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ABSTRACT
Eleven sow-avalarthe boulder fanwere datedrom two highalpine sitesn

Jotunheimemising Schmidhammer exposurage déing (SHD)and lichenometry
Average exposure agef thesurface bouldemanged from2285+ 725to 7445+ 1020
yearsand demonstrate the potent&lSHD for datingactive landforms and
diachronous surface8pplication of GIS-based morphometric analysgsowed that
the volumeof rock material withirlLO of the fanss accounted for by6-68 % of the
combinedvolume of theirespectivebedrock chuteand transport zone#t is inferred
that the fans were deposited entirely within the Holoceranly within the earlyto
mid Holocene by frequent avalanches carrying very small debris |Idadtively
smalltransporizone volumesire consistent witavdanches of low erosivityeExcess
chutevolumes appear taepresent subaerial erosiontheYounger Dryas and
possiblyearlier. Debris supply to the famss likelyenhanced bgarlyHolocene
paraglaciaprocessefollowing deglaciationandby laterpermdrost degradation
associated witthe md-HoloceneThermalMaximum The latter together wittthe



youngest SHD age from one of the famsyypresage similar increase in

geomorphic activityn response tourrentwarmingtrends
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Introduction

Snowavalanche boulder fans ditdle knowndepositional landform®catedat thefoot

of steep mountaina@pesin alpine periglacial environmentshey were firstdescribed

in detailin a classic papdyy AndersRapp(1959) who distinguishedu DYDODQFKH
ERXOGHUIWRP JXHIVIXV FRQHVY pDHDOOLGH. IMR @ RQHHW DQG
northern Swedermhesesrow-avalanche landformere typically100 to 1,000 m long,

up to 200 m wide and 10 to 30 m thick with a strongly concave long profile, a basal
slope angle of 125 ° or lessandstrong sizesorting of surface debris at thélistal
margins where bouldergith openwork textur@redominatéGarner 1970White

1981; Jomelli and Francou 2000; Owens 2004; Decaulne and Saemundsson 2006;
Luckman 2013de Haa%t al.2015. As the product of snoflow, they are clearly
differentiated from debris accumulations fourgy othercolluvial and fluvial
processesncluding rockfall, debris flow and stream floyef. Blikra and Nemec,

1998) Typical examples under investigation in the present study are shéwgune 1



Figurel Snowavalanche boulder fans in Trollsteinkvelven, Jotunheimen: (A) sefe@mkxtending onto the
valley floor close to the iceored moraines of Grotbrean; (B) tongsleaped fan No. 3 with a high degree of lichen
cover (dark colouration) except in asef late snow-lie (light colouration).

Rapp (1959) went on to recognise two types ofanaie boulder tongues,
whichhe SUHOLPLQDU L ©8 DIQHNUW R Q JIXMHRDOGDQeFoprdzafe WRQJIXHV



flat-topped, elongated and relatively stesggied accumulations of debris extending at a
low angle towards valley floomnd may have asymmetricabssprofiles. The latter
extendfarther from the slope fopandare widerthinner andess elongateteatures
Theyare consistent with being produced by relatively large snow avalanches
transportindess plentiful debrialong a less confined track atmdvellingconsiderably
farther from the slopfoot (see also Luckman 197Ballantyne and Harris 1994;

Owens 2004Millar 2013). In this papewe prefernot to distinguistbetween thesevo
types but instead recognisansitions andariability in theform of a single class of
MVQRYDODQFKH EdR KuoKman19eR)Q V

Snowavalanche boulder fans folimcrementallyfrom the acamulation of
boulders and finegrainedmaterialtransportedy snow avalanches down distinct
bedrock chutegulliesor couloirs(Rapp 1959Sanders 20)3Fan surfaces display
many of the smaiscale landforms and sedimentary characteristics of-logw
processes (cf. Blikra and Nemec, 1998)e fan sediments originate frahe erosion
of both bedrock and regolith hatssnowavdanches commonlyhave little erosive
powerand steep slopes may alenost devoid of regolith, snow avalanchesd to
contain low concentrations debris(Rapp 1960Huber 1982Bell et al. 1990; Jomelli
and Bertran 2001; Moore et al. 20B3llantyne 2018)fan deelopment is likely to be
debrissupply limited,andfan sedimentsre likely toaccumulate oveaelativelylong
periods of time. The generally sparsegetation cover aniichensizeof the fan
depositanaygive an indication of the agnitude and frequency of recent avalanche
activity affecting the fan surfagdomelli and Pech 2004) asdveral generations of
activity may be recognised (Decaulne 2001; Decaulne and Saemundsson 2006)
However,numericalexposureagedatingof snowavalanche boulder fangresent a
significant chronologicgbroblem +especiallydue totheir diachronous naturandthe
shortage of suitable organic material for radiocarbon datihggh-alpine

environments

The recent development of Schmidt hammer exjgesge dating (SHDN
southern Norwaye.g.Matthews and OweR010; Matthews and Winkl&011;

