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Abstract
A boulder-dominated landform assemblage in an alpine setting in Norway is described, interpreted and dated using a combination of Schmidt-hammer exposure-age dating (SHD) and cosmogenic 10Be surface-exposure dating. The origin and formation of these features is determined from their morphology, topographic setting and age. Three main components of the assemblage are recognized. First a ~300 m long and ~160 m wide, tongue-shaped rock-slope failure with a SHD age of 11.49±0.82 – 12.96±0.86 ka is identified on the basis of its planform, thickness, ‘runout distance’ and association with a fractured backing scarp. This is interpreted as a relict paraglacial landform triggered by deglaciation. Second, a 400-m long unequivocal pronival (protalus) rampart with an SHD age of 6.95±0.97 – 8.35±1.21 ka is identified on the basis of its narrow ridge form aligned close to the foot of an extensive talus slope. Although formation of the rampart probably commenced with deglaciation, the younger SHD ages indicate formation at a diminishing rate through the Holocene. Third, a ~550 m by ~150 m lobate component with transverse ridges, longitudinal and transverse depressions and enclosed pits, previously identified as a rock glacier, is dated to 11.33±0.83 – 13.33±0.90 ka with the Schmidt hammer and between 13.3±2.0 – 14.7±2.0 ka with 10Be. This third component may also be a product of rock-slope failure but attribution to rock-glacier creep associated with either interstitial ice (permafrost) or buried glacier ice during the Allerød Interstadial – Younger Dryas Stadial, and to which one or more rock-slope failures contributed debris, cannot be rejected. The advantages and limitations of compiling such evidence for identifying, differentiating and classifying apparently similar boulder-dominated colluvial landforms are exemplified.
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1. Introduction
In glaciated mountain regions, boulder-dominated depositional landforms have been the focus of considerable and detailed research over many years (e.g. Wahrhaftig and Cox, 1959; Hsü, 1975; Luckman and Fiske, 1997; Hewitt, 1999; Deline and Kirkbride, 2009; Ballantyne et al., 2014; Harris, 2016; Matthews et al., 2017). Establishing the origins and ages of such landforms is critical for understanding the controls on and evolution of mountain landscapes. In certain contexts, some landforms with abundant surface boulders may be relatively easy to interpret and categorize while others have proven to be contentious and have stimulated much debate concerning their formative processes and their geomorphological and palaeoenvironmental significance (Johnson, 1987; Whalley and Martin, 1992; Wilson, 2009a; Jarman et al., 2013). In addition, Wilson (2004) recognized and discussed the possible polygenetic nature of landforms with extensive covers of surface boulders in northwest Ireland, and Harris et al. (2004) and Hartvich et al. (2017) described and accounted for specific examples of polygenetic features in southern Iceland and Svalbard respectively. Furthermore, Shakesby et al. (1987) have argued that some mountain landforms may be components of a morphological and developmental continuum. Implicit in this is recognition that some depositional landforms may represent features that are transitional between commonly used classification categories and may embody elements of polygenesis. Matthews et al. (2017) addressed the issue of transitional landforms with respect to several boulder-dominated features in a southern Norwegian cirque. Their recognition of ‘intermediate forms that represent transient development stages between conventional landform types’ (Matthews et al., 2017, p.15) highlighted the limitations of classification schemes and the need to accommodate these forms to ensure appropriate assignment of palaeoenvironmental interpretation and significance. 
The classification of landforms is further compounded by the concept of equifinality, which recognizes that landforms with similar morphological attributes may have been created by different processes (Haines-Young and Petch, 1983; Thorn, 1992; Schumm, 1993; Bevan, 1996; Wilson, 2009a; Temme et al., 2011; Knight et al., 2019). Classification is usually based on morphology and/or formative processes. With respect to relict depositional features, a morphological classification alone is often insufficient to enable a definitive conclusion regarding formative process(es). Hence, Harrison et al. (2008, p.288) used the non-genetic term ‘discrete debris accumulations’ for relict boulder-dominated landforms, in which ice may or may not have previously been a component, in mountains areas of the British Isles. This approach has since been adopted and extended by Whalley (2009, 2012, 2015) and Jarman et al. (2013) as an aid to the identification and interpretation of relict features, and the former amounts and type of associated ice, ‘without any preconceived notion of origin or significance’ (Whalley, 2012, p.3).
The most frequently discussed relict boulder-dominated depositional landforms in glaciated mountain areas are rock glaciers, protalus lobes, pronival (protalus) ramparts, talus sheets, debris cones and fans, and debris accumulations resulting from slope failures. It is important to distinguish correctly between these features in order to determine their local and regional geomorphological and palaeoenvironmental significance. However, this is not always an easy task because particular cases are not necessarily typical and morphological evidence may be equivocal, especially in relict examples. Nevertheless, accumulations of coarse rock debris stemming from rock- and talus-slope failure may mimic, at least superficially, the morphology of rock glaciers, protalus lobes, pronival ramparts, and debris fans (Johnson, 1987; Vick, 1987; Whalley and Martin, 1992; Hewitt, 1999; Curry et al., 2001; Harrison et al., 2008; Wilson, 2009a; Jarman et al., 2013; Evans et al., 2015; Knight et al., 2019).
With these issues in mind, we report on the characteristics of a relict boulder-dominated landform assemblage in Alnesdalen, Romsdalsalpane, southern Norway. On a geomorphological map of the valley (Sollid and Kristiansen, 1984) a rock glacier is indicated at this location and is accepted as such in an inventory of rock glaciers in Norway (Lilleøren and Etzelmüller, 2011). Few rock glaciers (both active and relict) have been recorded in southern Norway; in contrast, more examples are known from northern Norway. The relative absence of relict rock glaciers in the former area may be a consequence of restricted areas of former mountain permafrost, a lack of sites capable of yielding abundant coarse debris and/or the short time interval between deglaciation and the Holocene climatic optimum for their development (Lilleøren and Etzelmüller, 2011). It is important with respect to relict rock glaciers that they are correctly categorized and dated if they are to be used as palaeoenvironmental indicators (Matthews et al., 2013). 
 The specific aims of the study are: (1) to describe the morphology and topographic setting of the Alnesdalen landform assemblage, (2) to present and discuss the results of Schmidt-hammer surface-exposure dating (SHD) and cosmogenic 10Be surface-exposure dating, (3) to re-assess the most likely processes involved in creation of the landforms, and (4) to attempt to classify the landforms and determine their geomorphological and palaeoenvironmental significance.

