range of 
SHD ages from these glacially-scoured bedrock sites seems to be 
greatly affected by non-age related factors (see below).

SHD ages of 16.8 ± 1.1 to 17.6 ± 1.2 ka for sites 106, 107 and 
108, which are clearly anomalously old, can be attributed to the 
presence of a particularly weak (schistose) lithology, possibly 
combined with the survival of pre-weathered surfaces (i.e. weath-
ered surfaces inherited from before the bedrock was scoured by 
Younger Dryas glaciers). Excluding these 3 anomalies, 26 of the 
bedrock sites have SHD ages that are no older than 15.2 ± 1.1 ka 
(site 63). Taking the confidence intervals into account, a pre-
Younger Dryas exposure age can be ruled out for only six of these 
(sites 37, 38A, 39, 83B, 94A and 102; Figure 11). In contrast, the 
youngest of the SHD ages from these glacially-scoured sites may 
have been affected by an anomalously high loss of weathered 
material from the rock surfaces since the glacial scouring occurred.

Snow-avalanche scoured bedrock.  Site 88 is uniquely affected by 
snow-avalanche scour. It is located at the foot of Alnestinden 
(Figure 2), a few metres away from and alongside the glacially-
scoured bedrock site 90 that is protected from snow avalanches by 
an overhanging cliff face. The avalanche-prone site is character-
ised by scattered very angular rock fragments and finer material 
from modern avalanches. The SHD ages of 0.1 ± 1.3 ka (site 88A) 
and –2.1 ± 1.1 ka (site 88B) from the avalanche-prone site,  
combined with their R-value distributions (Figure 12b) provide 
evidence not only of the existence of recent avalanche activity  
but also of the potential effectiveness of snow-avalanche erosion. 
The R-value distribution of the avalanche-scoured bedrock site 88A 
is remarkably similar to the modern glacially-scoured bedrock site 
50. We attribute the difference of ~2 ka between the SHD ages of 
sites 88A and 88B to the patchy nature of snow-avalanche scour.

Road-cut bedrock.  Sites 68 and 77 from road cuts (Figures 2 and 
11), both of which were used as modern control surfaces, yielded 
SHD ages of 0.5 ± 1.2 and 0.7 ± 1.3 ka, respectively.

Discussion
Late Glacial and Holocene glacial history
Our 10Be and SHD ages from ice-marginal moraines and gla-
cially-scoured bedrock enable a detailed reconstruction of the 
sequence of glacial events in space and time. In general, the two 
sets of exposure ages are complementary within comparable mil-
lennial-scale levels of uncertainty. The broad framework from the 
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Last Glacial Maximum to the Early Holocene is provided by the 
10Be ages, while confirmation and further details for the Late Gla-
cial to Late-Holocene are contributed by SHD ages.

Our preferred 10Be age for the deglaciation of the highest point 
in the drainage basin (Breitinden) of ~20 ka is a broad approxima-
tion that is particularly uncertain given the lack of an accurate 
uplift correction for samples of this age. Deglaciation at this time 
is consistent with previous research suggesting more-or-less com-
plete cover of the landscape by the Scandinavian Ice Sheet at the 
Last Glacial Maximum (Brook et al., 1996; Goehring et al., 2008; 
Hughes et al., 2016; Mangerud et al., 2011; Stroeven et al., 2016). 
All the bedrock samples from Breitinden are likely to have been 
covered by an ice sheet that was cold-based (see Kleman et al., 
2008; Kleman and Hättestrand, 1999). Lack of erosion would 
account for relatively high levels of inherited 10Be in the two sam-
ples from Breitinden that we have interpreted as anomalously old 
(cf. Briner et al., 2014b; McMartin et al., 2025). The alternative 
scenario, that Breitinden was a nunatak at the Last Glacial Maxi-
mum, that the two relatively old 10Be ages reflect this, and that the 
single sample with an anomalously young age of ~20 ka reflects 
enhanced erosion, is considered less likely as it is not supported 
by the 26Al/10Be ratios from samples BREI-01 and BREI-02 (see 
Supplemental Table S3).

The 10Be exposure age of the glacially-scoured bedrock sur-
face at just over 1200 m a.s.l. from Skarfjelldalen suggests that 
deglaciation of areas of the landscape above this elevation 
occurred by ~14.5 ka (see Figure 10). This is consistent with 
known rates of lowering of the Scandinavian Ice Sheet (e.g. 
Goehring et al., 2008; Mangerud et al., 2016, 2019; Regnéll et al., 
2022; Stroeven et al., 2016), which in turn suggest that the whole 
of the Alnesdalen drainage basin was deglaciated before the end 
of the Bølling-Allerød Interstadial (i.e. by ~13.5 ka). Taking 
account of the external uncertainties (±2σ) associated with the 
mean corrected age of 12.4 (±1.5) ka, the 10Be age of the Alnes-
reset samples at an elevation of about 885 m a.s.l. are consistent 
with this conclusion.

