
Geomorphology 408 (2022) 108251

Available online 12 April 2022
0169-555X/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Age, origin and palaeoclimatic implications of peri- and paraglacial 
boulder-dominated landforms in Rondane, South Norway 

Philipp Marr a,d,*, Stefan Winkler b, Svein Olaf Dahl c, Jörg Löffler d 
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A B S T R A C T   

Boulder-dominated landforms of periglacial, paraglacial and related origin constitute a valuable, but often un-
explored source of palaeoclimatic and morphodynamic information. The timing of landform development 
initiation and its subsequent stabilization can be linked to past climatic conditions offering the potential to 
reconstruct cold climatic periods. In this study, Schmidt-hammer exposure-age dating (SHD) was applied to a 
variety of boulder-dominated landforms (sorted stripes, blockfield, rock-slope failure, paraglacial alluvial fan) in 
Rondane, eastern South Norway for the first time. On the basis of old and young control points a regional SHD 
calibration curve was established and successively utilized for the calculation of surface exposure ages for in-
dividual landforms. The chronological investigation of development and stabilization of the respective landforms 
permitted an assessment of Holocene climate variability in Rondane and its impact on overall landform evolu-
tion. Our obtained SHD age estimates ranged from 11.44 ± 1.22 ka (ST-D2) to 4.09 ± 1.51 ka (AF1) showing 
their inactive and relict character. Most surface exposure ages for sorted stripes clustered between 9.88 ± 1.35 ka 
and 9.25 ± 1.21 ka, hence indicating stabilization during the late stage of the Erdalen Event or shortly thereafter. 
It is inferred that the blockfield formed prior to the Last Glacial Maximum, was protected by cold-based ice 
throughout glaciation and shortly reactivated during the Erdalen Event only to subsequently becoming inactive. 
The surface exposure age of a rock-slope failure (7.58 ± 0.73 ka) falls into the early phase of the Holocene 
Thermal Maximum (HTM, ~8.0–5.0 ka). This indicates permafrost degradation and/or increasing hydrological 
pressure negatively influencing slope stability. The paraglacial alluvial fan with its four subsites yielded ages 
between 8.73 ± 1.63 ka and 4.09 ± 1.51 ka. The old exposure ages point to fan aggradation following regional 
deglaciation due to paraglacial processes, whereas the younger ages can be explained by increasing precipitation 
during the onset neoglaciation at ~4.0 ka. Our results underline the importance of meltwater for the activation of 
periglacial landforms in a continental climate and indicate that the Erdalen Event and immediately following 
onset of the HTM had major impact on landscape evolution in Rondane. Our obtained surface exposure ages from 
boulder-dominated landforms in Rondane give important insights into the local palaeoclimatic variability during 
the Holocene.   

1. Introduction 

Boulder-dominated periglacial and paraglacial landforms are wide-
spread in mid- and high-latitudinal mountain regions worldwide (Bal-
lantyne and Harris, 1994; Ballantyne, 2018; French, 2018). 
Reconstructing their age and origin as well as exploring their morpho-
dynamics are important for improving our understanding of the 

controlling mechanisms for landform evolution under past climatic 
conditions given their development is often related to cold climate- 
related factors such as freeze-thaw processes and/or the presence of 
permafrost (Washburn, 1956, 1979; Wilson and Matthews, 2016; 
French, 2018; Marr et al., 2019c; Wilson et al., 2020; Winkler et al., 
2021). Paraglacial landforms can help to assess frequency and magni-
tude landscape responses conditioned by the paraglacial adjustment 
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phase following deglaciation (Church and Ryder, 1972; Ballantyne, 
2002; Kerguillec and Sellier, 2015; Matthews et al., 2020b). Providing 
surface exposure ages of peri- and paraglacial landforms allows building 
a geochronological basis for their development and final stabilization as 
well as utilizing them as palaeoclimatic archives (Whittecar and Ryter, 
1992; Shakesby et al., 2006, 2020; Matthews and Winkler, 2011; Win-
kler et al., 2016, 2020; Marr et al., 2018; Wilson et al., 2020). 

Major obstacles with the palaeoclimatic interpretation of boulder- 
dominated peri- and paraglacial landforms were often limitations to 
numerically date them. This is either caused by their diachronous and 
long-term formation (as opposed to individual, short-term events), or by 
methodological and financial constraints regarding the application of 
established dating methods. As a result, dating of boulder-dominated 
peri- and paraglacial landforms by Schmidt-hammer exposure-age 
dating (SHD) has recently gained attention and subsequently improved 
our knowledge about their age, origin and morphodynamics (Shakesby 
et al., 2006, 2011; Matthews et al., 2011, 2014, 2020b; Rode and 
Kellerer-Pirklbauer, 2011; Wilson and Matthews, 2016; Marr et al., 
2019a; Winkler et al., 2020). One prerequisite of applying SHD is to 
establish a calibration curve based on young and old control points of 
known age and obtained from similar or comparable lithologies. SHD 
has meanwhile proven to be a valuable method in various geo-
morphologic circumstances, such as moraines (Winkler, 2014; Tomkins 
et al., 2018), alluvial fans (Matthews et al., 2020b), rock glaciers 
(Matthews et al., 2013; Winkler and Lambiel, 2018; Nesje et al., 2021), 
snow avalanche boulder fans (Matthews et al., 2020a), patterned ground 
(Winkler et al., 2016, 2020; Wilson et al., 2017; Marr et al., 2018) and 
rock-slope failures (Matthews et al., 2018; Marr et al., 2019a). 

Numerous studies investigating Holocene climate change have been 
carried out in South Norway (Nesje et al., 1991; Nesje and Dahl, 2001; 
Dahl et al., 2002; Matthews and Dresser, 2008; Nesje, 2009). However, 
there is a large discrepancy in the number of studies undertaken be-
tween the areas west and east of the watershed. Natural environmental 
change research during the last decades predominantly focused on 
western South Norway, e.g. Jotunheimen (Matthews, 1987; Nesje et al., 
2001; Matthews et al., 2009; Matthews and Owen, 2010; Winkler et al., 
2016; McEwen et al., 2020). In contrast, only few studies have been 
carried out within eastern South Norway, specifically in Rondane (Dahl, 
1956; Gehrenkamper and Treter, 1983; King, 1984; Dawson et al., 1986; 
Shakesby et al., 1987) and particularly investigating climatic variabil-
ities throughout the Holocene (Kvisvik et al., 2015). This is despite the 
presence of periglacial features (Barsch and Treter, 1976; Kerguillec and 
Sellier, 2015; Sellier and Kerguillec, 2021) and the ideal properties to 
investigate geomorphological processes due to the homogeneous litho-
logical structure (Strøm, 1945). This unexplored potential for investi-
gating periglacial and related landforms as palaeoclimatic indicators 
may provide relevant insights into landscape transition following 
deglaciation. These results can be valuable for better understanding 
about the timing and magnitude of Holocene cold climate periods and 
the response of geomorphological systems to these in a continental 
setting in comparison to the better studied maritime environments in 
western South Norway. 