2. Research location
Alnesdalen (Lat. 62.44o N., Long. 7.70o E.) is a short (~5.5 km long) east-west trending glaciated valley in Romsdalsalpane, Reinheimen National Park, southern Norway (Figure 1), whose axis descends from ~1080 m above sea level (a.s.l.) at a col immediately east of Børtjønna, to ~750 m a.s.l. at Alnesvatnet in three steps of progressively increasing gradient. At Alnesvatnet, Alnesdalen merges with a north-going valley sourced on the lower slopes of Skarfjellenden (1386 m a.s.l.) and descends to Trollstigen and Isterdalen. The flanks of Alnesdalen rise steeply to maxima of 1797 m a.s.l. at Breitinden on the north side, north of Børtjønna, and to 1568 m a.s.l. on the south side, southwest of Lake 1007 in the mid- to upper valley. (We refer to small unnamed lakes in Alnesdalen by their map elevations in metres a.s.l.) 
Geologically, Alnesdalen is underlain by quartzitic to granitic gneiss that is in part migmatitic (Tveten et al., 1998; www.geo.ngu.no/kart/berggrunn). Geomorphological maps of Alnesdalen (Carlson et al. 1983; Sollid and Kristiansen, 1984) show a variety of glacial and periglacial depositional landforms (Figure 1). With the exception of north-facing niche glaciers in a higher tributary valley (Børadalen), south and east of Børa (1209 m a.s.l.), and small cirque glaciers on the eastern side of Finnan (1786 m a.s.l.), on the west side of the Valldalen-Trollstigen road, there is currently no glacier ice in the main body of Alnesdalen (Andreassen and Winsvold, 2012). The last glacier that occupied lower Alnesdalen is attributed to the Younger Dryas Stadial (YDS; 12.9  ̶  11.7 ka) (Wilson et al., 2019b). The geomorphological maps show several moraine ridges. The largest and most prominent moraines are those on either side of Lake 840 in the mid- to lower valley. Moraine ridges farther east, except for that at the western end of Børtjønna, are morphologically indistinct and our observations suggest that these linear features represent zones of more continuous vegetation cover, perhaps due to smaller-size boulders and a more continuous soil cover, rather than constructional glacial landforms. 
Cosmogenic 10Be surface-exposure dating of three boulders on the moraine ridge immediately west of Lake 840 has demonstrated that the ridge was formed by a local glacier during the YDS (Table 1) (Wilson et al., 2019b). The plan-form curvature of this moraine suggests it represents the terminal limit of a glacier tongue that flowed east, up Alnesdalen, from the slopes of Alnestindan (1665 m a.s.l.) and Finnan. The age of the moraine ridge to the immediate east of Lake 840 is not known but in view of our numerical age dating results for the boulder-dominated landform assemblage (see 4.3 and 4.4 below) and for the adjacent moraine established as of YDS age, it must either represent an earlier phase of the YDS or pre-date the YDS. However, it is unlikely to pre-date the YDS for three reasons. First, because Schmidt-hammer R(Rebound)-values are almost identical to those on the established YDS moraine (unpublished results), the two moraine ridges must be of closely similar age. Second, another small lake (Lake 879), located immediately east of the undated moraine is arguably a moraine-dammed lake distal to that ridge (analogous to the larger Lake 840 on the distal side of the dated moraine). The undated moraine was therefore likely to have been deposited by a YDS or similar local glacier moving up Alnesdalen, rather than by the YDS continental ice sheet centred to the east (and hence moving down Alnesdalen). Third, any glacier ice moving up Alnesdalen in pre-YDS times is likely to have been considerably more extensive than the glacier that advanced up the valley in the YDS.    
Bedrock outcrops, below which there are extensive areas of talus, dominate the sides of Alnesdalen above 1000 - 1300 m a.s.l. On the north side of the valley at ~1100 - 1150 m a.s.l. a ‘protalus’ rampart 1.6 km in length occurs almost continuously along the talus-foot. At one location, upslope of this rampart, Sollid and Kristiansen (1984) illustrate a large talus cone below a prominent rock-cut gully. Matthews and Wilson (2015) report a shorter, arcuate pronival rampart on the south side of the valley directly south of Lake 840. Elsewhere on the south side of the valley, Sollid and Kristiansen (1984) mapped a rock glacier at ~1000 m a.s.l. The geomorphological maps of Carlson et al. (1983) and Sollid and Kristiansen (1984) depict thick till on the valley floor between Børtjønna and Lake 879. This area has a high concentration of surface boulders that are in places organized into areas of relict, large-scale, sorted patterned ground.
Climatic data for 863 m a.s.l. in Alnesdalen (Table 2) indicate a periglacial environment with mean monthly temperatures below 0oC for six months (November-April) of the year. More than half of the mean annual precipitation falls within these six months. Contemporary Alpine permafrost is patchy within the Romsdalsalpane region, only occurring above ~1300  ̶  1600 m a.s.l. (Etzelmüller et al., 2003; Lilleøren and Etzelmüller, 2011; Lilleøren et al., 2012, Magnin et al., 2019); therefore it is likely to be present on some of the high ground above Alnesdalen.
3. Research methods
The landforms considered in this paper are those at and adjacent to the site of the rock glacier mapped by Sollid and Kristiansen (1984) on the south side of Alnesdalen (Figure 1). Our detailed investigation of this feature demonstrates the existence of an assemblage of boulder-dominated landforms that grade into one another and reflect different process histories and ages, rather than a single feature related to a single process that operated over a relatively restricted period (Figure 2). 
3.1. Geomorphological mapping and observations
The landform assemblage was examined using orthorectified aerial photographic images (Figures 2A and 4B) dating from 2012-13 and 2018, which are available on the Norgeibilder website (https://www.norgeibilder.no/) and was mapped in the field using walk-over surveys and profiling with an Abney level, 30 m tape and compass. This enabled morphological characteristics, extents, dimensions and gradients of selected slope elements to be determined. Appropriate sites for SHD and 10Be dating were identified during the field surveys. We recognize eight distinct components to the landform assemblage; these are labelled A-H on Figure 2B. In addition, a series of overlapping ground images of the backing scarp was taken in order to assess and characterize scarp morphology, and the ground surface above the scarp was examined in the field.   
3.2. Schmidt-hammer application

Schmidt-hammer rebound measurements (R-values) were obtained from boulders on the surface of components A-G of the landform assemblage using mechanical N-type hammers (Proceq, 2006). Measurements were not made on component H. All measurements were made in dry conditions and we avoided corners, cracks and lichen thalli on the boulders (Matthews and Wilson, 2015; Matthews et al., 2018; Wilson et al., 2019b). Boulder surfaces were not abraded by carborundum treatment before measurement (cf. Tomkins et al., 2018). Hammer reliabilities were checked before and after use with the manufacturer’s test anvil and no deviations from the calibration value of 81±2 were found.  
We targeted 200 boulders at each of 13 sites (Figure 2B). A single impact reading (R-value) was obtained from each boulder. For each site these data were used to: 1) construct a frequency distribution (histogram) of R-values, 2) calculate the mean R-value and 95 % confidence interval using standard statistical procedures, and 3) provide an exposure age estimate by utilizing two calibration equations based on Schmidt-hammer R-values from young and old control sites of known age. 

