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In southern Norway, early-Holocene climatically induced glacier expansion episodes have been  
recognised at ~11.1, 10.5, 10.2, 9.7 and 8.2 ka, but the only convincingly dated, single- or double- 
ridged moraines are those associated with the regional Erdalen Event (i.e., ~10.2–9.7 ka). We applied three  
numerical-age dating techniques to sequences of up to five moraine ridges deposited by the former  
Sognefjell ice cap and by Styggedalsbreen, a large cirque glacier in the nearby Hurrungane massif. On inner and 
outer ridges and relict patterned ground proximal to the moraines, six 10Be and eight Schmidt hammer (SHD)  
surface exposure ages were obtained. Thirteen radiocarbon dates were obtained from stream-bank mire  
sediments proximal to the Sognefjell moraines. The basal date is similar to those from cores in an adjacent 
lake indicating disappearance of the Sognefjell ice-cap immediately following the Erdalen Event. Three 
of four SHD results, and one of three 10Be surface exposure ages from the Sognefjell moraines support 
this. At Styggedalsbreen, two of three 10Be surface exposure ages lie between the 8.2 ka (Finse) and  
Erdalen Event, though 1 σ dating uncertainties only overlap with the former: the third is clearly affected by  
cosmogenic nuclide inheritance. SHD results also suggest the younger event, but this is attributed to  
lithological differences between the Schmidt-hammer calibration site and the sampled moraine  
boulders. Considering the chronological evidence as a whole, supported by equilibrium-line altitude (ELA)  
calculations for Styggedalsbreen, we conclude that the moraines were formed by up to five short 
but distinct fluctuations of these ice masses during the Erdalen Event. This indicates more complex  
decadal- to centennial-scale glacier variations and climatic perturbations within the Erdalen Event than 
previously recognised. The implied exceptional glaciological sensitivity to climate variability is attributed to 
local topographic factors causing glacial fluctuations in response to relatively small ELA changes. 

E-mail corresponding author (Richard Shakesby): r.a.shakesby@swansea.ac.uk
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Introduction
Until comparatively recently, dating of Holocene moraines in southern Norway has been mainly  
limited to Little Ice Age (LIA) sequences, which were formed in this most pronounced late-Holocene  
expansion episode (e.g., Andersen & Sollid, 1971; Matthews, 1991; Bickerton & Matthews, 1993; Winkler 
et al., 2003; Matthews, 2005). Relative-age dating to distinguish the late-Holocene from far less common 
earlier Holocene moraines has been based on large differences in lichen size and degree of boulder  
weathering (e.g., Matthews & Shakesby, 1984; McCarroll, 1994; Matthews, 2005). Radiocarbon dating 
of early-Holocene moraines has been restricted to minimum ages from basal peat inside moraine limits,  
often supported by pollen analysis (e.g., Vorren, 1973; Nesje, 1984; Mottershead & Collin, 1976; 
Shakesby et al., 1990; Dahl et al., 2002; Nesje, 2009). Unlike moraine stratigraphic and dendro- 
chronological studies in the European Alps (Patzelt & Bortenschlager, 1973; Patzelt, 1974; Röthlisberger,  
1986; Nicolussi & Patzelt, 2000; Holzhauser et al., 2005; Jerin et al., 2006), finds of organic material  
overridden by moraines have been scarce in southern Norway and no dates of this type have so far 
proved to be from early- or mid-Holocene times because of different conditions (but see Dahl & Nesje, 
1992). During the last 30 years, dating of early-Holocene glacier expansion episodes in southern Norway 
has been significantly improved by radiocarbon dating of organic material associated with distal glacio- 
lacustrine and stream-bank mire sediments, which have provided near-continuous, uninterrupted  
records of glacier size variations (e.g., Nesje & Kvamme, 1991; Nesje et al., 1991, 2000, 2001; Karlén & 
Matthews, 1992; Matthews & Karlén, 1992; Dahl & Nesje, 1994, 1996; Seierstad et al., 2002; Dahl et al., 
2003; Lie et al., 2004; Bakke et al., 2005a, 2005b, 2013; Shakesby et al., 2007; Matthews & Dresser, 2008; 
Aa & Sønstegaard, 2019).

Distal sediments, however, do not record glacier extent, which is normally only achieved by direct  
dating of the corresponding moraines. To achieve such direct dating, two exposure-age dating  
techniques are available for independent numerical-age dating of early-Holocene moraines: Schmidt- 
hammer exposure-age dating (SHD) (Shakesby et al., 2006, 2011; Matthews & Owen, 2010;  
Matthews & Winkler, 2011; Matthews & McEwen, 2013; Tomkins et al., 2016, 2018a) and surface exposure  
dating using in situ produced terrestrial cosmogenic nuclides (Gosse & Phillips, 2001; Balco et al., 2008;  
Balco, 2011; Dunai, 2010). In southern Norway, whilst SHD has been refined and applied to a number of 
early-Holocene moraines (Shakesby et al., 2006; Matthews & Owen, 2010; Matthews & Winkler, 2011; 
Matthews et al., 2014), surface exposure dating has so far been limited to moraines deposited by an 
outlet glacier of the Jostedalsbreen ice cap (Matthews et al., 2008) and by a cirque glacier in western 
Jotunheimen (Shakesby et al., 2008).

We present new dating evidence and discuss the implications for arguably the best preserved early- 
Holocene moraine sequences in southern Norway. These moraines record readvance or stillstand 
phases of an early-Holocene ice cap on the Sognefjell plateau and of Styggedalsbreen, a cirque glacier 
in the neighbouring Hurrungane massif (Fig. 1). We apply a multiproxy-dating approach involving three  
techniques (Schmidt-hammer and 10Be surface exposure age dating, and radiocarbon dating), which  
reveals their strengths and weaknesses and allows exploration of their complementarity. The study leads, 
moreover, to new insights into the glacial chronology of southern Norway and the distinctive response of 
these ice masses to early-Holocene decadal- to centennial-scale climatic variations.
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Figure 1. Location of the Sognefjell (box 1) and Styggedalsbreen (box 2) study areas in southern Norway.