Based on the 10Be ages from the West and East Alnesdalen ice-
marginal moraines, local glaciers re-formed and the Scandinavian 
Ice Sheet re-advanced in the Younger Dryas Stadial. Local gla-
ciers from Finnan advanced from the west as far as mid Alnes-
dalen while the Scandinavian Ice Sheet re-advanced into upper 
Alnesdalen from the east. These limits are re-enforced and 
extended to other parts of the drainage basin, by SHD ages. Par-
ticularly important SHD-dated limits to the local glacier that 
occupied lower Alnesdalen include the moraine ridge to the east 
of Alnesreset, which indicates that ice did not flow over the col 
into Valldalen, and the lateral moraines on the valley side near 
Strupen, which indicate the upper limit of the ice flowing from the 
South Finnan palaeoglacier towards the mouth of the basin near 
Stigfossen.

In upper Skarfjelldalen, Younger Dryas ice limits are repre-
sented by three sets of moraines, none of which has been dated by 
10Be. Two of these relate to small, local palaeocirque glaciers and 
are dated by SHD, on the north and south side of the valley, 
respectively. The third set is undated and is inferred from its posi-
tion to have been deposited by the Younger Dryas Ice Sheet, the 
edge of which flowed west into the Alnesdalen basin by overtop-
ping the lowest section of the trough end of Skarfjelldalen (see 
Figure 3). This moraine set is related to a series of moraine ridges 
that lie outside the Alnesdalen basin, south of the East Alnesdalen 
moraine at Børtjønna, which are interpreted as representing short 
halts of the retreating ice sheet.

Precise determination of the timing of the Younger Dryas gla-
cier maximum in Alnesdalen has not been possible. This is likely 
to have varied somewhat depending on glacier type and location. 
In the light of proxy evidence from elsewhere in western Norway 
and offshore, it may have occurred towards the end of the 

approximately 1200-year duration of the Younger Dryas Stadial. 
According to Gulliksen et al. (1998) and Bondevik and Man-
gerud (2002), radiocarbon dating indicates a very late maximum 
was attained close to the end of the Younger Dryas both at 
Kråkenes and near Bergen in western Norway, while Bakke et al. 
(2009) linked this to rapid oceanic and atmospheric changes (see 
also Mangerud et al., 2023; Naughton et al., 2023b). A large 
number of 10Be ages obtained recently from moraine ridges in 
Valldalen suggest maxima between 11.4 ± 0.2 and 12.3 ± 0.2 ka 
(±1σ; Linge, unpublished).

Substantial climatic fluctuations at the end of the generally 
cold Younger Dryas Stadial could account for the presence of at 
least two separate but closely-spaced moraine ridges at several 
locations in Alnesdalen, the ages of which are too close to be dif-
ferentiated using either 10Be or SHD. Although cold-based glacier 
ice must have been common during the coldest climatic fluctua-
tions of the Younger Dryas when permafrost conditions existed 
down to sea level (Blikra and Longva, 1995; Blikra and Nemec, 
1998; Mangerud, 1987), warm-based ice is likely to have occurred 
beneath active glacier margins during warmer climatic fluctua-
tions and at the end of the stadial when the distinct moraine ridges 
were deposited (cf. Lane et al., 2020; Matthews et al., 2024).

The 10Be age of 10.8 ± 1.4 ka for the Finnan moraine, which 
lies inside Younger Dryas glacial limits and outside ‘Little Ice 
Age’ glacial limits, is the sole exposure-age evidence from Alnes-
dalen for glacial variations in the Early Holocene. This appears to 
relate to glacial expansion during the Erdalen Event (~10.2 to 
9.7 ka), which interrupted the rapid retreat of glaciers in response 
to Early Holocene climatic warming and produced moraines up to 
about 1.0 km beyond the Little Ice Age moraine belt elsewhere in 
southern Norway (Dahl et al., 2002; Matthews et al., 2008; 
Shakesby et al., 2020). However, the statistical uncertainty is 
such that an earlier event associated with the Younger Dryas/
Holocene transition, such as the Preboreal Oscillation, cannot be 
ruled out (cf. Lane et al., 2020; Matthews et al., 2024).

The absence of any evidence relating to the extent of glaciers 
in the Alnesdalen basin later in the Early Holocene and through-
out the Mid-Holocene is attributed to their likely absence or very 
small size during the warmest and driest part of the Holocene (cf. 
Eldevik et al., 2014; Lilleøren et al., 2012; Mauri et al., 2015; 
Paus and Haugland, 2017; Wanner et al., 2008). In common with 
other areas of southern Norway, the glaciers throughout this 
period of time must have been smaller than they were to become 
during the Late-Holocene (see Nesje and Matthews, 2024).