Matthews and McEwen 20} Brovides aelatively newtechnique that enables the



numericalagedating of snowavalanche boulder fan&lthoughSHD has been
succesfully applied tomany different landformwith inactive andsynchronous
surfaces, includingnoraines $hakesby et al. 200@yinkler 2014;Tomkins2016,
2018, river terraces (Stalet al. 2014, flood berms (Matthews and McEwen 2013),
raised beaches (Shedby et al. 201&nd rockslope failures (Matthews et al. 2018
Wilson et al. 2019 there have been few applicationdandforms withactive andor
diachronous surfacesuch asce-cored moraines (Matthews et al. 20kHow
avalanche impact ramparts éithews et al. 2015), pronival ramparts (Matthens
Wilson2015), patterned groun@Winkler et al. 2016, 202@ndrock glaciersRode
and KelleresPirklbauer 2011; Matthews 2013; Winkler and Lambiel 2018

In thispaper we appl$HD together with libenometryto snowavalanche
boulder fandor the first timewith the aim oimproving our understandirtgpth of
theseenigmatidandformsand the application of SHD in the contextotive and
diachronous surfaceshethreemainobjectives arefl) to describe the morphology of
the fansand their debris source areasng a digital elevation model (DEMR) to
estimate thexposureageof thefan surfaces; and(3) to combine th morphological and

chronological information to elucidasmowavalanche fadynamics an@volution

Study areandenvironment

Snow-avalanche boulder fans were investigdtedh two high-alpineareasn central

and northeastern Jotunheimen, southern Nolwegre 2). Sevendiscretefans were
investigatedat Trollsteinkwelven (Figure 3) and fourat Leirholet Figure B). These

are the best developsdowavalanchdansknown to the authors idotunheimen In

both areassteepbedrockslopes with southerly aspects rise to about 2100 m above sea
level, whilethe fantoesdescendo about 1720 m &.l. Distinct neafparallel chutes

eroded by snow avalanches on the ugt@resappear to coincide with steeply

dipping macroscalglayeredstructures within théocal geology (Battey, 1965)At
Trollsteinkwelven, the fans reach thealley floor, most of which is occupied by the



ice-cored moraines of Btbrean and the morainrdammed lake of Trollsteimpne

(see Figure 1)At Leirholet, the fansextend onta cirque floorthatmergedowards

the weswith avalley-side bench of Leiraen

15 km | < Glaciers [l Lakes &rivers - - Trees -

Figure2 Location of study areas in Trollsteinkvelven (Fig. 3A) and Leirholet (Fig. 3B), Jotunheimen, southern
Norway (source: http://www.norgeskart.no).



Figure3 Aerial photographs of the study sites A) (Trollsteinkwelven and B) Leirholetindicatingnumbered
snowavalanche boulder fanBBHGURFN RXWFURSV XVHG DV p&iy&adloedeq WHKRSWSRLQWYV |IRU
of fan 6in (A) and to the S of fan 3 in (B)

The metamorphic geology of the region consists primarily of pyrogeaeulite

gneiss with peridotite intrusions and quartzitic veins (Battey and McRitchie 1973,



1975; Lutro and Tveten 1996). Although the gneiss is quite variable in texture, it is
easily distinguished from these other lithologies. Boulders and bedrock with gneissic
lithology have, moreover, successfully suppottezgbrevious development and
application of SHD in the region.

All the snowavalanche boulder fans under investigatierwithin the zone of
alpine permafrost, the generalized lower altitudinal limit of which liedd50 m
a.s.l. in theegion(@degird et al. 1992|saksen et al. 2002; Farbrdtad. 20L1;
Lillegren et al. 2012)in the Gatihgpiggen massifhowever the lower limit of
permafrosin southfacing rockwallgs predicted to lie between 1500 and 1700 m
a.s.l., which iseveral hundred metréggher than in rockwall$acing north (Hipp et
al. 2014 Magnin et al. 201P Thus, hedepositionafansand their sorce areas
currently liewholly within the permafrost zonaconclusion sengthenedby
availablelocal and regionamneteorological data. Mean annual air temperature for
Juvasske(1894 m a.s.l.) for the normal period (1980 AD) is #.6°C

www.met.ng, with mean monthly air temperatures rising above zero oafyg iune

to SeptemberAnnual precipitatiorwithin Jotunheimetas been estimated as 800

1000 mm (Farbrot et al. 20LWvith alate-summer maximum.®wfall is rehtively

light in this area of Norwa .senorqe.n]band likely to result in dryrather than

wet-snow avalanchesvith light debris loadand lowrates oferosion(cf. Rapp 1960;
Ackroyd 1986;Keylock 1997;Jomelliand Bertran 20QFreppaz et al. 2016orup
and Rixen 2014Ballantyne 2018

Small valley glaciers, cirque glaciers and ice caps are common in Jotunheimen
at and around the altitude of the shavalanche fans (Fig. 2; Andreassen and
Winsvold 2012) Thehistory of glacier and climatic variatioasd their effects on the
landscape arknown in considerable detail. The main ice divide anehim@imulation
area of the Scandinavian Ice Sheet was located close to Jotunheimen at the maximum
of the last (Weichalian) glaciationDeglaciation of at least the main valleys is
conventionally placed a9.7 ka, following the Late Preboreal Erdalen Event (Dahl et
al. 2003. Most glaciersn Jotunheimemelted away during the Holocene Thermal

Maximum (Matthews and Dresr 2008 Nesje 2009), when altitudinal permafrost



limits were also higher than today (Lileen et al. 2012) and there were significant
effects on slope processes (e.g. Matthews @080, 208). Neoglaciation and
lowering of permafrost limits occurretiring the late Holocene, culminating in the
Little Ice Age ofrecentcenturieswith subsequentontinuingand acceleratinglacier
retreat and permafrost degradat{datthews 2005Matthews and Briffa 2005;
Matthews and Dresser 2008; Liken et al. 202; Nesje et al. 208).