Background
The Sognefjell plateau forms an undulating surface between the Jostedalsbreen ice cap and Jotun- 
heimen mountains, ranging from ~1200 m to ~1400 m a.s.l., above which rise mountains reaching up 
to ~2000 m a.s.l. (e.g., Gjesingefjellet, 1481 m; Krosshø, 1627 m; Fannaråknosi, 2068 m) and into which 
are cut narrow valleys such as Rydalen (Fig. 1). The Hurrungane massif is a radially dissected, dome-like  
mountain mass ~10 km in diameter lying south of Sognefjell. Erosion by valley and cirque glaciers has 
here produced alpine topography with sharp peaks and connecting arêtes that rise above 2000 m and 
reach 2403 m at the centre of the massif at Store Skagastølstindane (Storen). Climatic data from the 
closest meteorological station (Sognefjellhytta, 1413 m a.s.l.) indicate a mean annual air temperature of 
- 3.1°C (July mean, + 13.4°C; January mean - 10.7°C) and a mean annual precipitation of 860 mm (Aune, 
1993; Førland, 1993). The bedrock geology of the region consists largely of pyroxene-granulite gneiss 
(Lutro & Tveten, 1996) but other lithologies, including various types of gabbro, peridotite intrusions and 
veins of quartz-feldspar are also present (Koestler, 1989; www.geo.ngu.no/kart/berggrunn). Fragments 
of the veins were used for 10Be surface exposure dating.
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Mostly glacio-lacustrine evidence from southern Norway suggests that the retreat of disintegrating  
Younger Dryas ice was interrupted in the early Holocene by up to five comparatively short-lived, firmly 
dated centennial- to millennial-scale glacier expansion episodes: the Jondal I Event (~11.1 ka), Jondal 
II Event (~10.5 ka), early Erdalen Event (~10.2 ka), late Erdalen Event (~9.7 ka) and the Finse Event 
(~8.2 ka) (Dahl & Nesje, 1992; Matthews et al., 2000; Nesje & Dahl, 2001; Nesje et al., 2001; Dahl et al., 
2002; Bakke et al., 2005b; Matthews et al., 2005; Matthews & Dresser, 2008; Nesje, 2009). Following 
the Finse Event, most if not all glaciers apparently disappeared at least once prior to ~6 ka. Glaciers  
readvanced or reformed (neoglaciation) between  ~6 ka and ~4 ka, with most reaching their post-Erdalen  
Event maxima during the LIA (Matthews, 1991; Nesje et al., 2008). Early-Holocene moraines have so 
far only been clearly linked to the Erdalen Event, with moraines possibly representing Jondal Events  
inferred from relative-age dates and morphostratigraphy at the northern Folgefonna type site or from  
equilibrium-line altitude estimates (Bakke et al., 2005b; Lukas, 2007).

The Finse Event is the southern Norway equivalent of the Greenland ‘8.2 ka Event’ (O'Brien et al., 
1995; Alley et al., 1997; Rohling & Pälike, 2005), which is widely regarded as the foremost northern  
Atlantic, centennial-scale, Holocene cooling event (e.g., Alley & Ágústsdóttir, 2005; Rohling & Pälike, 2005;  
Ellison et al., 2006), and consistently linked to a distinct, clearly dated, minerogenic layer in distal 
lake and stream-bank sediments in southern Norway (e.g., Nesje & Dahl, 2001). Finding a Finse Event  
moraine has, however, proved elusive, which has led to the conclusion that the Finse Event glacier  
expansion episode was less extensive than that of the LIA. 10Be and 26Al surface exposure ages 
from an early-Holocene moraine at Austanbotnbreen in western Jotunheimen (Fig. 1) suggested a  
possible Finse Event origin (Shakesby et al., 2008), but later SHD evidence led Matthews & Winkler (2011) 
to reject it and conclude that only small, very responsive glaciers might produce such moraines, given 
the brevity of this event. More recent research, however, has suggested that the Finse Event may have 
spanned as much as 1000 years from its gradual beginning to abrupt termination (Bakke et al., 2013) and 
had more impact than the late (~9.7 ka) Erdalen Event (Paus et al., 2019). 

The well preserved early-Holocene moraines selected for our study are located within: (1) a 20 km2  
rectangle of western Sognefjell extending from the eastern shores of Prestesteinsvatnet in the northeast 
and the western slopes of Fannaråknosi in the southeast, to Gjesingefjellet in the northwest and Rydalen 
in the southwest (Figs. 1 & 2); and (2) a smaller ~2.8 km2 area encompassing the outer margins of the 
glacier foreland of Styggedalsbreen, a relatively large, north-facing cirque glacier occupying a hanging 
valley in the northern Hurrungane massif (Figs.1 & 3).

In the Sognefjell study area, there is a distinct, sinuous belt of up to five subparallel moraine ridges up to 
~8 m high, which descends gradually southwestwards from ~1550 m north of Steindalsnosi to ~1380 m 
east of Gjuvvatnet (Fig. 2). Farther west, on steeper terrain, a single looping ridge at ~1050 m, crossing 
the floor of Rydalen north of Turtagrø, can be linked to the outer ridge of the belt. A moraine associated 
with a small glacier on the northern side of Steindalsnosi at ~1550 m is interpreted, following Vorren 
(1973), as a composite Preboreal/LIA moraine, although lichen sizes indicate only the latter age. There 
has been no published research into Sognefjell plateau moraines since Vorren (1973) assigned them to 
the Preboreal. Early-Holocene glacial history has, however, been investigated elsewhere in the vicinity. In 
Gjuvvatnet (Fig. 2), lake sediment cores gave a basal radiocarbon date of 10246–9556 cal BP on detrital 
wood, which was considered a reliable date for ice withdrawal (Karlén & Matthews, 1992; Matthews & 
Karlén, 1992). Recoring confirmed deglaciation by ~10 ka (Nesje, 2009). No silt/clay band indicating the 
Finse Event was identified in Gjuvvatnet, but lake cores from Nedste Hervavatnet and Vanndalsvatnet, 
to the northeast and northwest respectively, indicated meltwater events of this age (Nesje et al., 2006; 
Hormes et al., 2009). In addition, at the former site, two sediment spikes dating from ~8.5 to ~9.4 ka 
were recorded, but no evidence of the Erdalen Event was detected.
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Figure 2. Sognefjell study area showing moraines, and locations of Rydalen stream-bank pits and boulders sampled 
for 10Be surface exposure dating. Contours at 20 m intervals. © The Norwegian Mapping Authority, Geovekst and  
municipalities, Jotunheimen 2004.

In the Styggedalsbreen study area, on raised ground at the outer margin of the glacier foreland lies 
a concentric arc of at least five subparallel moraine ridges 2–6 m high (Fig. 3). They can be linked to 
a further isolated series of three parallel ridges up to ~1480 m a.s.l. on the northern slope of the  
neighbouring valley of Styggedalen (Ahlmann, 1922, 1940; Vorren, 1973; Bickerton & Matthews, 1993; 
Matthews, 2005; Fig. 3). Together, these early-Holocene moraines indicate formation by a combined ice 
mass occupying Styggedalen and the Styggedalsbreen valley. The oldest of four radiocarbon dates from 
soil beneath the outer LIA moraine gave an age of 2741–3287 cal BP (Griffey & Matthews, 1978), but the 
dates were subsequently attributed to soil mean residence time rather than to moraine age (Matthews, 
1985). Otherwise, there have been no published numerical dates relating to early-Holocene glacier  
fluctuations at Styggedalsbreen.



6 of 28 7 of 28

R. A. Shakesby et al.                     Early-Holocene moraine chronology, Sognefjell area, southern Norway

Figure 3. Styggedalsbreen study area showing moraines and locations of boulders sampled for 10Be surface exposure dating. Little Ice Age (LIA) and early-Holocene 

moraines are differentiated. The ~AD 1750 LIA outer and AD 1930 moraines are marked. Much of the area near the southwestern shore of the lake has been modified 
by hydro-electricity works with consequent destruction of moraines. Contours at 20 m intervals. © The Norwegian Mapping Authority, Geovekst and municipalities, 
Sogn 2010.