R-values for the young control site are reported by Matthews and Wilson (2015). At each of two locations, Fjørå (road cuts) and Langfjelldalen (rockfall), 26 km and 3.5 km respectively southwest of Alnesdalen, 375 R-values were obtained (closely spaced impact sites on the road-cut bedrock exposures and one impact per rockfall boulder). Both sites are of similar lithology to Alnesdalen (Tveten et al., 1998).  Because the mean R-values from these sites are similar, it was assumed by Matthews and Wilson (2015) that the Langfjelldalen rockfall boulders had not undergone any significant pre-failure weathering along open joints. Therefore the data was combined into a single R-value (N=750) representing the young control. For the old control site, we used R-values obtained by Matthews and Wilson (2015) from boulders on moraine ridges in Alnesdalen and Trollkyrkjebotn (one impact per boulder) that are ascribed to the YDS (Carlson et al., 1983). The latter site is 20 km southwest of Alnesdalen and of similar lithology. Again, the mean R-values for these two locations are similar and therefore the data was combined into a single R-value (N=1125). Details of these control site data are given in Table 3.
We have used two calibration equations based on ages of 11.5 ka and 12.5 ka assigned to the old control site. The first equation is taken from Matthews and Wilson (2015) and uses an age of 11.5 ka because of the very late persistence of the YDS ice-sheet maximum in western Norway (Bondevik and Mangerud, 2002; Stroeven et al., 2016) and also allows for a short period of moraine stabilization following the YDS termination at 11.7 ka in the Greenland ice core chronology (Rasmussen et al., 2006; Walker et al., 2009; Carlson, 2013). We could have used the calculated uncertainty weighted mean age of 11.36 ka derived from the Alnesdalen and Trollkyrkjebotn moraines (Table 1) (Wilson et al., 2019b) but the resulting reduction in SHD ages is insignificant at ~1.2 % (150 yr for the oldest sample, 40 yr for the youngest sample) and we therefore retain the calibration equation based on 11.5 ka. The second equation uses an age of 12.5 ka; this is the maximum corrected weighted mean value of the Alnesdalen and Trollkyrkjebotn moraines (Table 1) (Wilson et al., 2019b). By using two calibration equations we consider that we have provided appropriate lower and upper age constraints for the Schmidt- hammer mean R-values. Using similar methodology, several studies have shown that good correspondence exists between SHD ages and ages obtained using 10Be (e.g. Winkler, 2009; Matthews and Winkler, 2011; Tomkins et al., 2016, 2018; Wilson et al., 2019a, b; Linge et al., 2020).
3.3. Schmidt-hammer age calibration  
The calibration equation we applied is a standard linear regression equation of the form:

1.  y = α + βx
where y = SHD age and x = mean Schmidt-hammer R-value, and α and β are constants that, respectively, define the intercept and slope of the linear trend line. For two control sites, the β coefficient (the slope of the calibration curve) is defined by:

2.  β = (y1 – y2) / (x1 –  x2)

where x1 and x2 are the mean R-values of the older and younger control sites, respectively, and y1 and y2 are their respective ages. The α coefficient (intercept age) is obtained by substitution in the calibration equation. The two calibration equations are: 
3. y=37022.951 - 656.28571x - based on an age of 11.5 ka for the old control site

and

4.   y=40245.237 - 713.42857x - based on an age of 12.5 ka for the old control site.

The 95% confidence interval for the SHD age (the total error (Ct)), combines the error of the calibration curve at the point associated with the sample surface being dated (Cc) with the sampling error residing in the sample itself (Cs): 
5.  Ct = √(Cc2 + Cs2) 
The error of the calibration line is calculated from the errors associated with the control sites and their difference in age: 
6.  Cc = Co – [(Co – Cy)(Rs – Ro) / (Ry – Ro)]
where Co is the 95% confidence interval of the old control site in years, Cy is the confidence interval of the young control site in years, and Ro, Ry and Rs are the mean R-values of the old control site, the young control site and the sample surface, respectively. The sampling error associated with the sample surface depends on the slope of the calibration line (β), the sample size (n), Student’s t statistic and the standard deviation (s) of the R-values from the sample surface:
7. Cs = β[ts/ √(n-1)]

Therefore, the confidence interval (Ct) associated with any SHD age is based on the sample size used to construct the calibration equation and characterize the surface to be dated, and the natural variability of the sampled rock surfaces (Matthews and Owen, 2010; Matthews and Winkler, 2011; Matthews and Wilson, 2015). 
3.4. 10Be surface-exposure dating

Three boulders, 3–8 m apart, from the outermost ridge of component C of the landform assemblage were sampled for 10Be surface-exposure dating (Figures 2B and 3). The 10Be concentration should be indistinguishable for neighbouring boulders if they have simple exposure histories. Dissimilarities, on the other hand, can shed light on other geological processes other than the formation of the landform (e.g. prior exposure, landform stability, erosion rates). Samples of 1 - 2 kg were taken from the uppermost surfaces of the boulders using a hammer and chisel. Details of boulder characteristics (lithology and size), locations, sample thickness and topographic shielding were recorded (Table 4).

All samples were processed at the University of Bergen Cosmogenic Nuclide Preparation Facility. The samples were crushed and sieved to 250 - 500 (m prior to mineral separation (Kohl and Nishiizumi, 1992) to isolate quartz, including Aqua Regia, floatation, magnetic separation and treatment with ortho-phosphoric acid. Isolated quartz was further purified by leaching in a solution of 2 % HF and 2 % HNO3 in ultrasonic tanks for three days, and four leaches were undertaken. Quartz purity was checked by ICP-OES (inductively coupled plasma optical emission spectrometry) analysis of seven elements, including Al and Ti. The samples all have Al <60 (g g-1 and Ti <15 (g g-1. Clean quartz fractions (~20 g) and a process blank were spiked with 256 (g of Be carrier (PHE1601) and Be was extracted following the procedures of Kohl and Nishiizumi (1992) and Child et al. (2000). The resulting BeO was mixed with Nb powder (1:4) and pressed into copper cathodes ready for accelerator mass spectrometry (AMS) analysis. 

10Be / 9Be ratios of the samples and process blank were analyzed at the Aarhus AMS Centre (AARAMS), using a multi-element AMS system (Heinemeier et al., 2015). Be results were normalized to ICN standard 01-5-4 with a 10Be / 9Be ratio of 2.851 x 10-12 (Nishiizumi et al., 2007), and sample errors include 1.1 % uncertainty of the ICN standard. The 10Be / 9Be ratios of measured samples vary from (0.1537 ( 0.0054) x 10-12 to (0.1793 ( 0.0069) x 10-12, with uncertainties ranging from 3.1 to 3.8 % (1 SE). The corresponding process blank has a 10Be / 9Be ratio of 0.0011 ( 0.0004 x 10-12. Because energy spectra at the rare isotope detector indicated efficient separation of 10Be from 10B, no isobaric corrections were required (Klein et al., 2014). The process blank 10Be / 9Be ratio was subtracted from the sample ratios. Propagated errors include uncertainties of the Be carrier concentration and the 10Be / 9Be ratio. The 10Be blank corrections are insignificant, amounting to 0.7 % or less of the sample concentrations. The calculated 10Be concentrations are listed in Table 4. 