Methodology

SHD techniques

High-resolution, calibrated SHD follows the techniques developed by Matthews and
Owen (2010), Matthews and Winkler (2011) and Matthews and McEwen (2018).
approachs based on establishing a nemeal, weatheringlependent relationship
between Schmiehamme R-value and roclsurface agéor a particular rock typeA
linear calibration equation gerived from two control points of known age arsgd

to producenumerical age estimates with% staistical confidence intervalSHD
agespredicted fronthe calibration equation estimateerage surface exposuage
andthe confidence interval represents tiogal error(C;), which results from
combining the error associated with the calibration eqnd@c) with the sampling
error associated with the dategrface Cs). Theapproach and itknearity assumption
arejustifiableon several grounds. In particular linear relationship is to be expected
over short timescaldsr resistant lithologiesulject to relatively slow rates of
chemical weathering in periglacial environmef#ftadré 1996; Nicholson 2008, 2009;
Matthews and Owen 201Matthews et al. 2016), anbis has beenestedempirically
over theHolocene timescale (Shakesbhy et al. 2011; Toskt al. 2018).

Calibration equations were established separately for Trollsteirétvand
Leirholet Each calibration equatiomasconstructed fronan u R O G& uDRXGQ J
control point bothinvolving pyroxenegranulitelithologiesonly. 7KH pRr&  F



points were glacialhscoured bedrock outcrops located within 200 m and 100 m of
snowavalanche boulder fans in Trollsteirdkven and Leirholet, respectivelyt 20 G
control points were assigned exposureage 0f~9.7 ka, which is the conventional

age of deglaciation in central Jotunheimen according to basal radiocarbon dates from
mires and lakeKarlén and Matthews 1998arnett et al. 2000; Nesje and Dahl

2001; Matthews et al. 2005lormes et al. 2009; summarized in Matthews et al. 2018)
and is cosistent with largescale modeling of deglaciation in southern Norway (e.g.
Hughes et al. 2016; Stroeven et al. 2016)

7KH P\RXQJY FRQWURO SRLQWYV ZHdhtterédoverK XQZHDW
fan surfaceswhich were assigned an exposure age ofe2fs based on the absence
of yellow-green crustose lichsrof theRhizocarporsubgenus. Lichenometric studies
within Jotunheimen indicate that about 20 years is necessary for colonizatiew!gf
exposed rock surfaces thyis group of lichea (Matthews 2009Matthewsand Vater
2015).8VH RI WKHVH p\R X @&dndider€ividighR @pBdpicie thie/
context ofdating snowavalanchédoulderfans because rouganweatheredurfaces
of bouldersof colluvial origin yield much lower Ralues than smootbhedrock or
bouldersurfaces produced bilvial or glacial erosionNlatthews and McEwen(.3;
Matthews et al2018 Olsen et al. 2019

Schmidthammer Rvalues were measured withtijoe mechanical Schmidt
hammes (Proceq 2004; Winkler and Matthews 201 )RU pPpROGY FRQWURO SRLQ
sample sizen) was 300 impacts, taken from several different areas of the bedrock
RXWFURSV )RU p\RXQnR§ 16RIQUMErR(O ingoRdAts&Y boulder).
Relatively high variability of RY DOXHV 1URP WIiKdintpriRce<sifatédR@ W
larger sample size, whil® KH VDPSOH VL]H |pountgweR MtedbyrkReQ WUR O
scarcityof unweathered boulders on thegadnweatheredboulders RU WKH p\RXQJY
control pointsveresampledrom four fans in Trollsteinkelven and threef thosein
Leirholet.Fordatingeach fan surface, sanmd was concentrated around the distal
margins whee boulders were most abundant also likely to be oldest terms of
their surface exposure aggain, nwas 100 boulders witwio impacts per boulder.

1C



Precautions were taken to minimize possible uncertainties and measurement
errors includingavoiding small and/or unstable bouldesteeply sloping boulder
surfacesedges of boulders and outcrops, joints and cracks, unuswébdjies
(peridotite and quartzite in this study), amdtandlichen-covered rock surfaces (cf.
Shakesby et al. 2006; Matthews and Owen 2010; Viles et al. 2011). The two Schmidt
hammers used had been recently recalibrated by the manufacturer and waré/regul
checkedor deteriorationWKURXJKRXW WKH VWXG\ RQ .Wa€iH PDQXIDF\
surfaces were not cleaned or artificially abraded as this wavdreducel age
related weathering effects (cf. Viles et al. 2011; Moses et al. 2014).

Lichenoméry

Lichenometry was used as a relatage dating techniqua support of SHD. The

long axes of thetenlargestthalli of theRhizocarporsubgenusvere measured from

the distal zone of each fawhere the largest and hence oldest boulder exposure ages
can be expected (cf. Jomelli and Pech 2004e size of the single largest, five largest
andtenlargest lichens ereassessed in relation to established indirect lichenometric
dating curves from central and eastern Jotunheimen (Matthews 2005) arlg direct
measurd lichen growth rates froraouthern NorwayTrenbirth and Matthews 2010
Matthews and Trenbirth 2011

DEM analyses

A DEM was usedo establish thenorphologyof the fans and associated landforms
The main focus was on estimating tlidumeof the fansand the corresponding
volume of rock material erodegslope of the fan$IS analysesvere carried oubn

two publicly availableDEMs from theNorwegian mapping authoritiKartverket
(hoydedata.ngpased on a 2013 airborne laseanning survegt 1 m resolutiorfor the
northern Gudbrandsdalen ar@dl analyses were carried out with either ArcGIS Pro 2.1
(ESRI 2017) or QGIS 3.10 (QGIS Development Team 2019).