In this paper, we assess the applicability of SHD in Rondane, South 
Norway for the first time, for investigating age and origin of peri- and 
paraglacial landforms. To improve our understanding of their condi-
tioning by Holocene climate fluctuations we investigate sorted stripes 
(ST), a blockfield (BL), a rock-slope failure (RSF) and an alluvial fan 
(AF). The obtained age constraints are interpreted and discussed within 
the context of Holocene climate fluctuations in South Norway. Our three 
main objectives are as follows: (i) to establish the first SHD calibration 
curve in Rondane, (ii) to determine the timing of formation and stabi-
lization of boulder-dominated landforms with SHD, and (iii) to relate 
landform evolution to changing climatic conditions during the 
Holocene. 

2. Study area 

2.1. Location, geological and geomorphological context 

The Rondane mountains, located in eastern South Norway (Fig. 1) 
are part of the Scandinavian Caledonides (Oftedahl, 1950; Ramberg 
et al., 2008). They cover an area of about 2030 km2 with several peaks 
above 2000 m a.s.l., the highest peak is Rondslottet 2178 m a.s.l. (Strøm, 
1945; Shakesby et al., 1987). The gross morphology of Rondane is 
characterized by near-horizontal plateaus, wide transactional valleys, 
numerous peaks above 2000 m a.s.l., glacial cirques and few glacial 
troughs. The geomorphological map of Rondane (Barsch and Treter, 
1976) displayed a large variety of periglacial and related landforms, 
both active and relict. Talus-covered slopes and boulder-dominated 
landforms are the result of steep valleys, jointed rock structures, 
freeze-thaw activity and relatively low fluvial erosion in the upper valley 
parts (Shakesby et al., 1987). Patterned ground cover, such as sorted 
stripes, was reported between 1250 and 1700 m a.s.l. (Barsch and 
Treter, 1976). Additionally, lateral drainage channels are abundant 
features (cf. Kvisvik et al., 2015). In this study, we focus on two areas in 
Rondane, namely Fremre in the south and Haverdalen in the north (see 
Fig. 1) Geomorphological details surrounding the specific landforms are 
described in Section 3.2. 

Geologically, the bedrock in Rondane is dominated by quartzite 
rocks. The area consists mainly of feldspathic sandstone, named arkosic 
sparagmite (Oftedahl, 1950). It is partly constituted of meta-sandstone 
and conglomerates with a relatively high quartz and feldspar content 
(Strøm, 1945; Sigmond et al., 1986). Both areas in Rondane mainly 
consist of metasandstone with quartzite as an additional rock type 
(Tveten et al., 1998). In the more detailed geological map 1:50,000 
(www.ngu.no – Geological Survey of Norway/www.ngu.no, 2022), the 
area around Fremre is characterized by sandstone whereas Haverdalen 
consists of meta-arkose. 

2.2. Climate, permafrost and palaeoclimate 

The climate conditions in Rondane can be described as “dry peri-
glacial”(Sellier and Kerguillec, 2021), and are characterized by relative 
continentality. Mean annual temperatures vary from − 6 to 0 ◦C 
(1971–2000) in the entire Rondane area (www.senorge.no, 2020), and 
winter precipitation estimates (1 October–30 April) based on data from 
climate stations at Fokstua (974 m a.s.l.), Folldal (709 m a.s.l.) and 
Høvringen (935 m a.s.l.) give on average 176 mm w.e./a at 1000 m a.s.l. 
(www.met.no). The mean number of days with snow depth of >25 cm is 
200–350 for most of the study area, but sites in Haverdalen (AF, RSF) 
experience snow depth of >25 cm for only 100–200 days (www.senorge. 
no). According to Bjørbæk (1993), snow-bearing winds from southwest 
are dominant during winter and result in higher local leeward accu-
mulation of snow and limited snow cover on summits. 

The permafrost distribution in the Rondane massif is of considerable 
size (Gisnås et al., 2013, 2017), however, there are no detailed recent 
data available concerning ground temperatures. In proximity to the 
study area on Blåhø/Jetta (ca. 25 km west of Rondvassbu) an array of 
three permafrost boreholes at 1218 m a.s.l., 1450 m a.s.l. and at 1560 m 
a.s.l. was installed (Farbrot et al., 2011). At the uppermost borehole 
marginal permafrost was detected (Farbrot et al., 2011), in general 
above 1500 m a.s.l. permafrost conditions can be assumed (Etzelmüller 
et al., 2003). The lowest situated rock glacier in Rondane is located at 
~1500 m a.s.l. where also the present limit of discontinuous permafrost 
is expected (Lilleøren and Etzelmüller, 2011). According to Isaksen et al. 
(2007) the present permafrost limit is most likely located above ~1450 
m. Except for the Skriufonne cirque glacier, there are currently no gla-
ciers in Rondane (Kvisvik et al., 2015). 

The Rondane massif is located north of the main ice divide in 
southern Norway during the last glacial maximum (LGM) (e.g. Dahl 
et al., 1997, and references therein), and low-erosive cold-based ice 
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Fig. 1. The Rondane massif, South Norway with two black squares indicating the areas of geomorphological features selected for SHD (© Kartverket/www.kartverket.no).  
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conditions are suggested for the Rondane area during this period (e.g. 
Sollid and Sørbel, 1994; Dahl et al., 1997; Patton et al., 2016). The few 
glacial troughs in the valleys contrast the well-developed cirques are 
suggested to be the result of cold-based ice sheets during major glacia-
tions and warm-based and/or polythermal cirque glaciers during in-
terglacials or interstadials (Dahl et al., 1997; Kleman, 2008). The timing 
of final deglaciation in the area was estimated to ~10 ka based on the 
compilations of regional chronologies by Hughes et al. (2016), and 
Stroeven et al. (2016), and Kvisvik et al. (2015) suggested that a rapid 
local deglaciation occurred during the early-Holocene in central Ron-
dane at around 10 ka. Permafrost conditions probably survived the 
deglaciation in most parts of Rondane and remained present at higher 
elevations throughout the Holocene (Lilleøren and Etzelmüller, 2011; 
Lilleøren et al., 2012). However, permafrost is suggested to have partly 
degraded during the Holocene Thermal Maximum (HTM, ~8.0–5.0 ka, 
Clark et al., 2009) (Lilleøren and Etzelmüller, 2011; Lilleøren et al., 
2012). Following the Finse Event (equivalent of the 8.2 ka Greenland 
event), the HTM in Norway most likely resulted in the disappearance of 
all glaciers in Norway (Nesje, 2009). However, the local Late Pleistocene 
and Holocene glaciation history in Rondane is relatively poorly 
explored. 

3. Methodology and research design 

3.1. Geomorphological measurements, clast roundness and 
palaeohydrological indicators 

Landforms integrated in this study were identified based on aerial 
photography, geomorphological maps (Barsch and Treter, 1976) and by 
field investigations in summer 2020. We aimed to sample different peri- 
and paraglacial landforms in Rondane in order to better understand 
their responses to climatic variations. Topographic (elevation, aspect, 
slope angle) and geomorphologic information were gathered in the field 
and validated with topographic and geomorphologic maps. The mea-
surements of lengths and widths of landforms and boulders were per-
formed in the field with measuring tape. 

Determining the roundness of a minimum of 25 representative 
boulders at each landform was based on the visual comparison method 
introduced by Powers (1953). Clast roundness provides indications 
about transporting trajectories of boulder accumulations on the alluvial 
fan (Matthews et al., 2020b) or potential effects on R-values and sorted 
stripe morphology (Winkler et al., 2020). The roundness index of mean 
roundness was applied ranging from very angular 0.5, angular 1.5, …, to 
well-rounded 5.5 (Powers, 1953). 