The 10Be surface-exposure ages were calculated using the online calculators formerly known as the CRONUS-Earth online calculators, using source code version 3.0 (Balco et al., 2008; and updates), available at http://hess.ess.washington.edu. Table 4 gives 10Be surface exposure ages calculated using the ‘Lm’ time-dependent scaling scheme (Nishiizumi et al. 1989; Lal 1991; Stone 2000) and the western Norway (Goehring et al., 2012) 10Be production rate calibration data from the ICE-D database (http://calibration.ice-d.org). ‘Calculated exposure ages’ assume no atmospheric pressure anomalies, no significant erosion during exposure (( = 0 mm ka-1), no inherited nuclides from prior exposure, and no temporary shielding (e.g. snow, sediment or vegetation). ‘Uplift, erosion corrected exposure ages’ take into account a glacio-isostatic rebound in the order of 100 m since 12 ka (ca. 2/3 before 8 ka, 1/3 after), and erosion (( = 1 mm ka-1). The ‘maximum corrected exposure ages’ are in addition corrected for temporary snow shielding (using the 1958-2017 annual average snow depth of 57 cm). The rationale for using the western Norway 10Be production rate and the Lm scaling is simply that other available production rates (e.g. Scandinavian, Global) and scaling models (LSDn) yield ages which become too old if corrected for glacio-isostatic rebound and minor erosion. The main disadvantage of using the western Norway production rate, compared to the Scandinavian, is that the calculated external uncertainties become large. 
4. Results
4.1 Assemblage components
The 2012-13 aerial image of the boulder-dominated landform assemblage is shown in Figure 2A, and Figure 2B is an interpretative map based on this image, the 2018 image, and our field surveys. The landform assemblage occupies an area of ~0.3 km2. 
Assemblage component A is a partly vegetated debris tongue ~300 m long and ~150 - 170 m wide (Figure 4A). The tongue has an arcuate downslope limit at ~ 935 m a.s.l. that rises above the adjacent ground at 15º over a distance of 10 m, giving a frontal margin (toe) 2.5 m high. Thereafter, the longitudinal gradient of the tongue does not exceed 12º except at distances of ~65 m and ~125 m from the toe, where gradients of 25 - 26º occur and mark short and low (<2 m high) steps in the profile. In cross section the tongue is asymmetrically convex with the northeast flank shorter (~55 m) and steeper (15º) than the southwest flank (~120 m, 9º). Maximum debris thickness is estimated as <10 m. We estimate that the tongue comprises a minimum debris volume of 180,000 m3 (assuming a void space ratio of 25%).
Component B, directly upslope of A, extends northwest - southeast for ~150 m, is of similar width to component A, but differs in having several prominent arcuate transverse ridges with intervening curvilinear depressions and greater concentrations of surface boulders (Figure 4B). The transverse ridges, with side-slope gradients from 12º to 42º, stand 3 - 5 m above adjacent depressions and are more prominent and regular than those associated with component C. Enclosed shallow depressions (2 - 4 m deep) and narrow (2 - 4 m wide) bench-like boulder accumulations are also present. 

The most morphologically diverse area of the landform assemblage is component C which extends across slope for ~400 m and ~150 m downslope at ~980 - 1060 m a.s.l. (Figures 4B and 4C). A partly vegetated outermost debris ridge, the distal slope of which rises 10-15 m at gradients of 25 - 30º above the ground to the north, defines the downslope margin of this area. Samples for 10Be dating were taken from this prominent ridge. Extending along part of the distal slope, and close to its crest, is a subsidiary ridge with a low (1 - 2 m high) backslope. The proximal slope of the outermost ridge is of lower gradient (5 - 20º) and in the height range 3 - 6 m. The crest of the ridge rises from west to east. At its western end, the ridge recurves to the south and appears to have overridden the proximal part of component B. Debris mounds, anastomosing transverse and longitudinal ridges and furrows, and enclosed depressions and pits, occur within the area bounded by the ridge, with vegetation limited to some ridge and mound crests. The most distinctive of these features are a ~250 m long meandering longitudinal furrow with several shorter tributary furrows (Figures 2B and 4C), an elongated enclosed depression ~10 m deep (Figure 4D) and some steep-sided pits of similar depth, all of which retain snow late in summer.
Assemblage component D is a basin-like boulder-strewn area that rises to the south at gradients <20º towards the hillslope talus (component G) and is overlooked on its north margin by the ridges and mounds of component C. Steps, ridges and enclosed depressions are present but are generally small with amplitudes of 1 - 2 m. 

The crest of the outermost ridge of component C rises gradually (5 - 10º) eastwards and has a pronounced northward bulge (component E) that stands ~10 m above the ground to the north and has distal slope gradients of 20 - 30° (Figure 2B). The ridge then rises obliquely and more steeply (20 - 25º) and transitions into a single asymmetric relatively narrow ridge (component F) aligned along the talus foot, at ~1100 m a.s.l. The ridge extends for a distance of ~400 m and consists of open-work boulders. The proximal slope of the ridge is short (length 2 - 5 m) and low (height 2 - 2.5 m) and separated from the talus by a narrow (~2 m wide) linear depression that sometimes retains snow during the summer months (Figure 5A). The distal slope of the ridge is substantially longer (~50 - 70 m) and steeper (25º) than the proximal slope, but the base of the distal slope is indistinct along much of its length and grades downslope into talus.

Extensive talus (component G) extends along the entire length of the hillside above the landform assemblage, continues eastwards farther up Alnesdalen, and is particularly well developed to the east of components A-D. It is characterized by gradients of 30 - 35º and displays evidence for the fall sorting of debris. Near the western end of the talus sheet and close to the talus foot above component D, the debris is diversified by a narrow bench-like feature ~150 m in length (component H, Figure 2B) with numerous fresh boulders.

4.2 Scarp characteristics

The top of the scarp rises from ~1140 m a.s.l. in the west to ~1400 m a.s.l. in the east and scarp height varies between ~100 m and ~150 m. Two areas of the scarp, both showing evidence of rock-slope failure, are illustrated in Figures 5B and 5C. In the former, a waisted recess (100 x 70 m) extends the full height of the scarp directly above the pronounced northwards bulge in the outermost ridge (component E). In the latter, a short distance west of the former and directly above landform components C and D, the scarp has several large masses of partly disaggregated rock that have moved short distances downwards and outwards towards the boulder-dominated landform assemblage. Small scarplets, attributed to localized movements are present across the upper part of the scarp. Additionally, several extensive vertical fractures that have been eroded into deep gullies seam the scarp. On the ground surface above the top of the scarp, these fractures are expressed as orthogonal and oblique boulder-filled tension cracks (Figure 5D).
4.3 Schmidt-hammer R-values and SHD ages


Histograms of the 200 Schmidt-hammer R-values obtained from each of the 13 sites indicated on Figure 2B are presented in Figure 6, and the mean R-value and related statistics for each site are given in Table 5. R-value distributions display some variability although skewness values are within a narrow range (-0.28 - +0.33), and all but one of the samples have negative kurtosis (≥-0.76). A minority of these distributions and values suggest diachronous surfaces and/or the presence of small sub-populations of either younger or older boulders within the samples. 

Sites 1-8 and 10 are located on landform components A-E and yielded mean R-values in the narrow range of 37.72 ± 1.17 - 39.15 ± 1.17, suggesting that boulders at these sites have been exposed for a similar period and that they represent synchronous surfaces. These values overlap with the mean R-value of 38.89 ± 0.5 determined for the old control site (Table 3).  In contrast, sites 9 and 11-13, on landform components F and G, exhibit higher mean R-values with wider confidence intervals, ranging from 44.71 ± 1.63 to 51.67 ± 1.28, which indicate shorter periods of surface exposure and boulder populations of more variable age. These mean values are intermediate between those of the old (38.89 ± 0.5) and young (56.39 ± 0.53) control sites. The 95 % confidence intervals for all the samples exceed those determined for the young and old control sites, again indicating that the sampled boulders exhibit more variable exposure ages.