11



Usingfield observatiorsupported by visual comparisaith the orthoimagand
hillshadng, as well as crosprofiles, threezoneswere delineatetbr each featurérigure 4.
The snowavalanche source area comprisesctinge and transfer zogievhile the
depositional area is defined as tha zone Polygonmaps were generated amskd
subquenty for geomorphometric analyseBhree profile graphe/ere generated faach
feature: dong profilefor the wholdandform assemblagéom thetop of thechuteto the toe
of thefan; andtwo cross profilesoneacross th@roximal fan andhe othe across the distal

fan,where it was at its widest

Figure4 DEM of the study sites ifA) Trollsteirkvelven and(B) Leirholetdefining the areas classified elsutes
fansand transfer zones, and the location of loegd crossprofiles.

12



The following parametenserecalculatedthe areaof the chute, transfexoneand
fan based on tlirerespective polygonshelengthof eachlandform assemblage definedthe
longest axis downslopeff all three polygons combingthe maximunwidth of the fan based
onvisual nterpretation ofthemain breaks of slopglongthe cross profile, thmaximunslope
angleof the three zondsased on the longest axis of each polygom theslopeof the

easern and westerflanksof thedistal part of thdan.

To establish theolumesof thefan, chute and transfer zonege tried two different
approacheghe firstbased on an artificially calculated reference surface based on raster
interpolation the seond based on getetricapproximatiorto theshapes of the three zones
We found that raster interpolation rendered a better fit to the topography and smaller
uncertainties. Although it provided results that best matched field observations, the
interpolation method also has its limitations, notabd§ating tothe differentiation ofhe three
zonestherecognition ofbedrock the delineation of individual fans, and their separation from

adjacent talus

In order to calculatthereference surfage¢he polygns for fan, transfetoneand
chute were used to clip the DENhe clipping tool removed the current surface tred
resultinggaps in the rastenapwere subsequently filled bymployinga nearest neighbour
algorithm, using a window of 10 x 10 celEhelowest cellvalue was selectedr the
reference surface of the fan and the highest cell value for the chute and transfgf.
Watson and Philip 1987Fifteeniterationswere requiredo fill the gaps in the
Trollsteinkwvelven mapandteniterationsfor the Leirholet area. In order to calculate the
volumes the cut and fill tool of ArcGIS Pro (ESRI 2017) was used to subtnaghitesentay

surface from the newly generated reference surfaces.

Results

Geomorphometrics

The overallength ofeachlong-profile ranges fron894to 701 m and the three zones
are of approximately equal lengthth the length of the fan zone varying between 108

13



and 232 n(Figure 5. Slope angles decline consisterdiywnthe chute, transfer and
fan zones, from 1:23° to 1421° and 815°, respectively, demonstrating the
characteristic convexity of each long profed reflectinghe effect osnow

avalanche rwout in the fan zone

Figure5 Long- and crossprofiles from Trollsteinkelven (ts 27) and Leirholet (Ih 4). Note the west side is to
the left in the crosgrdfiles.
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The rarrow widths (496 m), steep sides (410.7° on the west side and 3.9
10.4° on the easidg and flat tops in some casé3dure 9 of the fan zoneare
typical of snowavalanche fans of the roadbank type. Althotighasymmetry in
these crosgrofiles is not consistent, eight out of 11 wsite slopes are steeper than
the correspondingastside slope, which may reflect prevailing westerly winds and
snowbed accumulation leading to deflection of srawvalanche trackas suggested
by Rapp (1959)Lack of more consistent asymmetry in these fans appears to be due to

the dominance of local pographic variability.

Results of thevolume calculations for the three zones are summarizédhte
1. Notable features of these data include, firdtlyge variations in the values which,
in part, reflect natural variability but are also affelchy the limitations of the
methodology noted above. Secondhgverylarge volume of the chutes relative to
that of the transfer zosedemonstrates that the chutes are the major source of the
boulders in the fanghirdly, the volume of 10 of the fans22.1 to 97.5 % less than
the combined volume of the chutes and transfer zones, which is equivaléri to
68.3 % in terms of rock volume when a voids frac{jorosity)of 30 %for the fans
is taken into accourftf. Sass and Wollny 2001; Hungr aBdans 2004; Wilson,
2009; Sandy et al. 2017)Some of the rock material eroded from the chutes is
WKHUHIRUH pPLVVLQJY Iyl Rrgd ¥okividdf thB fanvat ) R X U W K
Trollsteinkwelven 5is anomalous iexceedinghe combined volume of the chuwed

transfer zone.
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Table1l Summary of volume calculations for 11 chutes, transfer zones and fans.