Palaeohydrological parameters helped to determine the processes 
and forces which are needed, e.g. to mobilize a certain volume of mass. 
Following Matthews et al. (2020b), the intermediate-(b-axis) were 
measured from the boulder deposits on the alluvial fan in order to 
calculate palaeohydrological parameters which could be related to the 
processes involved in sediment deposition (Williams, 1983). In addition 
to the averaged values of measured boulders, the maximum intermedi-
ate-(b-axis) from each site was measured in order to calculate maximum 
values. The palaeohydrological parameters were estimated from the 
intermediate-(b-axis) clast size (d) (Williams, 1983): 

Unit stream power (ɷ) = 0.079d1.3(10 ≤ d ≤ 1500 mm) (1)  

Bed shear stress (τ) = 0.17d1.0(10 ≤ d ≤ 3300 mm) (2)  

Mean flow velocity (V) = 0.065d0.50(10 ≤ d ≤ 1500 mm) (3)  

3.2. Investigated landforms 

Owing the dry periglacial climate and the geological properties, the 
Rondane mountains comprise a variety of periglacial and related land-
form assemblages (e.g. Barsch and Treter, 1976). These include sorted 

stripes, a blockfields, a rock-slope failure and boulder accumulations on 
an alluvial fan (Figs. 2a, b, 3), most of which are associated with past 
periglacial and/or permafrost conditions (Ballantyne, 2018; French, 
2018). All landforms share a relict character with no evidence of recent, 
post-depositional disturbance. 

Sorted stripes were sampled in South Rondane from the southwest to 
north around the Fremre summit (Figs. 2a, 3). In total, four sorted stripe 
clusters (A-D) were investigated, each subdivided into upper (ST-A1, ST- 
B1, …) and lower (ST-A2, ST-B2, …) segments. Each segment consisted 
of four individual stripes, measured with 100 impacts for each stripe 
including the upper and lower part. The stripes were selected in varying 
aspects, southwest (ST-A1, ST-A2, ST-B1, ST-B2), west (ST-C1, ST-C2) 
and north (ST-D1, ST-D2) at an elevation between 1338 (ST-C2) and 
1551 m a.s.l. (ST-A1). The slope angles varied between 6◦ and 20◦. The 
average boulder size within the sorted stripes 20–45 cm, dominated by 
subangular clasts. The stripe widths ranged from 50 to 350 cm with an 
average of ~150 cm, the width of the fine-grained area separating them 
ranged between 70 and 420 cm, averaging to ~200 cm. The length 
varied between ~35–100 m. Whereas, the largest width was observed in 
the upper slope area, other stripes also had large widths at their 
downslope terminus. Whereas some stripes were parallel aligned with 
slope inclination, others showed curve-like patterns. 

The area of our investigated blockfield (BL; n = 400; N61◦51′28.7′′, 
E9◦47′57.2′′; 1480 m a.s.l.) comprised ~5000 m2 and is located west of 
the Fremre summit in the southern part of Rondane, close to Rondvassbu 
(see Figs. 2a, 3). In total, four subsites (every 200 m along a northeast 
transect) with 100 boulders each were measured. Generally, the block-
field is characterized by smaller topographic variations and boulder 
tongues indicating (past) downslope movement by solifluction. Partly, 
the lobes showed signs of soil matrix and vegetation. The entire slope 
gradient averaged at ~15◦, with steeper parts towards the summit. 
Surface depth was 15–40 cm with an average boulder diameter ranging 
from 40 to 60 cm. 

Our investigated rock-slope failure (RSF; n = 500; N62◦01′16.7′′, 
E9◦38′23.8′′; 1060 m a.s.l.) in North Rondane (Figs. 2b, 3) had a total 
area of about 9300 m2 and the southeast exposed slope had an angle of 
~14◦. The entire slope was characterized by boulders with an average 
size between 30 and 60 cm, with largest boulder with a diameter of 120 
cm. The scar upper part of the slope was clearly visible, the area un-
derneath was dominated by birch trees and at the foot of the slope a 
parallel oriented ridge was limiting the run-out zone of the boulders. The 
landform surface had depressions and rises as well as varying slope 
inclination. Some boulder accumulations were concentrated between 
vegetated ridges. 

Moreover, we investigated a relict paraglacial alluvial fan (AF; n =
400; N62◦01′12.8′′, E9◦39′00.9′′; 1050 m a.s.l.) at the opposite side of 
RSF on the valley floor of Haverdalen with an area of 110,000 m2. 
Paraglacial alluvial fans were particularly observed in the northern part 
of Rondane (Kerguillec and Sellier, 2015) where the AF of this study was 
located. The fan catchment was currently not glacierized. The fan lied at 
the foot of a mountain ridge of ~1700 m a.s.l. which was expected to 
have been affected by glaciation during past glaciations. In total, four 
locations each with 100 boulders were sampled in different parts of the 
fan (Figs. 2b, 3, 4). The boulder deposits on the fan showed different 
shapes from widespread accumulation (AF1, AF2), an irregular ridge 
(AF3) and regular ridge (AF4; ~80 m length). The slope angle at the four 
sample sites generally varied between 5◦ and 10◦ with an exceptional 
steep distal lobe of 20◦ at AF3. Average boulder sizes varied from 30 to 
50 cm. 

3.3. Schmidt-hammer readings 

The Schmidt-hammer rebound measurements (R-values) were car-
ried out on 14 boulder-dominated landforms. All measurements were 
obtained in dry conditions by a single operator with a N-Type electronic 
RockSchmidt (Proceq, 2014). The hammer was calibrated before and 
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after the field survey on the manufacturers test anvil, no deviations from 
the calibration standard were noted. Individual boulders were randomly 
selected and only stable boulders with an average long axis between 30 
and 50 cm were measured. Readings were derived from lichen-free 
boulder surfaces, whereas corners, visible cracks or lithological weak-
nesses were avoided. The few lichen-free spots were preferably sampled 
and, if small bits of lichen thalli were protruding into the small spots 
required for the plunger, it was ensured that these are crustose lichens 

and will (if at all) only marginally influence the R-values by potentially 
slightly lowering them. Rock surfaces were not prepared or modified 
before measurement (see Matthews et al., 2015). 

Here, we measured a minimum of 100 boulder surfaces at each 
landform. Boulder samples were obtained with one impact. This sam-
pling design was similar to that applied by SHD studies on similar 
landforms (e.g. Wilson et al., 2020; Winkler et al., 2020). The collected 
R-values from each landform were initially treated as one statistical 

Fig. 2. Aerial photos of the investigated landforms (a) in Haverdalen, North Rondane and (b) around Fremre in South Rondane. Aerial photography adapted from 
www.norgeibilder.no, © Kartverket/www.kartverket.no. 
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population. Mean R-values and the 95% confidence interval (α = 0.05), 
were calculated applying standard statistical analyses (for details see 
Shakesby et al., 2006). Additionally, histograms were produced to pre-
sent the R-value distributions and surface exposure age estimates were 
calculated on the basis of two control points of known age (Matthews 
and Winkler, 2011; Matthews and Wilson, 2015). 