 ‘Little Ice Age’ moraines occur in front of the cirque glaciers 
that exist today in the Alnesdalen basin where they provide the 
only local evidence of glacier variations in the Late-Holocene. 
Our Schmidt hammer R-values and SHD ages are compatible 
with more precise observational, documentary and lichenometric 
dating evidence from elsewhere in southern Norway for the depo-
sition of ‘Little Ice Age’ moraines between the mid 18th century 
and today (see Nesje and Matthews, 2024). At their ‘Little Ice 
Age’ maximum, the glaciers in southern Norway were larger than 
at any time since the Early Holocene. There can be little doubt, 
however, that older Late-Holocene (neoglacial) century- to mil-
lennial-scale glacier expansion episodes occurred within the 
Alnesdalen basin but that the glaciers failed to exceed their maxi-
mum ‘Little Ice Age’ dimensions.

Periglacial landscape development
The exposure ages of the different types of landforms provide 
evidence that the Alnesdalen basin was affected by at least five 
phases of periglacial landscape development during the Late Gla-
cial and Holocene. Each phase can be seen as a response to envi-
ronmental changes, including interactions between climate, 
glacier extent and Earth-surface processes. At different times  
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and in different parts of the basin, seasonal-frost and permafrost 
climates, cold-based and warm-based glaciers, and various geo-
morphological processes of weathering, erosion, transport and 
deposition were involved.

Late Glacial paraglacial phase of maximum activity (14.6–12.9 ka).  
In areas of the landscape in upper Alnesdalen and Skarfjelldalen, 
which were deglaciated during the Bølling-Allerød Interstadial, 
most landforms started to develop in a paraglacial environment. A 
paraglacial environment, in which erosion and sedimentation by 
non-glacial geomorphological processes are directly conditioned 
by glaciation (Ballantyne, 2002; Church and Ryder, 1972), was 
effective here immediately following wastage of the Scandina-
vian Ice Sheet. The subsequent reduction in activity levels and 
stabilisation of surfaces occurred at rates dependent on specific 
processes of erosion and deposition. Large rock-slope failures, 
talus slopes, pronival ramparts, large-scale patterned ground, 
boulder fields and boulder pavements all fall into this category.

The rock-slope failures that occurred during the Late Glacial 
paraglacial phase are synchronous depositional surfaces and 
their exposure ages are therefore relatively easy to interpret. 
They must have been triggered by one or more paraglacial rock-
slope destabilising processes, including ice-sheet thinning,  
glacial debutressing, hydrostatic pressure variations beneath the 
ice sheet, glacio-isostatic seismic shock, and seismic triggering 
from the failure of very large rock avalanches in neighbouring 
Romsdalen, all of which have been considered important in the 
Norwegian context (Böhme et al., 2015; Curry, 2021; Henderson 
and Saintot, 2011; Hermanns et al., 2017; Hilger et al., 2018; 
Nesje and Matthews, 2024).

Talus slopes and pronival ramparts are associated primarily 
with the rockfall process driven by the piecemeal release of rock 
particles from steep rock faces (Ballantyne, 2018; Luckman, 
2013; Shakesby, 1997; Statham, 1976). Although the diachronous 
surfaces of these landforms show clear evidence of later activity, 
the greater part by volume of the material comprising both the 
talus slopes and the pronival ramparts must have accumulated 
prior to the Holocene. If this were not the case, the exposure ages 
from these features would have been much younger. The contri-
bution of rockfall material from unstable rock-slopes immediately 
following deglaciation is likely to have been increasingly supple-
mented by frost weathering (freeze-thaw) processes as paraglacial 
effects declined and the thermal climate cooled towards the end of 
the interstadial (cf. Draebing et al., 2025).

Rapid development of large-scale sorted circles by frost sort-
ing shortly after deglaciation in water-saturated till is in accord 
with formation in a deep active layer associated with seasonal 
frost (Ballantyne, 2018). Water-saturation would have been char-
acteristic of low-gradient sites as ice-rich sediments thawed near 
the margin of the downwasting ice sheet. Formation may have 
been extremely rapid, as demonstrated by their development at 
ice-marginal sites on glacier forelands in Jotunheimen (Ballan-
tyne and Matthews, 1982; Haugland, 2004, 2006). This argument 
is strengthened, moreover, by our observation of large-scale 
sorted circles on the rock-slope failure at site 20. However, an 
alternative hypothesis, that areas of large-scale patterned ground 
are relict features that formed much earlier under a permafrost 
regime (cf. Kessler et al., 2001; Winkler et al., 2016) and sur-
vived beneath one or more cold-based ice sheets (cf. Kleman 
et al., 2008; Nesje and Matthews, 2024) cannot be completely 
ruled out.