Chute C) Transfer) Fan§) (C+T 100F/(C+T)  Corrected*
Fan No. (m°) (m°) (m°) (m°) (%) (%)

Trollsteinkvelven

1 91,078 2,884 67,186 93,962 715 50.1
2 303,092 4,762 67,081 307,854 21.8 15.3
3 100,193 2,312 39,943 102,505 39.0 27.3
4 42,111 9,721 50,526 51,832 97.5 68.3
5 45,283 22,226 129,775 67,509 192.2 134.6
6 79,713 331 41,279 80,044 51.6 36.1
7 58,587 475 23,079 59,062 39.1 27.4
Leirholet

1 91,658 914 22,419 92,572 24.2 16.9
2 91,430 120 30,722 91,550 33.6 23.5
3 79,438 543 35,218 79,981 44.0 30.8
4 101,392 720 22,597 102,112 22.1 15.5

*Corrected percentage is the fan volume as a percentage of the combined volume of the chute and
transfer zone, assuming a voids fraction (volume of voids/volume of ro&)%6f

As well as the their typical profiles, major dimensions and slope arigges,
fan surfaces are characterizedmbiyor morphologicafeatures, such agattered
angularboulders perched boulders and sedimdrdpes ¢apping$ depaited from
ablating snowerosionalfurrows of various typeanddebris tailsn the lee of
boulders produced gvalanchescourof adjacent surface sedimeiit$. Rapp 1959;
Blikra andNemec 1998Jomelli and Francou 2000; Jomelli and Bamt2001;
Sekigwehi and Sugiyama 200®wen et al. 2006

SHD controtpoint dataand calibration equations

R-values used as control poinfgaple2) show differences between Trollsteirgkxen

and Leirholesufficient to justify separate calibration equations forttie locations

(Figure6). MeanRYDOXHV IRU WKH pyROGY FRQWUR@h&RLQWYV GLI
values in Trollsteinkglven (42.90+ 1.12)compared td.eirholet(38.64+ 1.11)and

nonoverlap of their 95% confidence interval$e difference betwaethe mean R

values for the young control pointsTablisteinkvelvenand Leirholeis not

statistically significant.

16



Table2 Control point Schmidhammer Rvalues from Trollsteinkvelven and Leirholet used in local calibration
equations: n = No. of impacts for bedrock surfaces; and n = No. of boulders for boulder surfaces (based on two
impacts per boulder).

Site age
Site type (years) R-values n*
95%
Mean 1 Cl

Trollsteinkvelven

Avalanche boulders 20 59.83 6.45 1.29 100
Bedrock outcrops 9,700 42.90 9.88 1.12 300
Leirholet

Avalanche boulders 20 58.66 415 0.78 110
Bedrock outcrops 9,700 38.64 38.64 1.11 300

Anothernotable feature of tlsecontrolpoint R-values particularly those
IURP WKH pR O G jfis lhBie\tival/Oigisvariakility s measured by the
standard deviatio(iTable2) and illustrated by the histogramskigure6. This high
variability isattributed to lithological vari#on within the pyroxenegranulite gneiss.
The negative skew of the distribution in Trollsteieksen and the platykurtic
distribution in Leirholetfeatures thaarenontypical for control points, likely reflect
the presence of a lithological varigntore abundant in Trollsteinklwen than in
Leirholet)that is relatively resistant to chemical wering and hence results in
relatively high Rvalues. This woulélsoaccount for higher mean-®alues than have
been foundor control pointof similar aggrom pyroxenegranulite gneiss and
related rock typeslsewhere in Jotunheiméef. Matthews an®wen 2010Matthews
et al. 2014, 2018)

17



Figure6 SchmidthammeRR-YDOXH GLVWULEXWLRQV IRU pREPS Ha@@Ed theRXQJT FRQWURO ¢
correspondin@gecalibration equations and calibration curgesver panels) fronfA) Trollsteinkvelven and (B)
/HLUKROHW p<8RKQQWY¥RQXWMUROGH H[SRVXUH DJH \HDWwfacBUH VKDGHG pROG

exposure age 9.7 kaye unshaded.

Schmidt hammer Raluesand SHD ages

MeanR-valuesand Rvalue distributiongrom the fangTable3 andFigure7) are

intermediaten characterEHWZHHQ WKRVH RI WKH pPROGY DQG p\RXQ.
signifying intermediate ages (see beloWwheseven fans in Trollsteinkdven are

characterized byemarkablysimilar mean Rvalues within the range 50.861.84 to

52.66 + 1.58all with overlapping 95% confidence interval$ie fans in Leirholet

18



with the exceptionfofan 4,havesignificantlylower mean Rvalues ranging from

43.30+ 1.93 to 45.72 4..89.1t is also notable that-Ralue variability on the fans is

PXFK KLJKHU WKDQ IRU WKH gir&sKag hifjh B RIGRW UNRKOH SIRRLGDGMV D
control pointsRelatively high Rvalue variability amongst the boulders can be

attributed to a combination of lithological variation and exposigie variation.

Table3 Schmidthammer Rvalues and SHD ages from 11 snavwalanche boulder fans; n = 100 boulders (200
impacts) for each fan.