3.4. Control points and Schmidt-hammer exposure age dating (SHD) 

In order to estimate the surface exposure ages of the selected land-
forms, the calculation of a local calibration curve with control points of 
known age (young and old) is necessary. The young control point was 

obtained from a road cut in Haverdalen with the dominant lithology 
present in the study area (Figs. 2, 3). The young control point sample 
(YC; n = 200; N62◦01′31.8′′, E009◦39′14.6′′; 1036 m a.s.l.) was derived 
from ‘freshly’ excavated boulders which did not show signs of any lichen 
cover. Inspection of aerial pictures (www.norgeibilder.no – open portal 
of Kartverket/www.kartverket.no, 2020) shows that this road cut exists 
since at least 1980, but the current boulder accumulation cannot be 
identified. In the consecutive aerial image from 2009 boulders are pre-
sent at the current location. Therefore, we estimated that the boulders 
were exposed during this time and assign an average age of 25 years to 
YC. 

Due to the lack of numerical landform ages in Rondane, data from an 
old control point from the nearby summit of Blåhø from Marr et al. 
(2018) were utilized. The obtained old control point (R-value: 49.7 ±
0.92) was derived from a surface previously dated to 11.7 ± 1.0 ka with 
cosmogenic nuclides by Goehring et al. (2008). As Marr et al. (2018) 
used the same electronic Schmidt hammer as in this study, no correc-
tions of the R-values were required, which is necessary when different 
hammer types are applied (see Winkler and Matthews, 2014). The 
quartz-rich Precambrian bedrock at Blåhø, which are also prevailing in 
Rondane, are dominated by meta-conglomerate and metasandstone 
(Tveten et al., 1998). The rock types for the old and young control point 
as well as for the investigated landforms are generally dominated by 
quartz-rich material. Matthews et al. (2016) point out that weathered 
bedrock in South Norway with age of ~10 ka show similar character-
istics for the application of SHD, regardless of certain rock types. 
Therefore, no major influence on the reliability of the landform esti-
mations was expected. The applicability of an N-Type Schmidt hammer 
within comparable lithologies was shown by Niedzielski et al. (2009) 
and Matthews et al. (2016). 

Calculating the SHD-calibration equation followed the standard 
procedure (e.g. Matthews and Owen, 2010; Matthews and Winkler, 
2011). A linear relationship between R-values and age throughout the 
Holocene is well established (Shakesby et al., 2011), particularly in 
periglacial environments with resistant bedrock (Colman, 1981; 

Fig. 3. (a) View on the alluvial fan (AF1) towards south. (b) View of the blockfield towards north to Rondvassbu which is located at the front tip of the lake. (c) In the 
foreground alluvial fan site (AF4) with the rock-slope failure in the background. (d) Sorted stripe (ST-A2) at Fremre with view towards northeast. The pole is 1 
m long. 

Fig. 4. Aerial photograph of the alluvial fan showing the numbered subsites 
and the fan outline. Aerial photography adapted from www.norgeibilder.no, © 
Kartverket/www.kartverket.no. 
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Nicholson, 2008). This is sustained by numerous studies (e.g. Wilson and 
Matthews, 2016; Winkler and Lambiel, 2018; Marr et al., 2019a). For the 
calibration curve, a standard linear regression was applied: 

y = a+ bx (4)  

where y is the surface age in years, a is the intercept age, b is the slope of 
the calibration curve and x is the mean R-value. The b coefficient is 
described as: 

b = (y1 − y2)/(x1 − x2) (5)  

with y1 and x1 representing the age and mean R-value of the old control 
point, and y2 and x2 of the young control point. By substitution in the 
calibration equation, the b coefficient was calculated. 

The confidence interval for the SHD age represented the total error 
(Ct), consisting of the error of the calibration curve at the point related to 
the sampled surface (Cc) and the error of the sample itself (Cs): 

Ct = √
(
C2

c +C2
s

)
(6) 

The calibration curve error is reflected by the errors of the control 
points and their age differences: 

Cc = Co −
[(

Co − Cy
)
(Rs − Ro)

/(
Ry − Ro

) ]
(7)  

with Co expressing the 95% confidence interval of the old control point 
in years, Cy the 95% confidence interval of the young control point in 
years. Ro, Ry and Rs are associated to the mean R-value of the old and 
young control point and the sample. The sampling error of the sample 
itself was calculated incorporating the b coefficient, Student's t statistic, 
standard deviation (s) of the sample's R-value and the sample size (n): 

Cs = b[ts/√(n − 1) ] (8)  

4. Results 

4.1. Schmidt hammer R-value measurements 

The results of the Schmidt hammer readings of the control sites are 
displayed in Table 1. The young control point yields a mean R-value of 
72.1 ± 0.86 compared to values from the old control point of 49.7 ±
0.92 reported by Marr et al. (2018). The slightly higher 95% confidence 
interval of the old control point is often related to longer surface expo-
sure and subaerial weathering leading to more pronounced lithological 
differences between individual boulders or the effect of an increased 
micro-topography of the surfaces (Winkler and Matthews, 2014). The 
calibration curve based on these data was calculated to y =

37,603.906–521.20536x. 
The R-values of the investigated landforms were summarized in 

Table 2. All R-values were located between the values of the young and 
old control point. The landforms failed the Shapiro-Wilk test for 
normality except for ST-D2, share negative skewness and alternating 
kurtosis distributions. The mean R-values with 95% confidence interval 
ranged from 50.22 ± 1.89 for ST-D2 to 64.3 ± 2.42 for AF1. The 95% 
confidence interval was largest at AF3 and lowest at RSF. Generally, the 
95% confidence intervals and standard deviations were slightly higher 
compared to other SHD studies (e.g. Wilson and Matthews, 2016; 

Matthews et al., 2020b). Most sorted stripe sites showed a rather narrow 
range of mean R-values between 53.2 and 54.4, except for ST-D2 with 
50.2. The mean R-values of the sorted stripes samples did not show any 
significant difference between the upper and lower lying sampling lo-
cations. Additionally, no relationship between R-value and elevation 
was detected. The mean R-values of the alluvial fan sub-sites showed 
largely overlapping 95% confidence intervals except for AF1 which did 
not overlap with AF3 and AF4. 

The frequency distributions of the landforms are shown in Fig. 5. 
Some histograms display a rather uniform distribution showing a tail 
with one peak (BL, RSF). The sorted stripes as well as the subsites of the 
alluvial fan mostly show comparable platykurtic distributions, partly 
with polymodal characteristics. Most frequency distributions have 
boulders with low R-values within the population indicating the pres-
ence of more weathered boulders. 

4.2. Clast roundness and palaeohydrological indicators 

The mean boulder roundness for the boulder deposits on the alluvial 
fan and the sorted stripes are displayed in Table 3. All fan values are 
characterized by subangular clasts, which is also applicable for most 
sorted stripe sites, except for ST-A1 showing mostly angular clasts. 

Results from the maximum boulder size and the median size (d10) of 
the 10 largest boulders (dmax) were measured at the alluvial fan sites 
(Table 4). The maximum boulder size ranged from 2.15 m at AF2 to 1.35 
m at AF4. The d10 was largest with 1.12 m at A1 and lowest at AF4 with 
0.93 m. The lowest stream power unit for entrainment (ɷ) for the largest 
clasts in the alluvial fans ranged between 927 W m− 2 (AF4) to 1697 W 
m− 2 (AF2) where the AF2 value is comparable to those obtained by 
Matthews et al. (2020b). Bed shear stress (τ) varied between 230 N m− 2 

(AF4) and 366 N m− 2 (AF2) for the largest clasts. The calculated mean 
flow velocities range from 3.0 m s− 1 (AF2) to 2.4 m s− 1 (AF3, AF4). 