The resulting SHD age estimates, calculated using the two calibration equations with the old control site age set first at 11.5 ka and then at 12.5 ka, are listed in Table 6. For the old control site age of 11.5 ka, components A-E yielded ages in the range 11.33 ± 0.83 ka to 12.27 ± 0.83 ka and components F and G gave ages of 3.11 ± 0.91 ka to 7.68 ± 1.12 ka. For the old control site age of 12.5 ka, components A-E have ages in the range 12.31 ± 0.9 ka to 13.33 ± 0.9 ka and components F and G have ages of 3.38 ± 0.99 ka to 8.35 ± 1.21 ka. Age pairings for each site overlap within their 95% confidence intervals. For components A-E the ages span the mid and latter part of the Lateglacial (Allerød) Interstadial (AI; 14.7 - 12.9 ka), the YDS (12.9 - 11.7 ka) and/or the early Holocene (11.7 - 8.2 ka). The ages for components, F and G fall within the Holocene. None of the A-E ages overlap with the F and G ages. 

4.4 10Be surface-exposure ages

‘Calculated’, ‘uplift, erosion corrected’ and ‘maximum corrected’ 10Be surface-exposure ages, with external and internal (parentheses) 1σ uncertainties for the three boulders from component C of the landform assemblage (Figures 2B and 3) are presented in Table 4 and Figure 7A. Given the known regional history of deglaciation and climate we consider the ‘uplift, erosion corrected’ ages to be minimum ages and the ‘maximum corrected ages’ to be maximum ages for the individual boulder surfaces. For each method of age calculation the resulting ages for each sample overlap within their 2σ internal uncertainties (Figure 7A). The spread in ages could relate to factors leading to both too young (i.e. boulder rotation, lithological-dependent erosion rate) and too old (i.e. prior exposure) surface-exposure ages. We have no firm evidence to explain the differences in age ranges nor to prefer two out the three sampled boulders, and therefore use all three to determine the arithmetic and uncertainty weighted mean ages (Table 4). The corrections (‘uplift, erosion’ and ‘maximum’) do not alter the internal relationship between the calculated 10Be ages, but make the corrected ages older, by ~4% and 10 % respectively. From hereon we use the ‘uplift, erosion corrected’ 10Be ages. 

The ‘uplift, erosion corrected’ ages range from 12.8 ± 1.1 (0.5) ka to 14.4 ± 1.3 (0.6) ka have an arithmetic mean with propagated uncertainties of 13.8 ± 2.1 (0.9) ka and an external-uncertainty weighted mean of 13.7 ± 0.7 ka (Table 4, Figure 7B). 


The arithmetic mean age with propagated 1σ external uncertainties indicates that the boulders could have been exposed at any time within a ~4 ka time interval that spans the pre-AI to end-YDS (15.9 - 11.7 ka). In contrast, using the 1σ external-uncertainty weighted mean, a smaller window of ~1.4 ka for boulder exposure initiating between 14.4 - 13.1 ka is indicated. Using the 2σ external-uncertainty weighted mean, the timing of initial exposure can be placed between 15.1 and 12.4 ka, i.e. pre-AI to mid-YDS.

5. Interpretation and Discussion 

Establishing the origins of relict boulder-dominated landforms in areas of former glaciation is a challenging prospect because there are few, if any, truly diagnostic criteria available to classify different forms. Although diagnostic criteria have often been proposed (see for example, Shakesby (1997) and Hedding (2016)), it is evident that there can be considerable overlap in morphology, sedimentological characteristics and topographic setting of relict boulder-dominated landforms, such that in many cases it is difficult to make definitive statements about formative processes. 

Although there are morphological differences within and between assemblage components A-E they cannot be distinguished in terms of their SHD ages. The mean SHD ages are 11.79 ± 0.84 ka (with 11.5 ka as the old control point) and 12.81 ± 0.90 ka (with 12.5 ka as the old control point) (Table 6, Figure 8). These mean values overlap within their uncertainties and are consistent within uncertainties with the ‘uplift, erosion corrected’ 10Be ages obtained for component C (Figure 8). Therefore, we consider that assemblage components A-E formed during the Lateglacial (AI  ̶ YDS) period (14.7 - 11.7 ka) (Figure 8). This is consistent with upper Alnesdalen being largely ice-free before and during the YDS, a finding that is supported by the 10Be ages from the moraine ridge immediately west of Lake 840 (Figure 1, Table 1) and 10Be ages from the moraine ridge at the western end of Børtjønna (Figure 1), which also indicate a YDS or older age (H. Linge, unpublished data). Based on our field observations and the SHD and 10Be ages, we propose the following interpretations for the various components of the landform assemblage. We also highlight outstanding issues concerning origins and classification of the features.
5.1 Assemblage component A

Our observations of the scarp and the ground surface above the scarp (see 4.2 above) suggest that the debris of component A was supplied by large-scale rock-slope failure of the scarp. Similar scarp features have been recorded at other sites in Norway where rock-slope failure has occurred (Braathen et al., 2004) and are generally considered to be a paraglacial response to deglaciation (Ballantyne, 2002; McColl, 2012). For component A, the tongue-shaped plan form, thickness and low downslope gradient of the landform imply a single major rock-slope failure with considerable momentum and runout, an interpretation supported by uniform SHD ages.
The toe of the debris tongue is located ~800 m from the scarp, which is not an unusual distance of downslope travel for debris originating by rapid rock-slope failure. We have assessed the style of movement by calculating the Fahrböschung or height/length ratio (H/L) expressed as an angle to define the coefficient of friction (Hsü, 1975; Dawson et al., 1986; Ballantyne and Stone, 2004; Deline, 2009; Wilson 2009b; Akçar et al., 2012; Schleier et al., 2015). The vertical height (H) between scarp crest (1240 m a.s.l.) and debris toe (935 m a.s.l.) is 305 m and the distance of travel (L) is 800 m; H/L is therefore 0.381 or ~21º. For rock-slope failures that move by frictional sliding, H/L is usually ~0.62 (~32º) (Hsü, 1975). We also calculated the mobility index or excess travel distance (Le= L-(H/tan 32º)) proposed by Hsü (1975) as a measure of the horizontal displacement of debris beyond the distance expected of a frictional slide along a slope with a normal coefficient of friction of 32º, and determined this to be 312 m. These values, along with the fragmented character of the material, indicate that the debris is likely to be the product of a rock avalanche. The rock avalanche is unlikely to have travelled as a result of frictional sliding alone. Rather, debris movement is likely to have involved an element of flow either as a cohesionless grainflow, in which the moving material behaved as a fluid with low internal friction (Hsü,1975; Korup et al., 2013), or as a consequence of path material character which acted to reduce frictional resistance between the debris and the underlying path (Aaron and McDougall, 2019). Given the AI - YDS age and excess travel distance that we have determined for the debris tongue, it is possible that glacier ice and/or snow formed the path material (Bottino et al., 2002; Boultbee et al., 2006; Deline, 2009; Deline et al., 2011), both of which would result in lower basal friction for the moving debris. However, transport over glacier ice or snow is not a necessary requirement to account for the excess travel distance, and the dating evidence is consistent with slope failure occurring after deglaciation in the absence of glacier ice in the valley. If glacier ice formed the path material, it was probably a remnant of the Weichselian ice sheet and was sufficiently thin that its eventual decay did not lead to the pronounced hummocky ablation topography that characterizes some (formerly) supraglacial rock-avalanche deposits that were emplaced on thicker ice (Vacco et al., 2010; Reznichenko et al., 2011; Schleier et al., 2015).
5.2 Assemblage component C
Component C has a more diverse surface morphology than component A, consisting of a lobate planform, transverse and longitudinal ridges, mounds, depressions, enclosed pits and meandering furrows that in some other contexts have been associated with either the downslope creep of debris in the presence of interstitial ice (permafrost) or with the meltout of such ice (Wahrhaftig and Cox, 1959; de Jong and Kwadijk, 1988; Ikeda and Matsuoka, 2002; Hughes et al., 2003; Matthews et al., 2013). In this respect component C has morphological similarities with features categorized as relict talus-foot rock glaciers and protalus lobes (Whalley and Martin, 1992; Harrison et al., 2008; Lilleøren and Etzelmüller, 2011; Matthews et al., 2013; Colucci et al., 2016). However, the surface morphology also has similarities with features recorded on some rock-avalanche deposits (Cruden, 1976; Aa et al., 2007; Wilson, 2009a; Ballantyne et al., 2013; Schleier et al., 2015). Therefore, at least three mechanisms can be invoked to explain component C. These are not mutually exclusively. 