SHD age +

95% CI Cc C3

Fan No. R-values (years) (years) (years)
Mean 1 95%ClI

Trollsteinkvelven
1 51.09 8.47 1.68 5020+ 1180 687 962
2 50.86 9.27 1.84 5150+ 1255 686 1052
3 52.24 8.72 1.73 4360+ 1210 694 989
4 51.75 8.95 1.77 4640 = 1230 691 1015
5 51.30 7.89 1.56 4895+ 1130 688 894
6 51.45 8.08 1.60 4810+ 1145 688 916
7 52.66 7.97 1.58 4210+ 1140 696 904
Leirholet
1 4572 9.51 1.89 6280 + 995 480 869
2 4451 8.30 1.65 6865 + 905 490 758
3 43.30 9.78 1.94 7445+ 1020 499 892
4 53.98 6.49 1.29 2285+ 725 414 593
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Figure7 Schmidthammer Rvalue distributions for (A) snowavalanche fans-T in Trollsteinkvelven, and (B)
fans 14 in Leirholet. Vertical linesndicate meanRYDOXHV IRU pROGY DQG p\RXQJT FRQWURO

Calibration of the Rralues yielded the SHD ages shown in TéxdedFigure
8, from which three populations of®n-avalanche boulder fans can be inferred. First,
in Trollsteinkwelven, fans 17 all fall within theSHD age range 4126 1140 to 5150
+ 1255 years. Second, three of the fans in Leirtaieblder, withea SHD age
between 628& 995 and 744% 1020 yearsThe averag&HD ages of these two
groups are 4715 1185 and 686% 975years respectivelya difference ofbout
2000 years. Third, th8HD age of fan 4 from Leirholet is 2285 + 7¢®&ars which is
at least 4000 years younger than the other fans indletrh
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Figure8 SHD ages%£ 95% confidence intervals) for seven snavalanche fans imrollsteinkwelven and four fans
in Leirholet. Shaded columns represent glacier expansion episodesSimarstabbtinden mass{after Matthews
and Dressei2008) with the addition of the Younger Dryas endingXit.7 ka.

Indicationsof age from lichersize chta

The largest lichens on the fans exceé@ rhm and a large number arg3® mm
(Table4). Environmental conditionen the distaparts of theansappearfavourable

for lichen growthand survival particularlyin Trollsteinkvelven, where the mean of
the five largest lichens across the seven fans is consistently within the rarg@0320
mm. Thisremarkablylow variability between fanseems to justify theouthern
Norwegianpractice of using a mean of the fiadest lichens for lichenometric
dating: single largest lichens being subject to the inherent unreliability of extremes
and use of a larger number leadingitmlerestimates afxposureage from the

inclusion of relatively young thalli thablonized the rok surfaces long after the

boulders were depositéiatthews 1994)
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Table4 Maximum diameters of crustose lichens of Rt@zocarporsubgenus from 11 sneavalanche boulder
fans.

Single 10

largest 5 largest largest
Fan No. (mm) (mm) (mm)
Trollsteinkvelven
1 380 330 275
2 420 330 300
3 350 320 300
4 350 330 310
5 340 320 300
6 390 330 310
7 350 340 310
Leirholet
1 290 260 250
2 400 315 280
3 250 215 200
4 190 160 150

In Leirholet, the largest lichens approach those found in Trollstelwdw
only at fan 2. The somewhat smaller lichens associated with fans 1, 3rand 4
Leirholetappear to refleateduced lichen growth whersnowbedsre larger angnow
lieslonger optimum conditions fothe Rhizocarporsubgenus beg associateth

Jotunheimenmvith snow cover ofntermediate duration (Haineéung 1983 1988§.

Extrapolationof the availablendirectlichenometric dating curves for eastern
and central JotunheiméMatthews 2005)which were constructed on the basis of the
five largest lichensn surfacesleglacierized during recent centurisaggests that
lichers with a diameter of 300 mm indicaserrface exposure agief 1550and1510
years in Trollsteinkelven (eastern Jotunheimen) and Leirholet (central Jotunheimen),
respectivelySimilarly, the predicted surface exposure ages from lichen diameters of
400 mm is 3320 and 3250 years, respectivébuever, these predicted ages cannot
betaken at face valuas they involve extrapolation far beyond #esuredata base of
the lichenometric dating curveBirectly measured lichen growth rates (Trenbirth and
Matthews 2010; Matthews and Trenbirth 20%aGggest, moreover, that the age of
such large lichens is likely to be no older thRd®00 yearsThus, the lichersize data
should be regarded as relatiage evidence rather than providing independent

numericalexposureages.
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Discussion

SHD dating ofactive landforms andiachronous surfaces

This study adds to an increasingly wide range of results now available from the
application of SHD to active and relict landforofdifferent typesn southern
Norway (Figure 9) and demonstrates the potentith@techniquén the context of

active landforms that exhibit diachronous surfaces

Our SHD ages betwee2285 + 725 and 7445 + 1020 years, wehof the 11
fans betweer120+ 1140and 7445 + 1020 yeangpresent thaverageexposure age
of bouldersonthe distal part of each famhesesurfacesnclude boulders witoth
younger and older exposure ages. The exposure ages of the youngest boulders are
clearly modern in the sense that they are unweathered with zero exposure age.
Relatively youngoouldes mayinclude those reworked by snow avalanche and/or
processes such as debris flomhich are more likely to be active on the proximal
parts of the fans)Older generations of boulders are buried beneath the surface

boulders. Thus, our SHD ages represemimumestimates of fan surface age.