4.3. SHD landform ages 

The SHD ages with 95% confidence interval were obtained from the 
calibration curve based on the mean R-values of the different boulder- 

Table 1 
Schmidt hammer R-values and statistics for the control sites. Mean R-values were obtained from the means of one impact per boulder, 95% confidence intervals were 
calculated from the number (n) of sampled boulders.  

Control point Age (in yr)a R-valueb σ 95% CIc Kurtosis Skewness Boulders (n) 

Young 25 ± 10  72.1  6.16  0.86  − 0.25  − 0.60  200 
Old 11,700 ± 1000  49.7  9.34  0.92  − 0.31  − 0.37  200  

a Age of the young control point from field observation. Old control point age from (Goehring et al., 2008). 
b R-values of the old control point obtained from (Marr et al., 2018). 
c Mean of R-values with 95% confidence intervals (α = 0.05). 

Table 2 
Schmidt hammer R-values, standard deviation, kurtosis, skewness and n for the 
studied landforms.  

Site Mean ± 95% CIa σ Kurtosis Skewness Boulders (n) 

AF1 64.3 ± 2.42  12.19  − 0.55  − 0.62  100 
AF2 61.0 ± 2.21  11.16  0.13  − 0.78  100 
AF3 56.7 ± 2.85  14.35  − 0.46  − 0.34  100 
AF4 55.4 ± 2.63  13.27  − 0.5  − 0.32  100 
BL 55.6 ± 1.16  11.83  0.44  − 0.55  400 
RSF 57.6 ± 0.95  10.8  0.3  − 0.66  500 
ST-A1 53.6 ± 1.85  13.24  − 0.4  − 0.42  200 
ST-A2 54.0 ± 1.86  13.31  − 0.35  − 0.41  200 
ST-B1 54.0 ± 1.72  12.38  − 0.4  − 0.39  200 
ST-B2 53.5 ± 1.77  12.67  − 0.08  − 0.33  200 
ST-C1 53.4 ± 2.35  16.88  − 0.73  − 0.38  200 
ST-C2 53.2 ± 2.14  15.36  − 0.46  − 0.28  200 
ST-D1 54.4 ± 1.87  13.38  − 0.07  − 0.48  200 
ST-D2 50.2 ± 1.89  13.57  − 0.22  − 0.31  200  

a Mean of R-values with 95% confidence intervals (α = 0.05). 
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Fig. 5. Frequency distributions of Schmidt hammer R-values from all investigated landforms. Note the different scales for each landform assemblage.  
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dominated landforms (Table 5). The estimated ages range from 11.44 ±
1.22 ka (ST-D2) to 4.09 ± 1.51 ka (AF1). The ages of the sorted stripes 
are clustered between 9.88 ± 1.35 (ST-C2) and 9.25 ± 1.21 ka (ST-D1), 
only ST-D2 displayed an older age with 11.44 ± 1.22 ka. As all inves-
tigated sorted stripes overlap with the 95% confidence interval (except 
for ST-D2) and are not significantly different from each other. Therefore, 
we assume that all sorted stripes stabilized during the same time period. 
The average sorted stripe sample age is 9.83 ka, excluding ST-D2 the 
average age is 9.6 ka. Regardless of the mentioned differences, the 
sorted stripes date to the early-Holocene. The alluvial fan site ages show 
largely overlapping 95% confidence intervals whereas site AF1 does not 
overlap with AF3 and AF4 and represent significantly different age 
populations. 

5. Discussion 

Previous studies have deciphered block-dominated landforms in the 
context of the climatic conditions during formation and their develop-
ment regarding boulder surface weathering differences and hardness 
(see Wilson et al., 2008, 2020; Kłapyta, 2013; Tomkins et al., 2016). 
However, the interpretation of SHD ages from diachronous periglacial 
and paraglacial landforms, including patterned ground features such as 
sorted stripes, is not a trivial task (Winkler et al., 2016; French, 2018), 
especially in comparison to landforms representing individual, rela-
tively short-lived events such as moraines (Matthews and Winkler, 
2011). This is related to the relatively long formation histories where 
post-depositional disturbance and various time periods of burial and 
exposure are considered to be important factors in landform evolution 
(e.g. Winkler et al., 2016). The obtained SHD age estimates average 
boulder ages at the surface of the individual landform. As the 

Fig. 5. (continued). 
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investigated landforms did not show signs of post depositional distur-
bance or recent activity, we consider the SHD ages to be maximum age 
estimates of the timing of landform stabilization, i.e. it becoming inac-
tive (Wilson and Matthews, 2016). Negatively skewed R-value distri-
butions of all landforms indicated that some boulders had already been 
exposed prior to landform stabilization, underlining dynamic landform 
evolution. 

5.1. Methodological considerations 

The reliability of the control points and the calculation of the cali-
bration curve are vital for a successful SHD application (Matthews et al., 
2014). A potential weakness of the old control point could be its non- 
local origin, due to the lack of surface exposure ages in Rondane. We 
adopted R-values from a study by Marr et al. (2018) from the nearby 
summit of Blåhø with comparable lithology. The application of regional 
control points in situations with comparable lithologies and surface 
roughness, these non-local control points appear to have been weak-
nesses in former studies (Matthews et al., 2011). Obtaining regional 
rather than local control points in general lowers the precision of the 
SHD ages. However, due to the general lithological homogeneity in the 
area (see Section 2.1), the R-value range between the control points is 
comparable to other SHD studies (e.g. Wilson and Matthews, 2016; 
Winkler and Lambiel, 2018) as well as the successful application of SHD 
with non-local old control points (Matthews et al., 2014; Marr et al., 
2019a), we consider our approach reasonable. As shown by Matthews 
et al. (2016) with SHD, weathered bedrock in South Norway with an age 
of ~10 ka exhibits a similarly high degree weathering irrespective of 
certain rock types. According to Matthews et al. (2014), compared to 
statistical and other inaccuracies associated with SHD, the age errors of 
the control points is regarded as insignificant. With the character of the 
young control point some uncertainty is related to potential subterrane 
weathering of the boulders exposed during road construction as dis-
cussed by Winkler et al. (2016) in a similar case. Therefore, we consider 
that our approach produces reliable landform age estimates. Ta
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  Table 4 

Palaeohydrological parameters from different boulder deposits on the para-
glacial alluvial fan. See text for equations and details.   

Unit stream power 
ɷ (W m− 2) 

Bed shear stress 
τ (N m− 2) 

Mean flow velocity 
V (m s− 1) 

D10 Max D10 max D10 max 

AF1  728  1367  191  309  2.2  2.8 
AF2  719  1697  189  366  2.2  3.0 
AF3  589  900  162  224  2.0  2.4 
AF4  577  927  159  230  2.0  2.4  

Table 5 
SHD ages from the sampled landforms. Each SHD age has a 95% confidence 
interval (Ct) derived from the sampling error of the landform sample (Cs) and 
the error of the calibration curve (Cc).  