First, as with component A, the debris of component C was probably supplied by rock-slope failure, but the characteristics of failure, material transport and transport path may have differed from that hypothesized for component A. The plan form outline of component A suggests that the bulk of component C accumulated on top of debris that formed the proximal area of component A, while the thickness of component C and its fairly chaotic pattern of surface mounds, ridges, depressions and pits indicates that if, like component A, it is a rock avalanche, it was less energetic with lower momentum. Furthermore, the more easterly part of component C does not overlie component A and may have accumulated on snow, ice or glacial debris. All these inferences are supported by the H/L value of 0.51 or 27° and Le value of 102 m we have determined for component C. These values fall mid-way between those determined for component A and those expected under frictional sliding, and may result from a change in the style of downslope movement from one initially dominated by frictional sliding to one in which the frictional resistance was reduced.
Second and third, the surface morphology of component C may be a consequence of downslope creep and reorganization of rock-slope failure debris in association with interstitial ice (permafrost) or buried glacier ice. The movement of coarse rock debris in these ways has long been advocated (Wahrhaftig and Cox, 1959; Haeberli, 1985; Barsch, 1992; Whalley and Martin, 1992; Berthling, 2011; Knight et al., 2019; Whalley, 2020). The lobate planform, limited distance of downslope movement from the scarp, possible flow structures (transverse ridges) and meltout features (meandering furrows, enclosed depressions and pits) are all indicative of rock-glacier creep. However, Jarman et al. (2013) and Korup et al. (2013) have shown that the ridge-depression topography of some debris accumulations can be explained without recourse to internal or buried ice, its creep and its melt. Therefore mimicry/equifinality needs to be addressed when evaluating these forms (Whalley and Martin, 1992, Wilson, 2009a).  Several other workers have also discussed the morphological similarities that exist between debris deposited by rapid downslope movement and debris subjected to movement in association with permafrost or buried glacier ice, and the need for careful assessment of the available evidence before attributing process (e.g. Howe, 1909; Whalley et al., 1983, 2020; Johnson, 1987; Vick, 1987).

We are unable to demonstrate conclusively whether interstitial ice or a glacier ice core played a role in the development of component C, and at present we regard this component of the landform assemblage as a classic example of landform mimicry. Permafrost probably was present at high elevation sites like Alnesdalen for much of the AI – YDS period, in which our SHD and 10Be ages fall. At the coastal lowland site of Kråkenes (38 m a.s.l.; 62º 02´ N, 5º 00´E) and the inland upland site of Brekka (410 m a.s.l.; 61º 58´N, 6º 00´ E), Birks and van Dinter (2010) have suggested, on the basis of palaeovegetation (macrofossil) records, that mean July temperature during the AI was in the range 5.5-7.5ºC. Applying a lapse rate of 1ºC/150 m indicates that the mean July temperature at 1000 m a.s.l. in Alnesdalen during the AI was probably in the range ~-0.9 - +3.6 ºC (in contrast it was +9.8 ºC at 863 m a.s.l. in Alnesdalen for 1958-2017; Table 2) and therefore the annual temperature regime was one that very likely sustained permafrost. This is further supported by the fact that temperatures during the YDS were, by definition, considerably lower than during the AI, and also by climate modelling studies (Hilger et al., unpublished data). 
It is also possible that a small glacier existed at this north-facing site: either a remnant of the Weichselian ice-sheet cover or a YDS glacier. In either circumstance burial of the ice by rock-slope failure debris could have occurred with the subsequent flow or creep of an ice core of glacial origin. Thus a glacier to ice-cored rock glacier transition can also be hypothesized as a possible explanation for the surface morphology of component C (cf. Monnier and Kinnard, 2015; Bosson and Lambiel, 2016; Guglielmin et al., 2018; Jones et al., 2019; Linge et al., 2020; Whalley, 2020).
5.3 Assemblage components B and D
Component B, the arcuate ridges with intervening curvilinear depressions located between A and C, may have formed in association with either A or C. If associated with component A, the ridges may represent the piling up of debris and partial over riding of the proximal area of the tongue as downslope movement in the distal reaches of the tongue slowed. If associated with component C, the ridges may result from the thrusting up of debris as component C ploughed into and began to override the proximal area of component A. 
In contrast, the basin-like area of component D may represent a veneer of residual debris following the downslope movement of component C debris or be the site of a former small glacier with a restricted debris cover. In the latter circumstance the basin-like character of the area could result from ice wastage and the gradual letting down of debris into the space previously occupied by the ice. Thus, as with components C and B, there are alternative mechanisms to explain the surface morphology of component D.
5.4 Assemblage component E

The prominent northward bulge in the outermost ridge of the landform assemblage is located directly downslope from the waisted recess in the scarp (Figures 2 and 5B) that we interpret as a rock-slope failure cavity. The bulge may therefore simply represent the debris lobe of this failure. Alternatively, the bulge may represent a landform transitional in character and development between a pronival rampart (component F, see below) and a possible talus-foot rock glacier (component C). Furthermore, component E occupies a location at which such a transition might be expected to occur. It has been argued by Haeberli (1985), Haeberli et al. (1998), Scapozza (2015) and Matthews et al. (2017) that some pronival ramparts may be capable of developing into talus-foot rock glaciers as a consequence of thickening through the continued inputs of debris, combined with permafrost aggradation. These conditions could induce cohesive flow (downslope creep), forming lobate structures as they move. Again, as with components C, B and D, there are alternative mechanisms to explain bulge E.
5.5 Assemblage components A-E – Further age considerations