Interpretation of th&HD ages from theelict landforms in Figure 9 tends to
be much simpler as most of them represgnthronous surfaces that became inactive
at one point in time or at least over a relativelyrsimderval of time Most of the
landformsthat became relict in the early Holocene or earlier accordinglged SHD
ages thaare older than those from our snawalanche fans. Those dates that are
younger (the flood berms and many of the reldpe faiures) ardrom the

synchronous surfaces of genuinely younger landforms.
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The SHD ages fromw snowavalanche fans are older thi#ose fronthe
active snowavalanche ramparts, ia®red moraines and pronival ramparts tend to
beyounger thathose fomthe cryoplanation terrac¢Bigure 9. TheseSHD ages
reflect the interval of time that the landforms have been active and the level of
activity, especially in recent times. In the case of the saalanche fans, we can
deduce that they have been agtiliroughout the Holocene atichtcurrent activity
levels are low (see belowRecent activity levels are higher for the other landforms
and the icecored moraines, for example, were particularly active in the Little Ice Age,
when glaciers such as Grothngn Trollsteinkvelven (see Fig. 3Avere pushing
against their proximal morairsopegMatthews et al., 2014The SHD ages of the
cryoplanation terraces adestinctly older than the other active landforms mainly
becausehese surfaces develop extreyngllowly andonly small areas of the terraces
are active today (Matthews et al., 2019).
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Figure9 SHD ages from active and relict landforms in southern Nor&agh circle represents a discrete SHD
date; onfidence intervalsfo~-500-1000 years are omitted for clarityources: snovavalanche fans (this paper);
snowavalanche ramparts (Mattheesal. 2015¢ryoplanation terraces (Matthews et al. 2019);doeed moraines
(Matthews et al. 2014pronival ramparts (Matthews andibn 2015; Matthewstal. 2017); sorted circles
(Winkler et al. 2016); block streams (Wilson et al. 2016); moraines (Matthews ankte¥\2011); rock glaciers
(Matthews et al. 201,32017%; rock avalanche (Wilson et al. 2019); flood berms (Matthews arteidn 2013);
rock-slope failures (Matthews et al. 2)1Subdivision of the Holocene follow the recommendations of Walker et
al. 2012).

Clearly, therefore, with careful interpretation, SHD agewideuseful informatiornin

the form ofestimates of average agediué exposedurfaces of landfors) which are

also minimum age estimates of the oldest parts of diachronous surfaces. They are less
useful, however, as estimates of landform @gdined aghe age of the onset of
landformformation)becausehey can be gross underestimatesghe case of our
snowavalanche fanthis isduepartlyto the limited transport load of the avalanches,
which leads tdaheslowrate ofburial of surface boulders, apartly to the wide

statistical confidence intervals
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Dynamics and developmeat snowavalanchéoulder fans

As the minimum age estimatés all fan surfaces in Trollsteinleven are~4.1-5.2
ka, andthe estimates fahree of the four in Leirholeire~6.3-7.5 ka and there is a
relatively large volume aedimentdeneattthe surfacethese fansnust have
developed largely during the eartp mid HoloceneTheantiquity of the surface
materia) especially at the three oldest Leirholet fanggests, moreoverery little
laterreworkingeither by snow avalanches or other processes, a conttiitia
supported by thecarcityof evidencerelating todebrisflow activity on the fan
surfaces todayDebrisflow levées and lobesere observednly at Leirholet 3. Yet
the SHD age of 2285 + 725 years for fan 4 in Leirholet indicates a significantly
younger ageéhan for the other fansvhichdemonstratebigherlate-Holocendevels
of deposition bysnowavalanchsin this one caseheresite conditionseem to have

been particularlgonducive(see below)

Together wih the lichenometric eviden@ndthe observedcarcityof fresh,
unweathered boulders on the fan surfatesantiquity of theSHD agegoint tofan
developmenas a result of small additions of boulders from snow avalangctattwer
than a lower frequency of highagnitude depositionavents Large additions of
boulders in recent times would have resulted in much younger SHDTéngesrigin
of the boulders in the fans is bedrock and regéigm up-slope mainly fromthe
chutes wherecornice-fall avalanches, slab avalanchiegsesmow avalanches and
slush avalanchemay occumwith variable frequencycf. Eckerstorfer and Christiansen
2011, Eckerstorfer et al. 201 3aute and Beylich 20)4Rock-slope failuresare
likely to havecontributedto the large volume of the chutes and hdnca substantial
part of the volume of the fans, not all of which can be attributed simply to-snow
avalanches. Smallexcale rockfalls have also clearly to be considered as evinced by

the extent ofalus development between the fans (see Fig. 1).

Thatfan volume in all but one case (Trollsteigkxen 5) is exceeded by the
combined volume of the chute and transfer zones, is indicataeagfpreciable

erosion of chutethat is likely tohave taken place in ptdolocene timesThelocation
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of the fans ad their slopgoot and valleyfloor sitesmust have been covered by the
Younger Dryas Ice Sheathichis likely to haveeroded any fans that had developed

at these sitepreviously. 7KLV ZRXOG KD YdulStasay¥ L & H G DDQ u
developmentThe thickress of this ice sheet is uncertéidoehring et al., 2008;

Nesje, 2009; Mangerud et al., 2011; Hughes et al. 2016; Stroeven et albatii6

may not havdeen sufficient to covehe upper slopes at both Trollsteigkxen and
Leirholet which rise to >Q00 m a.s.l. Periglacial weathering and erosion above the
elevation of the Younger Dryas Ice Sheet therefore provides a potential explanation
for the excess volume of the chutes (i.e. the larger volume of bedrock eroded from the
chutes than is present inetfans)lt is also possible that some chute erosion also
occurred preLast Glacial Maximum with subsequent preservation of chutes beneath a
thin cold-based ice sheet (cf. Kleman, 1994; Hattestrand and Stroeven, 2002;
Juliussen and Humlum, 2007; Marr €elt,a2018).