Small areas of boulder fields occur on valley floors within  
or close to the extensive areas of sorted circles with which they 
seem to be related. They appear to have developed at the same 
time as the sorted circles in areas of till from which the fines  
were removed by groundwater flow, thus rendering frost sorting 

ineffective. Local conditions for their formation would have been 
particularly suitable at and near site 56 where the gradient of the 
valley floor is clearly steeper than in the upstream area of sorted 
circles, which has a near zero gradient (see Figure 3).

Boulder pavements are best developed in upper Alnesdalen 
along the shoreline of the shallow lake at 1009 m a.s.l. (see Figure 
8c) and along the course of the ephemeral stream downstream of 
Børtjørna (1069 m). They were also observed in front of semi-
permanent snowbeds. The range of SHD ages obtained from these 
landforms is compatible with the onset of formation immediately 
after deglaciation, followed by later disturbance. Fines are likely 
to have been removed from the surface layers of till by shore-
washing along the lake shoreline, and by overland flow and 
throughflow elsewhere. The characteristic pavement effect would 
have developed over time by a combination of the weight of over-
lying snow and small incremental horizontal movements of the 
boulders induced by the freezing and thawing of interstitial ice 
(cf. Davies et al., 1990; Matthews et al., 1986b).

Younger Dryas permafrost phase (~12.9–11.7 ka).  Environmen-
tal changes associated with the Younger Dryas Stadial included 
substantially lower atmospheric and ground temperatures, and 
widespread permafrost aggradation down to sea level (Blikra and 
Longva, 1995; Carlson, 2013; Isarin, 1997). The periglacial land-
scape response to these changes is difficult to determine in Alnes-
dalen because of the short duration of the stadial, attainable levels 
of dating precision, and the occurrence of diachronous surfaces 
affected by later activity. Nevertheless, inferences can be made 
about relative levels of activity associated with several periglacial 
landform types.

Some rock-slope failures may have occurred within the 
Younger Dryas in areas of the basin not covered by glacier ice, 
possibly as a result of progressive failure. It is likely, however, 
that most potential failure planes located within bedrock cliffs 
would have been stabilised by permafrost aggradation at this time 
(cf. Hilger et al., 2021).

The ages of all four sites on the possible rock glacier are con-
sistent with permafrost aggradation within rock-slope failure 
deposits leading to the development of interstitial ice, permafrost 
creep, melt-out features and surface flow structures. However,  
as discussed in detail by Wilson et al. (2020), the morphological 
features of this landform supposedly indicative of the presence  
of permafrost and rock-glacier flow are weakly developed and 
can result from the more rapid motion associated with rock-slope 
failures without recourse to the former presence of interstitial ice.

Frost weathering processes responsible for rockfall activity 
associated with talus slopes and pronival ramparts are likely  
to have become more effective during the Younger Dryas, as 
deduced by Blikra and Nemec (1998) from thick, angular open-
work boulder deposits at sea-level in neighbouring coastal areas. 
Under a permafrost regime, frost shattering would have occurred 
in the bedrock cliffs during autumn freeze-back with subsequent 
release of rockfall material during spring thaw.

Four out of the five SHD ages from patterned ground sites are 
consistent with the continuance of frost-sorting processes during 
the Younger Dryas. Freezing and thawing is likely to have occurred 
within the active layer above permafrost at this time. By the end of 
the stadial, however, it is likely that boulder sorting had effectively 
ceased and most boulders were firmly wedged within the gutters, 
producing stabilised landforms before the onset of the Holocene.

Three of the four SHD ages from boulder pavements sites are 
consistent with pavement development continuing during the 
Younger Dryas. The occurrence of split boulders at these sites 
bear witness to the likely occurrence of post-depositional frost 
shattering, at least some of which is likely to have taken place in 
the active layer during the Younger Dryas.
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Early Holocene paraglacial and paraperiglacial phase (~11.7–
9.7 ka).  Rapid climatic warming and glacier retreat at the start of 
the Holocene led to a brief paraglacial phase that affected areas of 
the landscape previously occupied by glaciers in the Younger 
Dryas Stadial. However, this phase may have been shorter than 
indicated by our choice of the end of the Erdalen Event as its ter-
mination. At the same time, areas of the landscape not occupied 
by glaciers would have been characterised by permafrost degra-
dation during the transition from a permafrost to a seasonal-frost 
environment. For these areas, the resulting landforms can be aptly 
described as paraperiglacial, a term recently used to describe peri-
glacial processes conditioned by the previous existence of perma-
frost (cf. Mercier, 2008; Scapozza, 2016).