Methods

Radiocarbon dating

Stratigraphic description and sampling for radiocarbon dating were carried out from two open pits in 
a stream-bank mire associated with the outlet stream of Nedste Gjuvvatnet, proximal to the Sognefjell 
moraine belt (Rydalen 1 and 2; Fig. 4A, B). Thirteen dating samples 0.5–1.0 cm thick were collected 
from visible thin organic layers within the minerogenic sediment comprising moss, moss with detrital 
twigs and leaves together with 1 cm-thick samples from the upper and/or lower boundaries of thicker 
peat layers. Samples were subsequently stored at 4°C prior to acid washing and dating in the former  
Swansea Radiocarbon Laboratory using conventional techniques. Dates were corrected for δ13C values and  
calibrated using the program of Stuiver & Reimer (2017) and the IntCal13 datasets in Reimer et al. (2013).
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Figure 4. (A) Location of stream-bank mire (arrowed) beside Nedste Gjuvvatnet; (B) Close-up view of stream-bank 
mire pit (Rydalen1) (Steindalsnosi peak in the background); (C) site of RS-6 boulder (next to figure) sampled for 10Be 
surface exposure dating on outer Sognefjell moraine ridge (Gjuvvatnet lies to the right); (D) site of RS-7 boulder  
sampled for 10Be surface exposure dating (in front of figure) on inner Sognefjell moraine ridge; (E) site of RS-1 boulder  
sampled for 10Be surface exposure dating (leant on by figure) viewed southwards across the artificially dammed lake, with  
Styggedalsbreen in the background. Note the relative flatness of the glacier foreland; (F) Site of RS-11 boulder  
sampled for 10Be surface exposure dating obtained from inactive patterned ground between the Preboreal inner and 
Little Ice Age outer (arrowed) moraines on Styggedalsbreen foreland. Inset image shows boulder partly removed from its  
embedded position in the ground.

Schmidt-hammer exposure-age dating

Schmidt-hammer R-values were recorded using a mechanical N-type hammer (Proceq, 2006), tested 
before and after use on a standard test anvil (cf., McCarroll, 1987, 1994). The best developed, near-crest 
sections (numbered 1 and 2) of the outer (O) and inner (I) early-Holocene moraine ridges from Sognefjell 
and Styggedalsbreen were sampled. Within two contiguous subsections of each moraine section, mean 
R-values were calculated for five impacts on each of 75 boulders. The 95% confidence limits for each 
pair of subsections overlapped, so that for clarity only the section mean values (based on 150 boulders) 
are presented. Horizontal or near-horizontal surfaces were used where possible on virtually all boulders  
encountered. Boulders deemed too small or unstable were avoided, as were edges and cracks,  
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lichen thalli and wet surfaces (e.g., Shakesby et al., 2006; Matthews & Owen, 2010). Although  
unusual lithologies, especially quartzite and peridotite, were avoided, considerable heterogeneity within  
the pyroxene-granulite gneiss (cf., Koestler, 1989) could still have affected the mean R-values (see below). 

SHD dating and age calibration follows procedures detailed in Matthews & Owen (2010), Matthews & 
Winkler (2011) and Matthews & McEwen (2013). With no suitable pairs of reliably dated control points 
found in either study area, a modified approach compared to recent studies developed by Matthews & 
Owen (2010) was adopted involving two calibration curves based on two control points of known age 
in neighbouring regions (S & E Smørstabbtindan and W Smørstabbtindan; Fig. 1), from which the better 
predictor of moraine ages is assessed.

Use of two control points assumes that, first, R-values lie on a ratio scale, which is demonstrated by 
the near-linear relationship between R-values above ~30 and rock compressive strength (hardness),  
established under controlled conditions (Proceq, 2006). Mean R-values in this study ranged from 39.03 
to 45.95 for moraine sections. The second assumption is that the temporal rate of decline in R-value 
with weathering during the Holocene is approximately linear. This was tested and validated for the  
Holocene time-scale by Shakesby et al. (2011). Over longer time-scales, weathering rates should  
approach a balance between removal of weathering products and continued rock surface breakdown such 
that weathering rates decline (Colman, 1981; Colman & Dethier, 1986; see also Tomkins et al., 2018b). 
Linear rates over the Holocene can be attributed to relatively slow subaerial chemical weathering in  
periglacial environments (André, 1996; Nicholson, 2008, 2009; Matthews & Owen, 2011). Clearly, any 
control point age errors will affect the derived calibration curve, so that accurately dated control surfaces 
are paramount.

10Be surface exposure dating

Rock samples for 10Be surface exposure dating were obtained from boulders: (1) embedded in the 
crests of innermost and outermost ridges (RS-7 and RS-6) together with a large boulder from the 
crest of an intermediate ridge (RS-20) of the Sognefjell moraine belt (Figs. 3 & 4C, D); and (2) from  
innermost and outermost moraine ridges (RS-1 and RS-30) and from a surface boulder on inactive patterned  
ground (RS-11) between the LIA outer limit and the innermost early-Holocene ridge on the Styggedals-
breen foreland (Figs. 3 & 4E, F). The samples were processed in the School of Geographical and Earth  
Sciences at Glasgow University. Mineral separation was carried out on the 0.25–0.5 mm fraction,  
including etching with HCl/HNO3, magnetic separation, floatation, and removal of residual feldspars with 
 pyro-phosphoric acid. Quartz was purified by successive HF/HNO3 leaching and purity assessed by flame 
 AAS measurement of Al.

Sample preparation for Be measurement was carried out at the Glasgow University - Scottish  
Universities Environmental Research Centre (GU - SUERC) Cosmogenic Isotope Laboratory following 
procedures outlined by Child et al. (2000). After adding 9Be carrier, quartz was dissolved in concentrated 
HF. Be was extracted from the solution using column chemistry. Precipitated Be(OH)2 was dried and  
oxidised to BeO, and mixtures of BeO and Nb (1:6) were pressed into cathodes. 10Be/9Be values in these 
AMS targets were measured at the SUERC AMS laboratory (Xu et al., 2010). Process blanks, prepared with 
the samples, were used to subtract blank/background levels of 10Be.

10Be surface exposure ages were calculated using version 3 of the online exposure age calculator  
described by Balco et al. (2008) and subsequently updated (http://hess.ess.washington.edu/; wrapper: 
3.0.2; get_age: 3.0.2; muons: 1A, alpha = 1; validate: validate_v3_input.m - 3.0; consts: 3.0.4). We used 
the most advanced scaling method (LSDn; Lifton et al., 2014) and the western Norway (Goehring et 
al., 2012) and CRONUS Primary Be-10 -2015 (Borchers et al., 2016) calibration datasets from the ICE-D  
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database (http://calibration.ice-d.org/), excluding samples as per the original publications.  
Uncertainties in the calculated ages using the different scaling methods and calibration datasets are  
statistically indistinguishable. The results in the text are based on the western Norway calibration  
dataset (Goehring et al., 2012) as it is nearest to the study sites. Age uncertainties given in the text and 
accompanying table and diagram include the analytical and production rate uncertainties. 