Landform SHD age (ka) Ct(ka) 

AF1  4.09  1.51 
AF2  5.81  1.39 
AF3  8.05  1.75 
AF4  8.73  1.63 
BL  8.63  0.83 
RSF  7.58  0.73 
ST-A1  9.67  1.19 
ST-A2  9.46  1.2 
ST-B1  9.46  1.12 
ST-B2  9.72  1.15 
ST-C1  9.77  1.47 
ST-C2  9.88  1.35 
ST-D1  9.25  1.21 
ST-D2  11.44  1.22  
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The results presented here mostly showed relatively high standard 
deviations and 95% confidence intervals in comparison to other studies, 
e.g. on sorted stripes (Winkler et al., 2020) or alluvial fans (Matthews 
et al., 2020b). This is most likely caused by the relatively small sample 
sizes we obtained on most landforms. An alternative explanation could 
be related to the responsible formation processes with the incorporation 
of boulders from different ages along the feeding channel of the para-
glacial alluvial fans or the sorted stripes. As other studies showed that 
this number of boulders selected for SHD studies are sufficient (Wilson 
et al., 2017; Marr et al., 2018), we consider the quality of the ages to be 
reliable. 

5.2. SHD landform age interpretation and palaeoclimatic implications 

The age estimates of the landforms investigated in this study ranged 
from 11.44 ± 1.22 ka (ST-D2) to 4.09 ± 1.51 ka (AF1) which underlines 
their inactive and relict character which agrees with other comparable 
landforms in South Norway (Winkler et al., 2016; Marr et al., 2019a; 
Wilson et al., 2020). The development of patterned ground features such 
as sorted stripes were strongly related to the presence of permafrost and 
are products of cold climate (and hillslope) processes (Washburn, 1956; 
Boelhouwers, 1999; Wilson, 2007). Sorted stripes appeared to be active 
in cold climates, ceasing in warmer conditions and can develop under 
long time periods with multiple active phases (Wilson et al., 2008, 
2017). Nonetheless, the formation processes were complex as the rela-
tionship between potential permafrost conditions (e.g. active layer 
characteristics) and soil moisture, to highlight just two potential influ-
encing factors (Winkler et al., 2020 and references therein). The com-
plex formation histories of patterned ground (Winkler et al., 2016) were 
reflected in the relatively wide range of frequency distributions (Fig. 5) 
which was also reported by Bregman and Knight (2020). This indicates a 
mixed boulder population within the sorted stripes suggesting a poly-
genetic development. We could not observe elevational patterns of 
timing of stabilization of landforms which supports findings from Cook- 
Talbot (1991) on patterned ground. Winkler et al. (2020) reported ele-
vational patterns, however, these were limited to locations on relatively 
flat terrain because the altitudinal gradient at steeper slopes was over-
printed by other processes such as solifluction or gelifluction. 

The mean SHD age of all sorted stripes with 9.6 ka (excluding ST-D2, 
see Section 4.3) has been interpreted as the timing of landform stabili-
zation and mostly overlap with two intervals of climate cooling and 
advancing glaciers in South Norway: the two phased Erdalen Event 
(~10.1–10.0 and ~9.7 cal. ka BP; Dahl et al., 2002) and the Finse Event 
(~8.5–8.0 cal. ka BP; Nesje, 2009), during which the ‘8.2 ka event’ was 
recorded in the GRIP and GISP2 Greenland ice-cores (see Nesje and 
Dahl, 2001; Nesje et al., 2001; Matthews and Dresser, 2008). As there 
were no significant difference between the SHD ages of the upper and 
lower parts of the sorted stripes, we infer that all stripes became relict 
accordingly to their SHD age including their uncertainties (Wilson et al., 
2017). The platykurtic distributions as well as the non-increasing 
exposure ages downslope indicate that the boulders were laterally 
entrained along the slope rather than introduced upslope and trans-
ported further down (Winkler et al., 2020). Consequently, we suggest 
simultaneous sorted stripes stabilization (see Wilson et al., 2017; Win-
kler et al., 2020). 

The sorted stripe development was most likely initiated rapidly 
following deglaciation with simultaneously progressing permafrost 
conditions (Lilleøren et al., 2012), as it was assumed for similar land-
forms elsewhere in Norway (Winkler et al., 2020). The climate during 
the first Erdalen Event (~10.1–10.0 cal. ka BP) was characterized by a 
major in increase in winter precipitation, whereas the second (~9.7 cal. 
ka BP) showed decreasing summer temperatures in western South 
Norway (Dahl et al., 2002). This is sustained by Paus et al. (2019) who 
has detected a distinct and short cold spell at 9.7 ka based on ecological 
indicators from lacustrine sediments in Dovre. Most likely, freeze-thaw 
processes and frost-heave of boulders was enhanced during this period 

(Wilson et al., 2017). Our results indicate a relatively fast development 
of the sorted stripes within ~400 years following deglaciation (~10 ka) 
which agrees with findings from Kessler et al. (2001) indicating a for-
mation time of 750 years of sorted circles with a 3.6 m width. Rapid 
sorted stripes initiation following deglaciation is also documented in the 
Pyrenees (Feuillet and Mercier, 2012). In a regional perspective the 
sorted stripes in Rondane seem to have formed rapidly, compared to 
other development rates of sorted stripes in Jotunheimen (Winkler et al., 
2020) with 1.5–2.0 ka or ~5 ka western South Norway (Wilson et al., 
2017). This rapid development could be associated with the favorable 
environmental circumstances, such as periglacial climate conditions, an 
active layer on permafrost and available fine-grained particles with 
suitable frost susceptibility. However, possibly areas above 1100 m a.s.l. 
were ice-free prior to the Younger Dryas (Dahl et al., 1997), opening the 
possibility for a longer development. 

The timing of stabilization can be related to shifting climatic con-
ditions from cold/dry towards warm/wet conditions in the Joste-
dalsbreen area following the Erdalen Event (Nesje et al., 2001). For the 
continental setting in Rondane, rather dry conditions were suggested 
beginning ~9 ka (Kvisvik et al., 2015). Most likely, the lack of moisture 
supply by precipitation due to the continental climate was compensated 
by supply from melting processes. These circumstances could have 
favored a rapid development of the sorted stripes which terminated as 
the terrestrial moisture supply ceased during the warm phase following 
the Erdalen Event. Increasing temperatures probably led to a thickening 
of the active layer and degrading permafrost resulting in a lower fre-
quency and magnitude of freeze-thaw dynamics, due to less favorable 
soil moisture conditions which are important for freeze-thaw and other 
processes (Vandenberghe, 1988; Luoto and Hjort, 2004). Lack of fines 
available for frost processes could also be a way of explaining the 
ceasing of sorted stripe activity (Ødegård et al., 1988). 