The clearest example of enhanced paraglacial and paraperigla-
cial activity at this time from this study is the deposition of the 
alluvial fan (site 59) with an SHD age of 12.47 ± 1.15 ka. This 
fan, situated alongside the stream currently draining from Bispe-
vatnet, contains large boulders that must have been eroded from 
the lateral moraines and valley-side till previously deposited up-
slope in the Younger Dryas and affected by permafrost degrada-
tion at the beginning of the Holocene. Discharges and debris 
content of the river at this time were most likely sufficiently high 
to constitute debris floods, as inferred for similar relict alluvial 
fans in the Jotunheimen (McEwen et al., 2020) and Jostedals-
breen areas of southern Norway (Matthews et al., 2020a). There is 
no evidence of further development of this fan later in the Holo-
cene, unlike the exposure-age dating results from some fans else-
where with diachronous surfaces (e.g. Dieleman et al., 2025; 
Walk, 2026).

Although no other landforms in the Alnesdalen basin can be 
attributed with certainty to this Early Holocene phase, many that 
were first activated in the Late Glacial paraglacial phase (such as 
talus slopes and pronival ramparts) are likely to have continued 
their activity at this time. Furthermore, Carlson et al. (1983) con-
sidered that much of the glacially-scoured bedrock that occurs in 
lower Alnesdalen was water-washed and stripped of overlying 
sediment during deglacierisation at the end of the Younger Dryas.

Early- to Mid-Holocene phase of minimum activity (~9.7–4.2 ka).  
With the exception of the three small rock-slope failures near 
Alnesreset (sites 41, 42 and 48), our study has yielded little evi-
dence of geomorphological activity during this phase, which 
experienced a generally warm and dry climate and when glaciers 
were absent from the Alnesdalen basin for most of the time. We 
tentatively attribute the small rock-slope failures near Alnesreset 
to the degradation of residual permafrost that could have survived 
from the previous cold phase and/or variations in hydrostatic 
pressure (cf. Hilger et al., 2021; Matthews et al., 2018).

Low levels of some other types of periglacial processes 
doubtless continued in an environment characterised by seasonal 
frost with relatively shallow frost penetration, reduced summer 
moisture availability, little colluvial activity and an enhanced 
vegetation cover. As explained above, the SHD ages derived 
from the diachronous surfaces of pronival ramparts, talus slopes 
and snow-avalanche fans, which at first sight might be misinter-
preted as indicating the formation of landforms in the Mid-Holo-
cene, most likely reflect the occurrence of the relatively small 
numbers of surface boulders that were deposited both earlier and 
later in the Holocene. With a few exceptions, a generally stable 
landscape in Alnesdalen during the Mid-Holocene is in accord 
with relatively low levels of periglacial activity across Scandina-
via at this time (see Matthews and Nesje, 2022).

Late-Holocene low-activity phase (~4.2–0 ka).  Late-Holocene  
climatic deterioration and neoglaciation led to an appreciable 
increase in periglacial activity associated with talus slopes, 

pronival ramparts and snow-avalanche fans. However, the SHD 
ages from these and similar landforms elsewhere in southern Nor-
way (Matthews et al., 2020b; Matthews and Mourne, 2025; Mat-
thews and Wilson, 2015) demonstrate limited activity relative to 
the major changes in the landscape that occurred in the earlier 
paraglacial phases.

The addition of rockfall material to talus slopes and pronival 
ramparts probably reached its Late-Holocene peak in the ‘Little 
Ice Age’ (McCarroll et al., 1998, 2001) and continued at a reduced 
rate to the present day. Snow-avalanche frequency appears to 
have been higher in the Late-Holocene than earlier in the Holo-
cene (Nesje et al., 2007; Vasskog et al., 2011) and may also have 
peaked in the ‘Little Ice Age’, which was a response to an increase 
in winter snowfall as well as lower summer temperature (Nesje 
et al., 2008). Large snow-avalanche events are likely to have 
occurred in southern Norway throughout the Holocene with a 
recurrence interval of between ~15 and 150 years (Aa et al., 2022; 
Decaulne et al., 2014; Nesje and Matthews, 2024; Vasskog et al., 
2011).

Glaciofluvial activity since the ‘Little Ice Age’ is evidenced by 
our SHD ages on currently active alluvial fans downstream of the 
West Finnan Glacier, which are essentially modern. Alluvial deposits 
also exist on the Alnesdalen valley floor, both upstream and down-
stream of Alnesvatnet, but they exhibit insufficient surface boulders 
for SHD. We assume, based on southern Norwegian flood records 
(Bøe et al., 2006; Engeland et al., 2020; Hardeng et al., 2024; Støren 
et al., 2010, 2012), that fluvial deposition and reworking were more 
active in the Late-Holocene than at any other time in the Holocene.