Several rock glacier studies have shown that surface age determined by SHD increases along flow line transects from source to toe over distances commensurate with the downslope length of components A and C (Frauenfelder et al., 2005; Kellerer-Pirklbauer et al., 2008; Rode and Kellerer-Pirklbauer, 2012; Winkler and Lambiel, 2018). However, similar ageing with increasing downslope distance is not evident in our SHD results, which overlap within their confidence intervals (Table 6). This may support the suggestion that the debris comprising components A-E was supplied rapidly and in quick succession by rock-slope failures rather than involving rock-glacier creep. We have also identified at least three debris accumulations that we attribute to rock-slope failures on the north side of Alnesdalen (unpublished data) and numerous rock-slope failures have been documented elsewhere in Romsdalsalpane (Braathen et al., 2004; Schleier et al., 2015; Hermanns et al., 2017; Hilger et al., 2018; Wilson et al., 2019b), indicating that in this steep alpine topographic setting they represent a common style of paraglacial landscape modification. Our uniform SHD ages are consistent with any rock-glacier creep persisting for only hundreds rather than thousands of years. The latter time frame would be the expected dating outcome if component C is a rock glacier that formed over the period of the AI  ̶  YDS.  
5.6 Assemblage component F

Component F of the landform assemblage, the ~400 m long asymmetric ridge at the talus foot (Figures 2 and 5A), has all the morphological and locational characteristics of a pronival rampart (Ballantyne and Benn, 1994; Shakesby 1997; Hedding, 2016; Matthews et al., 2017) and conforms with similar features identified as such on the north side of Alnesdalen (Figure 1). Such landforms result from debris accumulating at the downslope margin of semi-permanent snowbeds. Furthermore, the coarse open-work debris shown to the right of the person in Figure 5A is typical of rockfall material that travelled across a snowbed (supranival transport) to reach the ridge. In contrast, the substantially smaller ridge to the left of and in front of the person may represent deposition by subnival (Shakesby et al., 1995) or snow-push processes (Shakesby et al., 1999). 


SHD ages for the pronival rampart are 7.68 ± 1.12 ka and 6.95 ± 0.97 ka (using 11.5 ka as the old control point) and 8.35 ± 1.21 ka and 7.56 ± 1.04 ka (using 12.5 ka as the old control point) (Table 6). These ages are statistically inseparable and indicate that (1) rampart debris continued to accumulate for at least a further 4-5 ka following stabilization of assemblage components A-E, and (2) most of the surface boulders on the rampart had accumulated by the end of the early Holocene. The presence of occasional fresh boulders and substantial numbers of boulders yielding R-values of 60-70 indicate, moreover, that some deposition has continued to the present. Our SHD ages represent only minimum age estimates for the beginning of rampart development because earlier emplaced debris occurs beneath the surface boulders that we sampled, but we infer from the dimensions of the rampart that it started to form during deglaciation of Alnesdalen. 

From several locations in southern Norway, Matthews and Wilson (2015) have reported SHD ages from both active and relict pronival ramparts. The relict ramparts range in age from 14.64 ± 1.06 ka to 8.73 ± 1.05 ka, including one in Alnesdalen, south of Lake 840 (Figure 1), dating from 12.85 ± 1.13 to 11.5 ± 0.96 ka. The SHD age of this rampart is inseparable from the ages we have obtained for assemblage components A-E. Our SHD age range of 8.35 ± 1.21 to 6.95 ± 0.97 ka for assemblage component F is therefore consistent with some earlier reported ages for similar landforms and indicates that significant rampart activity on the south side of Alnesdalen had much reduced by the mid-Holocene.
5.7 Assemblage components G-H

As noted above, assemblage component G (Figure 2B) displays characteristics that are typical of rockfall talus – its gradient, the downslope increase in boulder size, the sheet-like morphology, and its location beneath a high cliffed scarp, render its categorization as talus appropriate. Because of the evidence presented above for rock-slope instability and failure of the scarp (Figures 5B-D) we infer the talus is, in part, a consequence of rockfalls associated with paraglacial stress release. In addition, since deglaciation, a periglacial climate of varying intensity has prevailed in Alnesdalen. Therefore, we propose that paraglacial rockfalls, (para)periglacial freeze-thaw processes and permafrost degradation following the mid-Holocene climatic optimum have contributed to talus development, which has continued to the present day.  

The talus yielded SHD ages of 6.74 ± 0.96 ka and 3.11 ± 0.91 ka (old control point of 11.5 ka), and 7.32 ± 1.03 ka and 3.38 ± 0.99 ka (old control point of 12.5 ka) (Table 6). The earlier of these ages is consistent with the ages obtained from component F (pronival rampart) and indicates that most of the talus at site 9 had also accumulated by the mid-Holocene.  Interestingly, the talus boulders at site 12 do not seem to have travelled, in any significant quantity, across the depression onto the proximal slope and crest of the pronival ridge, from where we obtained SHD ages of 8.35 ± 1.21 - 7.68 ± 1.12 ka (site 11). This may indicate that the talus boulders at site 12 accumulated in summer and in the absence of a snowpack. The presence of a snowpack would have facilitated some boulder movement onto the ridge.
The narrow bench-like talus-foot feature near the western end of the talus sheet (component H) is interpreted as an embryonic pronival rampart. Its location and morphology support this interpretation and the abundance of fresh boulders indicates an actively accumulating feature.
5.8 Significance of the landform assemblage