The earliest phase ddirfievolutionprobably begaimmediatelyafter
deglaciation 8~9.7 ka, whermglacial unloadinganddebutressing paraglaciaktress
release jointingandenhancedhydrostaticpressurdrom groundwatein rock joints
following thawing of bedrockwould all have had the potentialweakenand
destabilizehe bedrockcliffs, andhencesupply coarse debris for sneavalanche
transport(see, for exampldsischer et al. 2006; Cossart et al. 2008; McColl 2012;
Ballantyne et B 2014;Deline et al. 2015)Recentlydepositedill would alsohave
beenavailable on the slopes the snowavalanche source areas at that time and
would havecontributed to thdebris load of thenowavalanche However, due to
the steepness of thepksany till or other glacigenidepositavere unlikely to be
extensive andebris supply from such a source wouttloubtedly havedrome

rapidly exhaustedeaving avalanche chutes stripped of regolith.

Debris supplys likely to have been enhancdmweverduring theHolocene
ThermalMaximum (HTM) between abo@t0 and 5.0 ka. Pollehased temperature
reconstructionsrbm Northern Europe (Segapt al. 2009, seasurface temperatures in
the North Atlantic (Jansen et al. 2008; Eldevik et al. 2014)wsgian glacier and

speleothem records (Lileeen et al. 2012andpinetree limits in the Scandes
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Mountains (Dahl and Nesje 1996) miticateprolongedrelatively high temperatures
during the HTM with peak temperaturtbst may have reached up to 3Ghigher

than at present in eastern Jotunheimen (Velle et al. 2dig))er temperaturegre

likely to have triggeredaive-layer thaving and permafrost degradationthe ®uth-
facing slope®f Trollsteinkwvelven and Leirholewith an increase in the frequey of
rockfalls androck-slope failuresas argued for the surrounding valleys\bgtthews

et al.(2018) However, less is known about temporal patterns of precipitation or their

effects on the frequency and magnitude of snow avalanches

Significantly oder SHD ages for three of the Leirholet fanggestshat
paraglacial effects on sediment supply wevenmore important than in
Trollsteinkwelven, theeffecs of the HTMwere less prolonged afwat sediment
exhaustion occurred earli¢tarly- to mid-Holocene SHD ages f@most allof the
fan surfacesdicatediminution of debris supply in the late Holocemnben there
appears to have beeomparatively littlefan developmerat both locationsHowever,
century to millennialscale climatic variationsich as thosendicatedin Figure8,
seem tchavehad a relatively minor influence atelris supply snowavalanche
frequencyand fan developmeidturing the late Holocenf. Blikra and Selvik 1998;
Nesje et al. 2007; Vasskog et al. 20Hipally, renewedoermafrost degradatias
likely to occur at ever higher elevations in response to global warnends(Gruber
and Haeberli 2007;ille gren et al. 2012Patton et al. 20)9which may lead to
acceleration of fan developmeamtce again in the futuréndeed, the apparently
anomalously young SHD age for Leirholet fan 4 may be an indication that such an

impact is already happening.

Conclusions

High-precision SHD was applied sxtivesnowavalanche boulder fans for the first
timeand a DEM was used tibtain geomorphometric data relating to the volume of

the fans and their associa®mtbwavalanchehutes and transfer zonés.
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Trollsteinkwelven, the seven sneavalanche fans had consistent SHD ages between
4120+ 1140 and 5150 + 1255 years; At Leittpthe ages from three of the four fans
were older (628@ 995 to 7445 + 1020 years). TEeID results interpreted as the
average age of boulders on thachronouslistalsurfaces of théans, demonstrate

that deposition on the fans occurred mainly i ¢arly to mid Holocene and reflect

low late-Holocene depositioratesby snowavalanches.

DEM analy®s revealedhatthe volume okach fan, with one exceptian
Trollsteinkwelven, ranged from 22,000 %7,000 nt andwasless than the volume of
eachchute(42,0004.01,000n7). Again withtheone exceptionyansferzone volumes
were comparativelgmall (<10,000 m) and indicate the low erosivity of the snow
avalanches affecting these sitiess inferred thatlie excessyolumeof rock eroded
from a conbination ofthe chute and tansferzonesis accounted for by pfelolocene
erosion of the chute3hisappears to represent subaerial erosion in Younger Dryas
timesor possibly earlierwhen the thickness of the Scandinavian Ice Sheet was

insufficient to @ver the cliff faces

Debris supply to the fans in the edtglocenes likely to have been enhanced
by paraglacial processes following deglaciation (includilagial unloading and
debutressingthe development dftressrelease jointingincreasindhydrostatic
pressure from groundwater in rock joingmd rockslope failurg. Later, in response to
climatic warmingduringthe Holocene Thermal Maximum, permafrost degradation
probably contributed to the debris load of frequent snow avalanches. Theetglati
young SHD age obtained from one of the Leirholet fans r@psesent a similar

response to the current global warming trend.
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