Finally, several observations from within the Alnesdalen 
catchment attest to the presence of Late-Holocene colluvial activ-
ity of various types. First, it has already been noted that unweath-
ered boulders and angular shards of rock are scattered across the 
surface of many of the talus slopes, pronival ramparts and snow-
avalanche fans. These rock particles can sometimes be seen 
perched on other boulders and even balanced on living vegetation 
beyond the distal limits of these landforms. Second, recent ero-
sion by snow-avalanches at site 88 has been sufficiently potent to 
reduce a well-weathered bedrock outcrop to a smooth, unweath-
ered one of apparent zero SHD age. Third, parallel levées on talus 
slopes and snow-avalanche fans provide evidence of reworking 
by debris flows (see, e.g. Figure 7c). Fourth, some sorted circles 
exhibit evidence of centres disturbed by shallow cryoturbation 
but this secondary activity is unrelated to the original frost-sorting 
processes that produced the long-stabilised boulder-filled relict 
gutters. Fifth, on the glacier foreland of the West Finnan Glacier, 
the steep, unvegetated proximal slope of the northern lateral ‘Lit-
tle Ice Age’ moraine (Figures 4a and 6a) appears to have remained 
unstable since deposition. Shallow slumping and gullying of 
unconsolidated till slopes at this location represent neoparaglacial 
processes that are conditioned by glacial retreat since the ‘Little 
Ice Age’ maximum (cf. Ballantyne and Benn, 1994; Lukas et al., 
2012; Tonkin, 2023).

With the exception of the special circumstances on the glacier 
foreland, periglacial landscape development was therefore 
severely limited during the Late-Holocene phase. Furthermore, 
with the possible exception of gelifluction continuing beneath the 
surface of solifluction lobes, frost-related periglacial processes 
were largely ineffective and remain so at present.

Methodological evaluation
We have demonstrated an approach to understanding the nature 
and development of glacial and periglacial landscapes over Late 
Glacial and Holocene timescales. The approach focussed on dat-
ing an extensive array of landforms present in the Alnesdalen 
drainage basin. The landscape was thereby conceptualised as a 



Matthews et al.	 25

mosaic of individual elements or geomorphosites (sensu Reynard, 
2005; see also Reynard et al., 2009). Numerical exposure-age 
estimates for each site enabled the reconstruction of glacial his-
tory and established the timing of the paraglacial, periglacial and 
paraperiglacial response to the major environmental changes of 
the last ~15,000 years.

Many excellent geomorphological maps show the distribution 
and interrelationships of glacial and periglacial landforms in alpine 
landscapes. However, the temporal aspects of the landscape 
mosaic are much more difficult to assess than the spatial aspects, 
and a complete numerical-age chronology of a similar geomor-
phological landscape has not been attempted before. In relation to 
individual landform types, such as moraines, rock glaciers, allu-
vial fans and rock-slope failures, 10Be dating provides a way for-
ward, but cost currently prohibits dating the complete landscape 
mosaic using this technique. The potential of SHD has been dem-
onstrated, in principle, by Santos-González et al. (2024). They 
used Schmidt hammer R-values for relative-age dating of 
moraines, erratics, polished bedrock, rock glaciers, talus slopes 
and blockfields in several landscapes of the Cantabrian Mountains 
and Montes de Leon of northwestern Spain. Their study involved 
three different lithologies across five massifs but, without adequate 
control surfaces of known age, they were unable to carry out age-
calibration and produce numerical SHD age estimates.

Our approach was made possible by the combined application 
of 10Be dating and SHD. The former technique provided numeri-
cal age estimates from a relatively small number of sites on 
mainly glacial landforms, whereas the latter enabled a larger 
number of calibrated-age estimates to be obtained from a diverse 
array of landforms using the local 10Be ages as calibration data. 
Direct comparisons between the age estimates from the two tech-
niques are possible for seven landforms where both 10Be and SHD 
ages are available (Figure 13). The age estimates are in generally 
good agreement and, according to the overlapping uncertainties, 
there is no significant difference in age between six of the seven 
landforms. The results from the two techniques are seriously out 
of line only in the case of the Finnan moraine (site 35) where we 
argue that the SHD age is anomalous. However, as the local 10Be 
ages were used for SHD age calibration, the age estimates from 
the two techniques are not independent in this study. Comparative 
accuracy may also be questioned on the basis of the small number 
of samples used for 10Be dating and the preference for relatively 
large boulders, which are not necessarily representative and 
potentially bear a high risk of inheritance (Hilger et al., 2019).