Exposure-age calculations are presented without adjustments for: (1) glacio-isostatic uplift; (2)  
atmospheric mass redistribution; (3) post-depositional erosion (ε = 0); and (4) the effects of  
shielding by sediment, vegetation and snow. The first two time-dependent effects are currently thought to  
offset each other, at least to an extent. Whilst glacio-isostastic uplift is relatively easily calculated, the  
other effect is not because equivalent, easily accessible, last-glacial-maximum-to-present-day models of  
atmospheric pressure redistribution do not exist (Balco, 2019). Post-depositional erosion of quartz-rich 
moraine boulders, like those sampled in this study, is likely to have been negligible (André, 2002; 
Owen et al., 2007). Even an improbably high rate of loss of 0.5 mm ka-1 (which exceeds the maximum  
measured losses of ~0.2 mm ka-1 for quartzite) would cause the calculated ages to increase by <1%. The 
Sognefjell and Styggedalsbreen boulder moraines are thought to be stable so that any sediment cover 
on ridge crests from which the sampled boulders were collected is thought likely to have been thin and  
removed shortly after deposition. The sites lie above the treeline with little shrub development, so that it is  
unlikely that crest boulders would have been shielded by vegetation. Records from recent decades for 
both locations show that there is usually a dry snow cover (0–2% liquid water content) that typically 
persists for six months (December–May) with depths on occasions and in places reaching 2–4 m (www.
seNorge.no). The density of the dry snow at both locations is probably unlikely to exceed 0.2 g cm-3 
(Shakesby et al., 2008) and, while a 4 m-deep snow of this density would require an increase in age by 
10.7%, for boulders on moraine crests a far more realistic snow thickness of 0.5 m with the same density 
would increase the calculated ages by only 1.5%.

Results

Radiocarbon ages

The stratigraphic interpretations and calibrated median radiocarbon dates and 2 σ age ranges obtained 
for the stream-bank mire pits are shown in Fig. 5, with radiocarbon and corresponding calibrated ages 
given in Table 1. (Only the ± 2 σ calibrated age ranges are given below.) Grey silt dominated beneath 22 
and 44 cm-thick surface peat layers (Fig. 5). In Rydalen 1, there was a peat layer at 60–66 cm depth and, 
in Rydalen 2, seven, thin (0.5–1.0 cm), moss layers between 64.5 and 107 cm, and a further two with  
detrital twig and leaf litter at 181.5–182 cm and 189.5–190 cm. Dates from organic sediment  
above 106.5 cm depth in both pits are no older than ~6 ka. Dates from the surface peat layer bases 
differ by >2000 years (677‒553 cal BP and 3155‒2880 cal BP in Rydalen 1 and 2, respectively). The two  
dates from below 180 cm depth in Rydalen 2 are 9534‒9141 cal BP and 10,266–9905 cal BP for 
moss layers containing detrital organic matter (Table 1). The dates in Rydalen 2 are mostly in  
chronological order, with exceptions deviating by no more than a few hundred years between ~4400 
and ~6200 cal BP.
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Figure 5. Stratigraphic interpretations and  
calibrated radiocarbon age ranges (± 2 σ) for the 
two stream-bank mire pits. 

Laboratory code Depth (cm)  δ13C (‰) 14C date Median age 
(cal BP)

Age range  
(cal BP) (± 1 σ)

Age range 
 (cal BP) (± 2 σ)

Rydalen 1

SWAN-1009 21-22 - 24.6 660 ± 40 615 667‒563 677‒553

SWAN-1010 60-61 - 24.5 4520 ± 50 5163 5300‒5057 5315‒4979

SWAN-1011 65-66 - 26.4 4230 ± 50 4747 4854‒4653 4869‒4584

Rydalen 2

SWAN-1012 43-44 - 23.0 2880 ± 40 3009 3070‒2950 3155‒2880

SWAN-1013 64.5-65.0 - 21.0 4010 ± 40 4482 4520‒4428 4780‒4410

SWAN-1014 72.5-73.0 - 21.8 4240 ± 50 4760 4859‒4656 4948‒4584

SWAN-1015 75.5-76.0 - 21.4 4400 ± 50 4981 5039‒4875 5276‒4854

SWAN-1016 78.5-79.0 - 20.5 3900 ± 60 4328 4417‒4248 4514‒4152

SWAN-1017 80.5-81.0 - 21.2 4210 ± 70 4726 4849‒4628 4875‒4526

SWAN-1018 91.5-92.0 - 20.6 4700 ± 60 5433 5575‒5324 5583‒5316

SWAN-1019 106.5-107.0 - 19.0 5140 ± 80 5885 5988‒5751 6175‒5662

SWAN-1020 181.5-182.0 - 17.8 8390 ± 80 9398 9489‒9306 9534‒9141

SWAN-1021 189.5-190.0 - 17.3 9000 ± 70 10156 10242‒9948 10266‒9905

Table 1. Radiocarbon dates and calibrated median age and calibrated age ranges (± 1 σ and ± 2 σ) for organic samples 
from the stream-bank mire sites Rydalen 1 and Rydalen 2. Calibrations are based on the IntCal13 calibration curve 
(Reimer et al., 2013). See Fig. 5.
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SHD ages

Mean R-values for individual moraine sections together with mean ages and 2 σ uncertainties for both 
study locations based on the two calibration curves are shown in Table 2. For the Sognefjell moraines, 
R-values produced older mean calibrated ages using the S & E Smørstabbtindan (9080 ± 490 to 10,030  
± 500 yr) than the W Smørstabbtindan (7885 ± 415 to 8800 ± 415 yr) calibration curve (Table 2). The two 
inner moraine sections produced ages lying between those of the outer moraine sections rather than 
being younger than them.

The Styggedalsbreen moraine R-values yielded mean ages using either calibration curve mostly in  
chronological order but they are consistently younger than their Sognefjell counterparts by ~300 to 
1800 years, giving age ranges of 7515 ± 470 to 8780 ± 465 yr using the S & E Smørstabbtindan calibration 
curve and 6380 ± 410 to 7595 ± 390 yr using the W Smørstabbtindan curve. 