For several reasons the landform assemblage is considered to be an important constituent of the geomorphology and Quaternary geology of Alnesdalen. First, rather than being a single boulder-dominated landform as previously mapped by Sollid and Kristiansen (1984) it consists of several distinctive components related to different processes, although some of the components are of broadly similar age. Second, only two of the components (C and E) show morphological similarities with relict talus-foot rock glaciers but it cannot be demonstrated conclusively that these components were produced in association with permafrost or buried glacier ice. Third, at least one of the components (A) is considered to have formed as a consequence of rock avalanching, and major rock-slope failure probably played an important role in supplying debris for another two of the components (C and E). The considerable importance of rock-slope failure at this site has not been previously recognized. Fourth, parts of the assemblage (F and H) have the characteristics of pronival ramparts and indicate that such landforms are more extensive in Alnesdalen than recorded by either Sollid and Kristiansen (1984) or Matthews and Wilson (2015). The presence of some fresh boulders on these features is also indicative of continuing rampart development. Fifth, SHD and 10Be ages consign some of the landform components to the AI and YDS and others to the Holocene, indicating continuing landscape dynamism since the decay of the continental ice sheet and local YDS glaciers.
 Understanding the landform assemblage therefore makes a significant contribution to understanding Late Pleistocene and Holocene environmental and landscape change in an area of southern Norway affected by local glaciation close to the margin of the Younger Dryas continental ice sheet. Furthermore, investigation of this assemblage has highlighted some of the problems and challenges in assigning relict boulder-dominated features to specific process/morphological categories, and demonstrates the need for detailed consideration of all the available evidence prior to landform classification being applied. Based on surface morphology, some elements of this landform assemblage have proven difficult to interpret and are regarded as exemplars of mimicry/equifinality (Haines-Young and Petch, 1983; Thorn, 1992; Schumm, 1993; Bevan, 1996; Wilson, 2009a; Temme et al., 2011; Knight et al., 2019). In these and similar instances failure to correctly recognize and categorize such forms may compromise assessment of their local and regional geomorphological and palaeoenvironmental significance.
6. Conclusions
Detailed field observations coupled with aerial photographic analysis and SHD and 10Be dating on a boulder-dominated landform assemblage in a Norwegian mountain valley have demonstrated a more complex origin and age than previously proposed. The earlier interpretation of the landform as simply a relict rock glacier cannot be supported. Only part of the assemblage has morphological similarities with such features, and interpretation of these elements is equivocal. A major part of the landform assemblage is interpreted as a debris tongue formed by rock-slope failure, and another part as a pronival rampart. The most morphologically diverse area of the assemblage is similar in several respects to the morphology displayed by relict rock glaciers, but these attributes have also been reported on some debris accumulations produced by rock-slope failure. The character of the scarp from which the debris derives also supports an origin by rock-slope failure, but further downslope movement of rock-slope failure debris in association with permafrost or buried glacier ice cannot be excluded as an influence on final morphology.  
SHD ages indicate that surface boulders on the pronival rampart and the backing talus date from the mid- to late Holocene, but some R-values and the fresh fracture surfaces of other boulders indicate that accumulation continues today. In contrast, the SHD and 10Be ages for the rock-slope failure and possible rock glacier components of the assemblage consign their formation to the AI – YDS at a time when Alnesdalen was largely ice free. The SHD ages demonstrate, moreover, that these components were emplaced in quick succession. This study therefore indicates the complexity and rate of the landscape response to environmental change following deglaciation in this area of southern Norway.
 Our detailed investigation of this landform assemblage also exemplifies the general difficulties involved in identifying, differentiating and classifying apparently similar coarse-debris colluvial landforms, and contributes to on-going debates on spatial and temporal interrelationships between rock-slope failures, rock glaciers, pronival ramparts and related alpine periglacial and glacial landforms. Finally, a methodological contribution has been made to exposure-age dating. In particular our investigation adds to the small number of studies that have utilized 10Be alongside SHD and hence contribute to validating the accuracy and reliability of the SHD technique when applied to glacial, periglacial and paraglacial landforms.
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Figure captions

Figure 1. Topography and geomorphological features of Alnesdalen compiled from the maps of Carlson et al. (1983), Sollid and Kristiansen (1984), and Matthews and Wilson (2015). 
Figure 2. 
A. Aerial view (dated 2012-2013) of the boulder-dominated landform assemblage. Components A and B are enclosed by the broken white line.  Source: https://www.norgeibilder.no/.
B. Interpretative map of the boulder-dominated landform assemblage based on inspection of aerial photographic images and field surveys by the authors. Locations of SHD and 10Be samples are indicated. A-H denote components of the landform assemblage discussed in the text.
Figure 3.
A. View along crest of outermost ridge of landform component C showing the three boulders sampled for 10Be surface-exposure dating. 
B. Gneiss boulder ALN 1805.
C. Granitic gneiss boulder ALN 1806.
D. Granitic gneiss boulder ALN 1807.
Figure 4.
A. Downslope view to the northwest along the longitudinal axis of the debris tongue (component A) showing the cross-sectional convexity of the tongue and abundance of surface boulders both on the tongue and on the adjacent ground. The arrow indicates the position of the moraine ridge to the east of Lake 840; the lake is hidden from view by the moraine ridge (see Figure 1). 

B. Aerial view (dated 2018) of components B (left) and C (centre and right) of the boulder-dominated landform assemblage. Source: https://www.norgeibilder.no/. The arcuate, transverse ridges of component B are well developed. The prominent bounding ridge of component C along with inner ridges, mounds and intervening depressions, furrows and pits (partly snow-filled) are evident. 
C. Component C seen from the top of the scarp. Debris mounds and ridges with vegetated crests are evident as is the ~200 m long meandering furrow (arrowed).
D. View into the largest and deepest (~10 m) of the enclosed elongate depressions within component C. Note persons for scale.
Figure 5.
A. East-to-west view of talus (left, component G), shallow linear depression (centre), and 2.0-2.5 m high proximal slope of pronival rampart (right, component F). Note contrast in size of boulders on ridge to the right of the person and those on the minor ridge to the left of and in front of person. Also, note remnant snowpatch at talus foot, August 2016.
B. Part of the scarp above the boulder-dominated landform assemblage with waisted recess interpreted as a rock-slope failure cavity. The recess is located directly above the pronounced northward bulge (component E) of the outermost ridge of the landform assemblage.  
C. Area of scarp to the west of that shown in B. The face has several large masses of partly disaggregated rock that have moved a short distance downwards and outwards towards the boulder-dominated landform assemblage before assuming quasi-stable positions. The prominent vertical fractures (gullies) are expressed as orthogonal and oblique boulder-filled depressions on the ground surface above the top of the scarp
D. Boulder-filled depression (centre) above the scarp marking the surface continuation of a scarp-face gully. 
Figure 6. Schmidt-hammer R-value distributions for the 13 sites (as indicated on Figure 2B). Histogram class intervals are 2 units.
Figure 7.

A. 10Be surface exposure ages with 1σ and 2σ internal uncertainties for the three boulders (ALN-1805, -1806, -1807) from component C of the landform assemblage. The interval of the Younger Dryas Stadial (YDS) is also shown.
B. Mean 10Be surface exposure ages for ‘calculated’, ‘uplift, erosion corrected’ and ‘maximum corrected’ ages with 1σ and 2σ external uncertainties indicated. The interval of the Younger Dryas Stadial (YDS) is also shown.
Figure 8. Plot of SHD ages (±95 % confidence interval) from assemblage components A-E (sites 1-8 and 10) as determined using old control site ages of 11.5 ka and 12.5 ka, and arithmetic and external-uncertainty weighted mean values of the ‘uplift, erosion corrected’ 10Be age determinations for boulders from component C. The solid horizontal lines associated with the 10Be ages represent the 1σ uncertainty and the broken horizontal lines extend the uncertainty to 2σ.

Tables

Table 1. Recalculated 10Be surface-exposure ages for boulders from the Alnesdalen (ALN) and Trollkyrkjebotn (VAL) moraines (ages have been recalculated from Wilson et al., 2019b). 
Table 2. Mean monthly and annual air temperature, precipitation and snow thickness for Alnesdalen (863 m a.s.l.) AD 1958-2017. Data source: http://www.senorge.no/  
Table 3. Ages and Schmidt hammer R-values for the young and old control sites used for construction of the calibration equations (from Matthews and Wilson, 2015).
Table 4. Sample details, 10Be analytical data and exposure ages with external uncertainties at 1σ for samples from component C of the Alnesdalen landform assemblage. Internal uncertainties (1σ) are in parentheses. A density of 2.65 g cm3 was used for all samples. Be standardisation used 07KNSTD.
Table 5. Schmidt-hammer R-values and related data for the 13 sites sampled on the landform assemblage.
Table 6. Schmidt-hammer exposure-age estimates for components of the landform assemblage based on two calibration equations.
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