10Be dating and SHD have common limitations, related to 
those of exposure-age dating in general, and technique-specific 
limitations. Common limitations include those of surface-age 
determination in general, which, by definition, refer to the land-
form surface only and therefore may differ from the age of the 
subsurface if the landform developed over a long period of time 
or involved more than one event. Landform-surface age may 
therefore bear little or no relation to the early stages of landform 
development or landform age (the latter defined as the time 
elapsed since the onset of landform development). Both expo-
sure-age techniques can also be subject to interpretive problems 
associated with post-depositional or post-erosional events that 
may affect surface ages.

Another important limitation that affects both techniques is 
their similar millennial-scale level of achievable age resolution. 
Age resolution is reflected in the statistical uncertainties (±2σ) 
attached to each age estimate which, for exposure ages from the 
Late Glacial and Holocene in this study, are 1.1–1.7 ka for SHD 
ages and 1.5–2.5 for 10Be ages. This creates ambiguity when try-
ing to interpret relatively brief events in glacier history or short 
phases in periglacial landscape development (such as those asso-
ciated with the ~1.2 ka duration of the Younger Dryas or the 

~0.6 ka duration of the ‘Little Ice Age’). Nevertheless, both tech-
niques effectively distinguish major differences in exposure age 
across the landscape and provide a window on the major environ-
mental changes affecting the landscape during the Late Glacial 
and Holocene.

Important specific limitations of 10Be ages in the present con-
text relate to possible dating inaccuracies associated with our 
choice of on-line calculator, the global 10Be production rate and 
our inclusion of three environmental corrections for land uplift, 
snow depth and erosion. Inheritance (in this case, of pre-exposure 
10Be) also proved important in accounting for some anomalously 
old 10Be ages, and some anomalously young ages can be explained 
by post-depositional boulder disturbances. Use of realistic 2σ 
external statistical uncertainties (rather than the usual practice of 
1σ when discussing 10Be ages) contributes a partial but ultimately 
inadequate solution to the existence of these limitations.

Inheritance (in this case, of pre-weathered surfaces) may also 
explain some anomalously old SHD ages, while locally enhanced 
weathering (leading to the exposure of less weathered rock) may 
account for some anomalously young SHD ages. Our use of two 
age-calibration equations has certainly reduced the extent of any 
effect on SHD ages of initial differences in roughness between 
surfaces. However, high lithological variability in the local 

Figure 13.  10Be and SHD ages for sites where both techniques 
were used and direct comparison is possible. 10Be ages (blue) are 
mean corrected ages as in Table 2 with 2σ external uncertainties. 
SHD ages (red) are mean ages with 95% confidence intervals from 
Table 4. The vertical light blue band spans the Younger Dryas 
Stadial.
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gneissic rocks remains the most important source of inaccuracy in 
our SHD ages from Alnesdalen.

Variations in mineralogy, grain size and banding were often 
difficult to recognise and control during field sampling for SHD. 
Although within-site variability is adequately accounted for by 
the sample size of 200 R-value impacts per site used in this study, 
it is more difficult to take account of between-site variability. Our 
modification to the two-point SHD age-calibration method, which 
approximately doubles the width of previously used (unmodified) 
confidence intervals, takes some account of between-site variabil-
ity in R-values, but provides only a partial solution to the prob-
lems posed by high lithological variability. This is clear from the 
extent of the variability in R-values revealed in this study and also 
in the large number of independently-dated gneissic surfaces 
associated with large rock-slope failures located in the wider 
southern Norwegian gneiss region beyond the Alnesdalen drain-
age basin (Pytten, 2024).

Conclusions
This case study demonstrates a viable exposure-age dating 
approach to understanding glacial and periglacial landscapes 
where exposed boulder and bedrock surfaces are abundant, and 
where other dating techniques (e.g. radiocarbon dating) and 
approaches (e.g. use of stratigraphic relationships) may not be 
applicable. Combined and integrated use of cosmogenic 10Be and 
Schmidt-hammer (SHD) dating of landform surfaces has revealed 
a palimpsest landscape in the Alnesdalen drainage basin consisting 
of a mosaic of largely relict landscape elements with a wide range 
of surface ages from the Late Glacial and Holocene. The achieve-
ment of millennial-scale age resolution by both techniques allows 
detection of large differences in age related to the major environ-
mental changes that have affected the landscape. Several method-
ological limitations of exposure-age dating were identified during 
this study. The 10Be exposure ages were significantly affected by 
the choice of on-line calculator, 10Be production rate and the envi-
ronmental corrections for land uplift, snow shielding and surface 
erosion. In relation to SHD, high lithological variation in the local 
gneissic rocks was found to be particularly important. Inheritance 
affected both techniques in different ways.