Moraine ridge  
and section no.

n Mean 
R-value

2 σ SHD ± 2 σ using the following calibration curve

S & E Smørstabbtindan W Smørstabbtindan

Sognefjell

O1 150 39.03 1.04 10,030 ± 500 8,800 ± 415

O2 150 41.64 1.01 9,080 ± 490 7,885 ± 415

I1 150 39.63 1.06 9,920 ± 500 8,590 ± 420

I2 150 41.02 1.14 9,310 ± 515 8,105 ± 445

Styggedals-
breen

O1 150 42.87 0.93 8,635 ± 450 7,455 ± 380

O2 150 42.47 0.98 8,780 ± 465 7,595 ± 390

I1 150 43.33 0.84 8,470 ± 425 7,295 ± 350

I2 150 45.95 1.05 7,515 ± 470 6,380 ± 410

Table 2. Schmidt-hammer R-values, associated statistics and Schmidt-hammer exposure ages (SHD) (± 2 σ) for early- 
Holocene Sognefjell and Styggedalsbreen moraines on outer (O1 and O2) and inner (I1 and I2) moraine sections. In the 
last two columns, predicted ages are given using two different calibration curves given by Matthews & Owen (2010).
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10Be surface exposure ages

The 10Be surface exposure ages and 1 σ age uncertainties for the western Norway calibration  
dataset are given in Table 3. These ages are shown together with 1 σ and 2 σ age uncertainties in Fig. 6.  
Including their age uncertainties (± 1 σ), the three samples from the Sognefjell inner, intermediate and outer  
moraine ridges yielded ages of 7.47 ± 0.52 ka to 9.52 ± 0.59 ka and the two younger dates (RS-6 and  
RS-20) narrow the age range including 1 σ uncertainties to 6.95 ka to 8.54 ka. The third sample (RS-7) 
gives the oldest age of 9.52 ± 0.59 ka, though it is out of stratigraphic order (Table 3).

For the Styggedalsbreen moraines, two (RS-11 and RS-30) of the three samples, respectively, gave similar 
ages and uncertainties of 8.68 ± 0.61 ka and 8.61 ± 0.53 ka. The third sample, RS-1, gave an age of 13.5  
± 0.82 ka, and is not only the oldest from either location, but also considerably out of stratigraphic order. 

Sample ID Location Latitude 
(°N)

Longitude 
(°E)

Altitude 
(m)

Thicknessa 
(cm)

Shieldinga

RS-11 Styggedalsbreen (fossil 
sorted circles)

61.4960 7.8756 1268 2 0.9925

RS-1 Styggedalsbreen (inner) 61.4970 7.8711 1261 3 0.9931

RS-30 Styggedalsbreen (outer) 61.4982 7.8788 1278 2 0.9929

RS-7 Sognefjell (inner) 61.5233 7.8436 1280 2 0.9903

RS-6 Sognefjell (outer) 61.5214 7.8510 1407 2 0.9961

RS-20 Sognefjell (intermediate) 61.5256 7.8527 1387 2 0.9951

Table 3. 10Be sample locations, analytical data and surface exposure ages.

10Be exposure ages (ka)e

Sample ID Quartz (g) 9Be spike (µg) 10Be/9Beb

(x10-15)
Process blankc 

10Be atoms (x103)
[10Be]d

(x104 at g-1 SiO2)
CRONUSv3 
W. Norway

CRONUSv3 
Global 

RS-11 9.016 230.6 219.57 ± 4.72 58.8 ± 8.5 12.602 ± 0.572 8.68 ± 0.61 8.87 ± 0.66

RS-1 17.324 233.9 19.19 ± 0.575 58.8 ± 8.5 19.190 ± 0.575 13.5 ± 0.82 13.8 ± 0.91

RS-30 35.727 198.7 340.94 ± 10.57 16.6 ± 5.8 12.626 ± 0.393 8.61 ± 0.53 8.81 ± 0.59

RS-7 20.239 219.4 196.97 ± 4.69 70.1 ± 10.1 13.923 ± 0.446 9.52 ± 0.59 9.73 ± 0.66

RS-6 12.183 224.4 118.30 ± 3.46 176.4 ± 31.6 13.113 ± 0.577 7.99 ± 0.55 8.16 ± 0.6

RS-20 49.841 198.6 452.26 ± 20.26 16.6 ± 5.8 12.006 ± 0.539 7.47 ± 0.52 7.62 ± 0.57

aSample thickness correction using a rock density of 2.7 g cm-3 and Λ = 160 g cm-2. Horizon shielding calculated using m = 3.3.
bFinal AMS10Be/9Be ratio from weighted mean of repeat measurements. 
cAll AMS ratios were corrected for full chemistry procedural blank and calibrated against NIST-4325 AMS 10Be/9Be standard reference material with a nominal value 
of 27,900 × 10−15.
d 10Be concentration derived from final mean 10Be/ 9Be ratio. Uncertainty based on final AMS 10Be/9Be error and 2% error in 9Be spike value. 
eSurface exposure ages are calculated using CRONUSv3: version 3 of “The online exposure age calculators formerly known as the CRONUS-Earth online exposure age 
calculator” (http://hess.ess.washington.edu/math/; https://cosmognosis.wordpress.com/2016/08/01/let-a-hundred-flowers-bloom/; Balco et al. 2008). We used the 
western Norway production rate of Goehring et al. (2012) and the global CRONUS-Earth "Primary" Be-10 calibration data set of Borchers et al. (2016) accessible via 
the ICE-D database (http://calibration.ice-d.org/) and the calculator implementations of the LSDn (Lifton et al. 2014) scaling method. Uncertainties (± 1 σ) incorporate 
analytical uncertainties in 10Be measurements and uncertainties in the calibration and scaling methods. Calculated exposure ages assume a post-exposure erosion 
rate (ε) of 0 mm ka-1. 
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Figure 6. Summary of ages and dating uncertainties.  The median calibrated radiocarbon age (± 1 σ and ± 2 σ), and mean SHD and 10Be surface exposure ages  
(± 1 σ and ± 2 σ) are shown with the sample identifications.  Dates for early-Holocene glacier expansion episodes are shown together with shaded columns indicating 
± 100 years. Timing of Late Glacial events follows Mangerud et al. (2016, 2017). See Tables 1–3 for further details.

Discussion
A graph summarising all the dating results (median basal radiocarbon date and mean SHD and 10Be  
surface exposure ages with 1 σ and 2 σ uncertainties) superimposed on selected early-Holocene and 
Late Glacial events is shown in Fig. 6.

Interpretation of the radiocarbon evidence

The earliest calibrated date (10,266–9905 cal BP) from Rydalen 2 provides a minimum age estimate for 
retreat of the Sognefjell ice cap, which is strongly supported by lake coring evidence from Gjuvvatnet 
referred to earlier (Karlén & Matthews, 1992; Nesje, 2009). Further support is provided locally by a  
radiocarbon date suggesting deglaciation by ~9500 cal BP from lake sediment in the more  
proximal Nedste Hervavatnet (Hormes et al., 2009), by an inferred basal date from peat in upper Breid- 
sӕterdalen (Shakesby et al., 1990), and by evidence of early-Holocene general glacial retreat  
reported from elsewhere in southern Norway (e.g., Lie et al., 2004; Nesje, 2009; Aa & Sønstegaard, 2019). 
Thus, from the radiocarbon evidence alone, an Erdalen Event glacier expansion episode producing the  
moraines is strongly supported: although earlier formation is not ruled out, later formation (e.g., during 
the Finse Event) is.