There was no evidence of re-activation of the processes at the sorted 
stripes during later cold events. This could be related insufficient 
moisture supply for initiating major morphodynamic changes due to the 
continental setting. The lack of precipitation could not be compensated 
by terrestrial sources, as limited snow reservoirs in the mountains in 
proximity to Rondane are inferred by little or no flood activity between 9 
and 4 ka (Bøe et al., 2006; Støren and Paasche, 2014). Additional reasons 
for the prevailing inactive status might be the mature stage of the sorted 
stripes or that the conditions were fundamentally different from those 
during their development (see Winkler et al., 2020). Based on these 
findings and the SHD ages and their uncertainties, we infer that the 
sorted stripes stabilized during the late stage of the Erdalen Event. The 
timing of stabilization of sorted stripes is supported by findings from 
Wilson et al. (2017) in western South Norway with reported sorted stripe 
ages around ~11.2–7.2 ka. Sorted stripes in Jotunheimen became 
inactive between ~7.9–6.6 ka (Winkler et al., 2020) following the Finse 
Event, at the onset of the HTM. Their later stabilization compared to 
Rondane could be related to higher moisture supply during the Finse 
Event enabling freeze-thaw processes to work. 

The SHD age of the blockfield (8.63 ± 0.83 ka) indicates that it 
stabilized during the early-Holocene. It is inferred that large parts of the 
Rondane mountains were covered by cold-based ice during last glacia-
tion (Sollid and Sørbel, 1994; Dahl et al., 1997; Kleman, 2008) which 
had the potential to maintain blockfield structures (Fjellanger et al., 
2006; Fabel et al., 2012; Ballantyne and Stone, 2015). Consequently, it is 
possible that the initial blockfield age is older than indicated by our SHD 
ages and that it was laid out prior to the last glaciation. An older age and 
long-term formation are supported by the negative skewness and the 
relatively broad confidence interval. This reflects the reactivation of 
geomorphic processes during cold events which led to enhanced heaving 
processes where older boulders were re-mobilized (Matthews et al., 
2014). The blockfield age is relatively young compared to other 
numerically dated blockfields in South Norway, as most exposures ages 
from blockfields are older than 20 ka, possibly date back to the Tertiary 
(Rea et al., 1996; Linge et al., 2006; Goodfellow, 2012). The blockfields 
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on Elgåhogna and Blåhø experienced ice-free conditions between 19 and 
17 ka or earlier (Goehring et al., 2008; Marr et al., 2018, 2019b). 
Therefore, we argue that it is unlikely that the blockfield formed in this 
relatively short time period following deglaciation and inherits a longer 
history with its initial formation prior to the LGM. 

Regardless of the initial blockfield age, it appears that it was active 
following ice melt-down due to prevailing periglacial climatic condi-
tions in Rondane. The SHD age overlaps with the Erdalen and Finse 
Event. Two explanations appear possible. 1) The blockfield surface 
boulders stabilized during the Finse Event, when temperatures were 
characterized by cold and dry conditions (Nesje et al., 2001). During the 
8.2 event, continental climate with enhanced amplitude of seasonal 
temperatures and colder winters were assumed (Alley and Ágústsdóttir, 
2005). Therefore, enhanced freeze/thaw and heaving processes together 
with drier and windier conditions during colder winters were expected 
(Alley and Ágústsdóttir, 2005; Wilson et al., 2017) which could be a 
reason for the reactivation of the blockfield and the relatively young 
exposure age. 2) The blockfield age was not statistically distinguishable 
with the sorted stripes indicating they stabilized simultaneously during 
the Erdalen Event. Additionally, the geomorphological situation on 
Fremre, the embedding of the blockfield in proximity to the sorted 
stripes and altitudinal-wise located between ST-A/B and ST-C supports 
the notion of a similar stabilization timing. Due to the differing forma-
tion dynamics of sorted stripes and blockfields it seems unlikely that the 
more dynamic stripes did not react to a cold climate event whereas the 
blockfield, usually considered with long-term morphodynamics, reacts. 
Based on these thoughts, we infer that the blockfield structure was laid 
out prior to the LGM and protected by cold-based ice. Following 
deglaciation, the landforms on Fremre stabilized altogether in the late 
stage of the Erdalen Event. 

The estimated age of stabilization of the rock-slope failure debris 
with 7.58 ± 0.73 ka indicates that the RSF occurred during the early 
phase of the HTM. The unimodal nature of the histogram as well as the 
narrow confidence interval supports the notion that the RSF formed 
during a single event. R-value histograms from other landforms which 
were formed during one event, such as moraines or RSFs show similar 
characteristics (Aa and Sjåstad, 2000; Winkler, 2014; Marr et al., 
2019a). The reason for the rather broad confidence interval could be the 
occurrence of consecutive rock falls on the same slope (El Bedoui et al., 
2009). The RSF frequency peaks identified by Matthews et al. (2018) at 
7.38 ± 0.99 ka as well as the RSF ages reported by Böhme et al. (2015), 
Marr et al. (2019a), Curry (2021) and Hilger et al. (2021) support the 
occurrence of RSFs in South Norway characterized by warm climatic 
conditions during the mid-Holocene and do not necessarily occur 
rapidly following deglaciation. 

The occurrence of rock-slope failures has been connected to different 
environmental factors such as climate, hydrology and/or geomorpho-
logical modifications (Evans and Clague, 1994; McColl, 2012). The 
transition towards HTM climate was characterized by low winter pre-
cipitation and/or higher summer temperatures of about 0.7 ◦C (Dahl and 
Nesje, 1996). The progressive warming most likely led to increased 
freeze-thaw activity, enhanced snow-melt and hydrostatic pressure, 
decreased permafrost depth all of which might be a mechanism for RSFs 
(Blikra et al., 2006; McColl, 2012; Ballantyne et al., 2013; Magnin et al., 
2019; Etzelmüller et al., 2021). We consider that the complex interplay 
of the mentioned climatically induced factors together with long-term 
stress release following deglaciation are responsible for the RSF event 
(Matthews et al., 2018). Due to the complexity of RSFs it was difficult to 
determine definite triggers for single events as the mentioned factors are 
interconnected by different spatial and temporal relationships and 
feedbacks (McColl, 2012; Ballantyne and Stone, 2013). This together 
with the regional focus on South Norway led us to embed the RSF age to 
the new conceptual model that RSF occurrence in Southern Norway are 
conditioned by Holocene permafrost degradation developed by Mat-
thews et al. (2018). 

The chronology of the surface exposure ages of the alluvial fan 

boulder deposits (Fig. 6) shows that boulders were deposited in the early 
Holocene between 8.73 ± 1.63 ka (AF4) and 8.05 ± 1.75 ka (AF3), later 
deposition occurred in the mid-Holocene at 5.81 ± 1.39 ka (AF2) and 
4.09 ± 1.51 ka (AF1). The statistically indistinguishable results from 
most fan subsamples, except for AF1 from AF3 and AF4, complicated the 
determination of distinct time periods where depositional events such as 
debris flows occurred. 

In comparison to the SHD alluvial fan study by Matthews et al. 
(2020b) our mean R-values showed relatively high standard deviations 
and 95% confidence intervals. This and the R-value distributions point 
to complex formation histories, partly involving consecutive events or 
reworking of the deposited boulders. According to the attributes 
compiled by Matthews et al. (2020b), morphological and sedimento-
logic criteria of the boulder deposits and its characteristics, we assume 
that debris flows were the dominant flow type. The sediment sources of 
the fan were most likely located in the upper, steep part of the catchment 
where unstable sediment was available after deglaciation (Ballantyne, 
2002). 