 The extent and history of the glaciers has been reconstructed 
based mainly on 10Be ages from glacially-transported boulders 
associated with ice-marginal moraines and valley-floor glacially-
scoured bedrock. Downwasting of the Scandinavian Ice Sheet 
after the Last Glacial Maximum led to exposure of the highest 
summit in the basin (Bretinden, 1797 m a.s.l,.) at around ~20 ka. 
Deglaciation of the valley-side slopes and valley floors (down to 
~700 m a.s.l.) occurred during the Bölling-Allerød Interstadial 
(14.6–12.9 ka) when extensive areas of till were deposited in 
upper Alnesdalen and upper Skarfjelldalen. In the Younger Dryas 
Stadial (12.9–11.7 ka), re-advance of the ice sheet from the east 
reached the upper end of Alnesdalen, while local glaciers 
advanced from Finnan into lower Alnesdalen and in Skarfjell-
dalen. Extensive areas of glacially-scoured bedrock on the valley 
floor of lower Alnesdalen (~700 m a.s.l.) were exposed during the 
Younger Dryas/Holocene transition following rapid retreat of 
local glaciers and climate amelioration. Moraine ridges of Early- 
and Late-Holocene age occur in front of the present-day east-
facing South Finnan cirque glacier. These are attributed to glacier 
advances during the ‘Erdalen Event’ (~10.2–9.7 ka) and the ‘Lit-
tle Ice Age’ (~0.5–0 ka). At its maximum extent during the 
‘Erdalen Event’, this glacier advanced <500 m beyond its ‘Little 
Ice Age’ limit. In the tributary valley of Skarfjelldalen, small 
north-facing cirque glaciers almost reached their Younger Dryas 
dimensions in the ‘Little Ice Age’

Five phases of periglacial landscape development are recog-
nised based mainly on SHD age estimates from the wide variety 

of depositional landforms occurring in the Alnesdalen basin. 
These phases are: the Late Glacial paraglacial phase of maximum 
activity, which occurred during the Bölling-Allerød Interstadial 
(14.6 –12.9 ka); the Younger Dryas permafrost phase (~12.9–
11.7 ka); the Early Holocene paraglacial and paraperiglacial 
phase (~11.7–9.7 ka); the Early- to Mid-Holocene phase of mini-
mum activity (~9.7–4.2 ka); and the Late-Holocene low-activity 
phase (~4.2–0 ka). The largest rock-slope failures were activated 
and talus slopes, pronival ramparts and snow-avalanche fans 
started to develop rapidly during the Late Glacial paraglacial 
phase. Extensive areas of large-scale patterned ground on 
extremely low-gradient areas of valley floors in upper Alnesdalen 
and Skarfjelldalen appear to have formed rapidly in a deep active 
layer in water-saturated till immediately after deglaciation and 
then became relict (possibly after further limited development 
during the Younger Dryas). A similar pattern of development is 
evident for smaller areas of allochthonous boulder fields on val-
ley floors where the gradient was slightly steeper and/or the till 
contained less fine sediment. Boulder pavement development 
occurred over a relatively long period of time during the Late Gla-
cial and Holocene..

Whereas the glacier variations of the last ~15,000 years in the 
Alnesdalen drainage basin have been directly driven by climatic 
fluctuations, the periglacial landscape response to environmental 
change over this time interval has been dominated by paraglacial 
processes. During the Younger Dryas paraglacial phase, perma-
frost aggradation may have activated a short-lived rock glacier in 
the coarse debris deposit of a rock-slope failure in upper Alnes-
dalen. Permafrost degradation is likely to have been effective in 
the development of an alluvial fan during the Early Holocene 
paraglacial and paraperiglacial phase when relatively small-scale 
rock-slope failures may also have been triggered. Low levels of 
periglacial activity occurred under the seasonal-frost regime of 
the late Early and Mid-Holocene. As climate became cooler and 
wetter in the Late-Holocene, modest glacier growth led to the 
development of glaciofluvial alluvial fans while minor additions 
of coarse debris originating from rockfall were made to talus 
slopes, pronival ramparts and snow-avalanche fans.

Our final, overall conclusion is that surface exposure-age dat-
ing techniques have considerable untapped potential in glacial 
and periglacial landscapes and beyond. In particular, they can 
reveal spatial and temporal variation in exposure-ages between 
the many different kinds of landforms produced by different pro-
cesses under changing environmental conditions. An understand-
ing of surface exposure-age variations within the landscape 
thereby provides a unique approach to reconstructing geomorpho-
logical change, its environmental drivers, and its dynamics.
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