Radiocarbon dates from the Rydalen mire suggest the stream bank was regularly flooded and eroded for 
much of the early- and mid-Holocene. Erosion would account for an apparent absence of moss growth 
and/or peat accumulation between ~9200 and ~6200 cal BP in Rydalen 2 and as late as ~4900 cal BP in 
Rydalen 1. Between the first and last date, during the Holocene Thermal Maximum (HTM), the Sognefjell 
ice cap and the Steindalsnosi glacier probably melted completely (cf., Nesje & Kvamme, 1991; Matthews 
& Karlén, 1992; Matthews & Dresser, 2008; Nesje et al., 2008; Jansen et al., 2008; Seppä et al., 2009), 
ruling out these ice masses as possible sources of meltwater-transported minerogenic sediment.
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Alternating moss and silt in Rydalen 2 from ~6200 cal BP may reflect a stream-bank site sufficiently raised 
by earlier deposition to be sensitive to post-HTM Neoglacial glacial advances and retreats documented 
in Gjuvvatnet (Karlén & Matthews, 1992; Nesje, 2009). This sensitivity is absent in Rydalen 1, where  
there is only a single, relatively thick peat layer yielding bracketing dates out of stratigraphic order in the  
range ~5300–4600 cal BP, possibly representing a particularly important phase of Neoglacial glacial  
retreat represented by the numerous, thinner moss layers in Rydalen 2 dated to approximately the same 
time. 

After ~3000 cal BP, the stream bank apparently became comparatively stable in view of the  
uninterrupted, relatively thick, upper peat layer in Rydalen 2, which possibly reflects channel floor  
lowering by stream downcutting. Otherwise, it is difficult to explain the absence of a silt layer  
representing the LIA glacier advance in either pit.

Interpretation of the SHD evidence

For the Sognefjell moraines, the Finse Event age suggested by the W Smørstabbtindan  
calibration curve is questionable as the geology of the latter is gabbroic with a composition varying from 
monzonite to quartz monzonite together with ‘relict igneous characteristics’ (www.geo.ngu.no/kart/ 
berggrunn). This differs from the Gjuvvatnet location, where much of the bedrock over which ice  
forming the moraines moved is pyroxene granulite with compositional variations better matching the S & E  
Smørstabbtindan calibration curve bedrock geology. The moraines overlie a granitic gneiss band, but the  
short potential glacial transport distance across it means that few granitic gneiss boulders would have 
reached the moraines. One of the four moraine sites sampled (O2) lies between the Finse and Erdalen 
events with no overlap of dating uncertainties with either. The 2 σ dating uncertainties for site O1 overlap 
the Jondal II (10.5 ka) and Erdalen events. The predicted age and dating uncertainties for the remaining 
sites I1 and I2, however, overlap only with one or both Erdalen Event phases, so that overall the SHD 
results favour formation in this episode.

The SHD results for Styggedalsbreen indicate younger ages. The 2 σ dating uncertainties for two of the 
results (O1 and I1) overlap with the Finse Event but not the Erdalen Event, a third sample (O2) lies  
between these two events with no overlap of the dating uncertainties with either event, and the fourth 
sample suggests only a post-Finse Event age (Fig. 6). There are, however, no additional distal moraines 
which could represent more extensive Erdalen or Jondal events, as might be expected if the sampled 
moraines are of Finse Event age, and bedrock geology around Styggedalsbreen differs from that around 
Gjuvvatnet and the W and S & E Smørstabbtindan calibration locations, which could explain the young 
dates. It comprises mostly pyroxene granulite with ‘primary hornblende’ and with amphibolite altered 
to pyroxene granulite on the glacier foreland (www.geo.ngu.no/kart/berggrunn). Similarly, McCarroll 
(1991) noted geological anomalies for boulders on this foreland, which he used to explain unusually low 
R-values. Otherwise, his overall mean R-value (44.6) for the early-Holocene moraines is similar to ours 
(43.7) with similarly relatively large inter-site variabilities. As pointed out earlier, the possibility of a Finse 
Event moraine at Austanbotnbreen (Shakesby et al., 2008) has since been rejected (Matthews & Winkler, 
2011) and another at Grovabreen (Aa & Sønstegaard, 2019) remains speculative. Furthermore, although 
Kerschner et al. (2006) and Kerschner & Ivy Ochs (2008) reported 10Be surface exposure ages from the 
Austrian Alps suggesting 8.2 ka moraines, thus lending some credence to possible Finse Event moraines 
in southern Norway, newer cosmogenic data indicate an older date (Moran et al., 2016).

Interpretation of the 10Be surface exposure ages

At both study locations the 10Be surface exposure ages exhibit large age differences and dates out of 
stratigraphic order. Certain conclusions can, however, be drawn. The possibility of a Late Glacial age for 
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RS-1 at Styggedalsbreen (Fig. 6) can be rejected given: (1) most importantly, the continued extensive 
ice cover at the time (e.g., Hughes et al., 2016; Stroeven et al., 2016; Patton et al., 2017). The most 
plausible reasons for the erroneously old age are inherited cosmogenic nuclides caused by: (1) boulder 
removal from a previously exposed, well weathered, headwall surface with little subsequent erosion (cf.,  
Winkler & Matthews, 2010a); or (2) boulder removal from the headwall and exposure on the foreland  
after initial glacial deposition followed by incorporation into the moraine. The latter scenario is  
supported by modern Styggedalsbreen moraines formed by incremental stacking of proglacial slabs 
through annual freezing-on and subsequent melt-out (Matthews et al., 1995; Winkler & Matthews, 
2010b; Hiemstra et al., 2015). The 1 σ uncertainties for the 10Be surface exposure ages for the other 
two Styggedalsbreen samples (RS-11 and RS-30) overlap with the Finse Event: the 2 σ uncertainties also 
overlap or just fall short of the late phase of the Erdalen Event (Fig. 6). 

For the Sognefjell moraines, the 10Be surface exposure ages for RS-6 and RS20 from the outer moraine 
ridges indicate a Finse Event age (Table 3; Fig. 6). In contrast, the 10Be surface exposure age of RS-7 
supports formation during the Erdalen Event, though the upper 2 σ uncertainty also overlaps with the 
Jondal II Event (Fig. 6). RS-7, however, is out of sequence, located on the stratigraphically younger inner 
moraine compared to the other two samples from more distal moraine ridges. This could indicate that 
the higher cosmogenic nuclide concentration in RS-7, as suggested for RS-1, is a result of cosmogenic 
nuclide inheritance due to derivation of the boulder from a previously exposed headwall. Unlike RS-1, 
however, the date for RS-7 cannot be dismissed out of hand on the basis that it is clearly erroneous. An 
alternative explanation is that, despite appearances, in the past, RS-6 and RS-20 boulders were subject 
to disturbance and consequent age under-estimation as a result of factors such as toppling or shielding 
by soil, or the snow layer was much deeper and/or denser than we suppose. 

Assessment of the three dating techniques and likely dates of 
moraine formation

The strengths and an important weakness of SHD have been well illustrated. The main strengths are 
cheapness, relatively fast data acquisition, applicability to the Holocene and, especially important, 
small dating uncertainties with large sample sizes (Winkler, 2009; Matthews & Owen, 2010; Winkler &  
Matthews, 2010a; Matthews & Winkler, 2011; Wilson et al., 2019). Whilst most non-age-related factors 
affecting R-values are thought to have been successfully controlled, weathering differences amongst the 
broadly similarly-classified metamorphic rocks (see Matthews et al., 2016) are thought to have adversely 
affected the Styggedalsbreen predicted ages.