Due to the spatial and temporal proximity of AF3 and AF4, we as-
sume that their boulders were deposited around the same time, most 
likely during the Finse Event. The time lag following deglaciation at AF3 
and AF4 could be related to rather late survival of the glacier in the 
catchment or the changing climatic conditions towards increasing 
temperatures and precipitation (Matthews et al., 2020b). The occur-
rence of paraglacial alluvial fans can be explained in the context of the 
retreat of the LGM ice sheet and thawing permafrost which led to 
redistribution of sediment and the buildup of alluvial fans (Kerguillec 
and Sellier, 2015). Additionally, increasing precipitation during the 
Finse Event was associated with stronger snow-avalanche activity as 
well as increased flooding events during springtime (Dahl and Nesje, 
1996). However, studies in proximity to Rondane indicated generally 
limited flood activity between 9 and 4 ka pointing to limited snow ac-
cumulations in mountainous areas during that period (Bøe et al., 2006; 
Paasche and Støren, 2014), whereas increasing flood activity was 
identified with this period between 6 and 4 ka (Vasskog et al., 2011). 
This might be resolving the SHD ages of AF1 and AF2. The timing of 
debris flows depositing boulders on AF1, AF2, AF3 and partly AF4 could 
be explained by generally more mild and wet conditions in South Nor-
way due to a positive NAO index (Nesje et al., 2001). Wetter conditions 
were favorable for alluvial fan development and our SHD ages could 
underpin climatic change towards more moist conditions. The combined 
alluvial fan ages from South Norway showed a frequency peak between 
9.7 and 8.0 ka which is termed ‘intense paraglacial aggradation’ period 
by Matthews et al. (2020b) which coincides with the mean SHD age of 
AF3 and AF4. They explained this with high sediment availability 
following deglaciation together with intensified gully propagation. 

5.3. Local and regional climatic implications 

Rapid disappearance of glaciers in Rondane at ~10 ka occurred 
slightly earlier than in Jotunheimen at ~9.7 ka (Kvisvik et al., 2015 and 
references therein). Following the last ice sheet in Rondane, ice thinning 
progressed and permafrost aggradation within a periglacial climate 
occurred in the upper slopes, where the sorted stripes started to develop 
relatively fast. These climatic conditions also re-activated the morpho-
dynamics of the blockfields' surface boulders which most likely formed 
prior to the LGM. Due to the continental climate, meltwater possibly 
represented an important share of water, necessary for patterned ground 
formation and frost heave processes. The formation ceased due to 
related warming ~8.8 ka (Dahl and Nesje, 1996) and rapid ice wastage 
following the Erdalen Event (Shakesby et al., 2020), when freeze/thaw 
and heaving processes were no longer effective. Following the down-
wastage of glaciers in Rondane, the water supply declined and activity 
ceased. Notably, the blockfield and sorted stripes from this study sta-
bilized ~9–8 ka later than similar landforms on nearby Blåhø. We 
explain this with the longer persistence of glaciers or ice accumulations 
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in Rondane, glacial meltwater was available which displayed a vital 
component in the freeze-thaw process system. This underlines the large 
variety of landform evolution in a spatial limited area. Our results 
support the notion that the Erdalen Event had strong impact on land-
form development, as it constitutes the only period within the Holocene 
where glaciers in South Norway had a larger extent than during the 
Little Ice Age (e.g. Nesje and Kvamme, 1991; Dahl and Nesje, 1996; 
Nesje et al., 2001; Dahl et al., 2002). This is sustained by the fact that the 
sorted stripes where not reactivated during the Finse Event. However, 
this is in contrast to the findings from Paus et al. (2019) indicating that 
the Finse Event had a greater impact on shaping landscapes than the 
Erdalen Event. 

The onset of the HTM at ~8 ka together with warmer and wetter 
conditions progressively weakened permafrost bodies and caused in-
stabilities in the upper slopes (cf. Dawson et al., 1986). Permafrost 
degradation, which was one of the key drivers of the rock-slope failure 
can be also related to factors connected to climate amelioration (McColl, 
2012; Matthews et al., 2018). The availability of boulder (or till) de-
posits on steep slopes following deglaciation could have been sensitive 
to mobilization due to rainstorms or meltwater (Curry, 2000; French, 
2018). Wetter and warmer conditions which occurred at the onset of the 
HTM were possibly also a cause for the occurrence of debris flows 
depositing boulders on the alluvial fan. All landforms stabilized prior to 
Neoglaciation and none of the studied landforms were re-activated. This 
is probably related to the limited moisture supply due to the continental 
setting in east South Norway, which was also reported from other per-
iglacial and related landforms on Blåhø (Marr et al., 2018). This is 
notable as starting glacier activity in Rondane ~3.2 ka was documented, 
lagging behind the Neoglaciation western South Norway (Kvisvik et al., 
2015) but did not have detectable effects on the activity of the investi-
gated landforms. 

6. Conclusions 

This study investigated periglacial and paraglacial landforms in the 
context of the geomorphological impact of Holocene climate variability 
in Rondane, South Norway. For the first time in the area, surface 
exposure ages from different landforms were obtained with Schmidt- 
hammer exposure age dating (SHD) in order to gain insights into the 
timing of landform formation and stabilization. We draw the following 
conclusions: 

(i) The electronic RockSchmidt was successfully applied and a cali-
bration curve based on a local young control point of ~25 years 
and a regional old control point of ~11.7 ka was established. 
Based on this, reliable SHD landform age estimates were ob-
tained. The SHD ages ranged from 11.44 ± 1.22 ka at a sorted 
stripe (ST-D2) to 4.09 ± 1.51 ka on boulder deposits on the al-
luvial fan (AF1).  

(ii) Our SHD age estimates indicate that all boulder-dominated 
landforms stabilized during the early-/mid-Holocene. Most sor-
ted stripes likely formed 400 years following deglaciation. They 
stabilized in the late phase of the Erdalen Event most likely due to 
climatic changes and limited moisture supply. Our obtained SHD 
ages provided the first implications of geomorphic impact of the 
Erdalen Event in Rondane.  

(iii) The investigated rock-slope failure appeared to have occurred 
during the HTM and not shortly following deglaciation. Most 
likely, multiple processes associated with warming climate and 
permafrost degradation led to slope weakening and subsequent 
failure.  

(iv) The formation of the boulder deposits on the paraglacial alluvial 
fan by debris flows occurred throughout the Holocene in periods 

Fig. 6. Plot integrating SHD ages and their total error of the studied landforms in Rondane (AF: alluvial fan; BL: blockfield; RSF: rock-slope failure; ST: sorted stripes). 
Intervals of documented climatic deteriorations in the Holocene and the Younger Dryas are displayed in roman numbers (Smørstabbtindan I – VII; Younger Dryas 
VIII). The major climatic deteriorations are displayed in blue bars (Data from Matthews and Dresser, 2008; Lohne et al., 2013). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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associated with relatively wet conditions and/or snow-melt 
activity.  

(v) Enhanced glacier activity in Rondane and elsewhere in South 
Norway during the Neoglaciation did not have detectable impact 
on morphodynamics of the investigated peri- and paraglacial 
landforms.  

(vi) The study shows the importance of the variable the timing of 
deglaciation in South Norway in rather small spatial distances. It 
becomes clear that past regional and local climate variability has 
detectable impacts on geomorphic activity.  

(vii) Boulder dominated peri- and paraglacial landforms constitute a 
valuable source of palaeoclimatic information, geomorphological 
processes and improve our understanding of Holocene environ-
mental and landscape change. 
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