Both 10Be surface exposure datasets are small and display large age differences in addition to relatively 
large uncertainties. With no consensus as yet on the best way to solve this problem of age differences, 
adopted strategies range from: (1) deriving an average date for a moraine (e.g., Saha et al., 2018); to 
(2) statistical elimination of outliers and calculating a (weighted) average date (e.g., Çiner et al., 2017; 
Styllas et al., 2018); or (3) selecting only the oldest date (e.g., Heyman et al., 2011; Wüthrich et al., 2018; 
D’Arcy et al., 2019; Zebre et al., 2019). Although each approach has merit, errors can occur inadvertently 
through choosing the wrong strategy or through subjective bias. Averaging the three Styggedalsbreen 
ages would produce a not implausible date (10.3 ± 2.8 ka) positioned between the early Erdalen and late 
Jondal events. These averages would, however, include the clearly anomalous RS-1 age (13.8 ± 1.16 ka). 
There are too few data to apply the second option and the third is unjustified, again because of a clearly 
incorrect oldest age. Ages for the Sognefjell moraine boulders are more clustered and the average (8.3  
± 1.1 ka) again would be plausible, positioned between the Finse and late Erdalen events, though closer 
to the former. Too few data again rule out the second strategy, and while the oldest age (RS-7; 9.52  
± 0.59 ka) is compatible with the Erdalen Event, it is stratigraphically out of order.
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Our data also demonstrate the problems with attempting to avoid unwanted environmental  
influence on the 10Be surface exposure ages. Choosing large boulders embedded in stable moraine crests is  
generally considered effective for avoiding age under-estimation caused by toppling, and shielding by soil,  
vegetation and snow, and many hold that erosion by warm-based mid-latitude glaciers will remove any 
inherited nuclides (Heyman et al., 2011; Wüthrich et al., 2018). Jansen et al. (2019), however, found 
that more than a quarter of sampled ice-sheet-deposited boulders showed significant 10Be inheritance, 
leading to age over-estimation. In the case of RS-1, its size and stable position seem to have avoided  
problems of age under-estimation, but instead there was clearly age over-estimation through  
cosmogenic nuclide inheritance.

The similar basal radiocarbon dates from Rydalen 2 and lake-floor sediment in the upstream Gjuvvatnet 
suggest dating reliability, although the results are limited to providing a minimum estimate of moraine 
age. Slow soil development with long organic matter residence time and location in southern Norway 
above the treeline, however, mean that the paucity up to now of suitable material for radiocarbon dating 
in or under moraines is unlikely to change.

The Sognefjell moraines are considered to date from the Erdalen Event on the basis that the basal  
stream-bank and adjacent lake radiocarbon dates are of this age as are three out of four of the SHD 
dates. This date is also supported by the 10Be surface exposure age for RS-7 (Fig. 6). The Rydalen 2 basal  
radiocarbon date confirms a substantial body of evidence locally and elsewhere in southern Norway  
indicating rapid ice wastage shortly after the Erdalen Event. This evidence effectively eliminates a Finse 
Event date for these moraines, but theoretically all or some of them could date from earlier times (i.e., 
one or both Jondal Events). Moraines of Jondal Event age in southern Norway, however, have so far only 
been tentatively identified. Furthermore, for the moraines to date from Erdalen and one or both Jondal 
events would require ice retreat followed by an Erdalen Event advance extremely close to existing ridges 
but only rarely overriding them. Intermittent readvances or stillstands during the same (i.e., Erdalen 
Event) expansion episode featuring similar climatic controls seems a far more likely scenario.

For Styggedalsbreen, the SHD predicted dates and two 10Be surface exposure ages favour more the  
Finse than the Erdalen Event, but the latter is preferred. Lithological differences between calibration 
site and the sampled moraines are thought to have resulted in underestimated SHD predicted dates.  
Furthermore, there is only speculative support for moraines of possible Finse Event age not only locally at 
Austanbotnbreen, but also elsewhere in southern Norway and in the rest of Europe. The greater distance 
(typically up to ~1 km) between the LIA limit and moraines of Erdalen Event age at the Erdalen type site 
and other Jostedalsbreen outlet glaciers compared with Styggedalsbreen is entirely consistent with this 
interpretation, as the former ice mass is much larger with consequently an expected more pronounced 
glacier response.

Additional support for an Erdalen Event age for the Styggedalsbreen moraines is provided by  
equilibrium-line altitude (ELA) depression calculations (Table 4). Of the different methods available,  
accumulation area ratio (AAR)  with a ratio of 0.6 ± 0.05 was chosen as it has been  
widely applied to characterise steady-state conditions of valley or cirque glaciers in  
Norway (Nesje, 1992, 2013). Results using the maximum elevation of lateral moraines 
(MELM) and toe-to-headwall ratio (THAR) methods proved too inaccurate for Styggedals- 
breen because of poor preservation or lack of development of the upper parts of the lateral  
moraines and little or no difference in the altitude of the glacier snout and thus in the ELAs for the different  
reconstructed glacier extents. Deciding where to draw contours on a reconstructed glacier is  
potentially the main source of inaccuracy with the AAR method, although errors are thought to be randomly  
distributed (Nesje, 1992). For Styggedalsbreen, however, there is the unusual complication of needing 
to estimate the contribution of ice joining it via the Styggedalen col when the early-Holocene moraines 
were formed (Vorren, 1973). Estimations of this contribution were guided by the inner and outer lateral  
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moraine remnants on the south-facing valley side in Styggedalen (Fig. 3). Despite this complication, the 
results in Table 4 are regarded as reasonable approximations of the ELAs of the present-day and past  
glacier extents. This view is supported by the similarity of the ELA for Styggedalsbreen during the LIA maxi- 
mum to those calculated for glaciers elsewhere in the region. For the LIA maximum, Rasmussen et al. (2010)  
calculated a regionally averaged altitudinal lowering of the ELA of 68 ± 44 m for 133 Jotunheimen  
glaciers and, for 20 Jostedalsbreen outlet glaciers, Torsnes et al. (1993) reported an average of 75 ± 30 m.  
Similarly, there is support from the region for the early-Holocene Styggedalsbreen moraines being of an 
Erdalen Event age on the basis of similar ELAs. Dahl et al. (2002) reported isostatic-uplift-adjusted ELA  
lowering of ~230 and 215 m, respectively, for early and late Erdalen Event moraines at Nigardsbreen, an  
outlet glacier of Jostedalsbreen. Comparable figures drawn from several sources of 220–285 m for four  
other Jostedalsbreen outlet glaciers, 205 m for the northern sector of Hardangerjøkulen and 220 m for  
northern Folgefonna were cited by Dahl et al. (2002).

With no convincing moraines of Finse Event age so far identified in Norway, calculating any ELAs is clearly 
not possible using a method based on palaeoglacier reconstruction. Since, however, in all or virtually 
all cases, any such moraines were presumably overridden during the LIA readvance, its ELA should lie 
closer to that of the LIA than to the Erdalen Event, even allowing for the effect of glacio-isostatic uplift. 
Thus, the large difference between ELAs calculated for the Styggedalsbreen LIA and inner and outer 
early-Holocene moraines argues against a Finse Event age. On the other hand, ELA calculations adjusted 
for isostatic uplift for Jondal Events I and II at the type site at northern Folgefonna reported by Bakke et 
al. (2005b) of ~230 m and ~220 m are similar to both the ELA-based glacier extent represented by the 
Erdalen Event moraines there and the ELAs calculated for the Styggedalsbreen early-Holocene inner and 
outer moraines (Table 4). Thus, the ELA evidence supports an Erdalen Event rather than Finse Event age 
for the Styggedalsbreen early-Holocene moraines, though it does not rule out a Jondal Event age.

Implications for early-Holocene glacier variations and climatic 
fluctuations

To infer that the moraines at either location date from the Finse Event in particular (though also Jondal 
events) and not from the Erdalen Event, for which there is already good morphological and dating  
evidence in southern Norway, would require an overriding balance of supporting evidence. Although 
some of the new dates, when taken in isolation, point to these other events, there are grounds for 
doubting their reliability and/or they are matched or outnumbered by Erdalen Event dates. Taking all the 
dating evidence together as a whole, therefore, we consider that our evidence gives reason to accept an 
Erdalen Event age at both locations.

Present day Little Ice Age 
maximum

Early Holocene 
(minimum)1

Early Holocene 
(maximum)2

AAR (m a.s.l.)3 1560 ± 30 1500 ± 30 1350 ± 20 1320 ± 15

ΔAAR (m) N/A - 60 - 210 - 240

Table 4. Equilibrium-line altitude (ELA) calculated using the accumulation area ratio (AAR) method applied to  
Styggedalsbreen at the present day and for the reconstructed Little Ice Age and early-Holocene palaeoglaciers.   
Lowering of AAR relative to the present day is shown for the palaeoglaciers. (Altitudes for the early-Holocene minimum 
and maximum glacier extents are adjusted for an isostatic uplift of 90 m.)

1Glacier extent is taken as the inner moraine at Styggedalsbreen snout and an estimated contribution from Styggedalen 
glacier ice based on the lowest lateral moraine.
2Glacier extent is taken as the outer moraine at Styggedalsbreen snout and an estimated contribution from Styggedalen 
glacier ice based on the highest lateral moraine.
3The ratio used is 0.6 ± 0.05.
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For the investigated multiple moraines all to date from the Erdalen Event requires that both ice  
masses concerned — ice-cap and large cirque glacier — were similarly sensitive to past fluctuations in 
ELA. This would suggest an unusual, common glaciological and/or topographic characteristic or set of  
characteristics. We favour control by a single dominant characteristic, namely the very low-angled  
marginal terrain at both locations, which would have caused relatively large ice-margin fluctuations in 
response to small changes in ELA.

Styggedalsbreen would have extended an unusually long distance across a relatively flat glacier  
foreland when the early-Holocene moraine belt was deposited. The width of this belt narrows to <200 m 
in places compared with more than 800 m between the present-day glacier and LIA limit (Fig. 3). At least 
seven, separate, LIA moraines were deposited during ~270 years (Matthews, 2005), so that the much  
narrower early-Holocene moraine belt is fully consistent with formation during the ~500 years of the 
Erdalen Event.

Although the Sognefjell former ice-cap thickness is unknown, the outlet glacier occupying the  
Gjuvvatnet basin would have had a very shallow gradient as reflected in the low-angled slope (~8% or ~5°) 
of the outer lateral moraine between its mapped limit north of Steindalsnosi and a point south of sample 
RS-7 near Gjuvvatnet (Fig. 2). The width of the moraine belt is <500 m with an altitudinal range of only 
~80 m (Fig. 2). The ice cap advancing against a valley-side slope would have been conducive to moraine  
formation and preservation. The low relief of the Sognefjell ice cap would have been similar in some  
respects to the smaller northern Folgefonna ice cap, where Bakke et al. (2005a) concluded that its limited 
relief was conducive to rapid responses to minor mass-balance perturbations.

Conclusions
An Erdalen Event age (~10.2–9.7 ka) is suggested for the belt of Sognefjell plateau moraines investigated. 
Although two of the three 10Be surface exposure ages might, at first sight, be viewed as indicating the 
Finse Event, this contradicts not only the new basal radiocarbon evidence from a proximal stream-bank 
mire but also published local radiocarbon dates and others in southern Norway, most SHD results, the 
remaining 10Be surface exposure age and the established, regional, early-Holocene glacial chronology. 
The narrowness of the moraine belt and rarity of moraine overlap suggest, moreover, readvances or 
stillstands during a single, multi-centennial-scale, glacier expansion episode. 

For the Styggedalsbreen early-Holocene moraines, excluding a clearly erroneous date attributable to 
cosmogenic nuclide inheritance, the other two 10Be surface exposure ages are positioned between the 
Finse and late Erdalen events, though nearer the former. The SHD results using the more appropriate  
S & E Smørstabbtindan calibration curve also favour the Finse Event, but this is rejected because of 
subtle but important geological differences between the calibration site and sampled moraine boulders. 
Support for Erdalen Event formation is provided by the comparability of equilibrium-line altitude (ELA)  
calculations for Styggedalsbreen to those reported for glaciers of this age elsewhere in the region. 

An Erdalen Event age to explain both belts of moraines requires that both ice masses were  
especially topographically sensitive to small fluctuations in ELA not apparent on other glacier forelands. The  
Sognefjell ice cap spanned a limited altitudinal range and had a low gradient in the vicinity of the  
moraines investigated and the terminal zone of Styggedalsbreen extended onto an almost flat foreland. 
In both cases, therefore, relatively large lateral changes in glacier extent would be expected in response 
to small changes in ELA. 

Advantages and disadvantages of the three techniques when applied in glacial contexts have been  
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demonstrated. The proximal stream-bank mire basal radiocarbon date gave an apparently reliable, 
though indirect and minimum age estimate for moraine formation. SHD and 10Be surface exposure  
dating, in comparison, both provided direct, though variable moraine dates. SHD is relatively cheap and 
able to give rapid results, but is dependent on a close match between rock weathering characteristics at 
calibration and sampling sites, which proved difficult to achieve in this instance. 10Be surface exposure 
dating can provide accurate and precise surface exposure ages when an appropriate calibration dataset 
is used, but is relatively expensive, requires lengthy laboratory analysis and calculated ages obtained 
from moraine boulders can be affected by a range of post-depositional factors (e.g., boulder instability, 
and soil, vegetation and snow covers) as well as cosmogenic nuclide inheritance. 

The disagreements between and the variations in dates clearly demonstrate the value of a multi-proxy 
dating approach, which allows offsetting of the different limitations of the techniques. Where possible, 
for direct dating of early-Holocene boulder moraines, SHD and 10Be surface exposure dating together 
with any other available applicable technique (e.g., optically-stimulated luminescence dating) should 
be used. The cheapness and speed of SHD favour its use as both an exploratory and primary technique.
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