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Climate variability has probably affected the frequency and distribution of debris flows and snow  
avalanches throughout the Holocene. In this paper, we reconstruct the Holocene history of debris flows 
and snow avalanches by investigating outcrops in colluvial fans surrounding lake Anestølsvatnet in  
western Norway and sediment cores penetrating the lake-floor deposits. We made a detailed map of the  
surface deposits around the lake. The formation of a large end moraine that dams the lake was radiocarbon  
dated to 10,200–10,800 cal. yr BP, and correlates to the Erdalen event, a Preboreal glacial oscillation.  
There are colluvial fans and debris-flow paths and snow-avalanche paths eroded on the steep slopes  
around the lake. On the western slopes, the fans are dominated by snow avalanches, and on the  
eastern slopes by debris-flow activity. Three of the lake cores were taken distal to the largest avalanche 
fan on the western slope, Storeskreda (‘Storeskreda’ means ‘the big landslide’). Clasts > 2 mm in the lake  
sediments are interpreted as traces of snow avalanches and sorted sand layers as being derived from  
debris flows. Loss-on-ignition and magnetic susceptibility measurements document an increased silt content 
in the lake sediments after c. 6000 cal. yr BP, probably due to the reappearance of local glaciers in the area.  
Our combined data from the onshore outcrops/pits and lake sediments shows almost continuous snow- 
avalanche activity and debris-flow activity throughout the last 10,000 years. However, there may have been 
an increase in the snow-avalanche activity over the last 5000 years. 

Introduction 
Debris flows and snow avalanches occur frequently on steep fjord and valley sides in western  
Norway, but how has the frequency of such mass movements in this area varied back in time? Climate  
variability, including variations in storm frequency and strength, precipitation, wind and temperature, has 
obviously affected the frequency and distribution of both debris flows and snow avalanches throughout the  
Holocene (e.g. Blikra & Nesje, 1997; Blikra & Selvik, 1998; Seierstad et al., 2002; Sletten et al., 2003;  
Matthews et al., 2009; Vasskog et al., 2011). 
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Debris flows are mainly triggered during periods of heavy rainfall, snowmelt, and intense rainstorms 
(e.g. Rapp, 1963; Sandersen et al., 1996; Bondevik & Sorteberg, 2021). Snow avalanches occur at times 
of extreme winter precipitation and strong winds. For both snow avalanches and debris flows, heavy 
precipitation is the most important triggering factor. 

The main conclusion from studies that have tried to reconstruct the Holocene history of both debris 
flows and snow avalanches in western Norway is that there has been an increase in slope-wasting  
activity after c. 2000–3000 cal. yr BP. For instance, sediment cores from lake Ulvådalsvatnet  
revealed a marked increase in debris-flow episodes after c. 2200 cal. yr. BP, reflecting an increased  
occurrence of heavy rainstorms (Sletten et al., 2003). Several studies show little or no snow avalanches 
during the climatic optimum (between 6000 and 9000 cal. yr BP), but snow avalanches have occurred  
nearly continuously after about 5000–6000 cal. yr. BP, maybe with the largest activity during the little  
ice age, some 200–300 years ago (Blikra & Selvik, 1998; Seierstad et al., 2002; Nesje et al., 2007;  
Vasskog et al., 2011). 

The aim of this study has been to identify and radiocarbon date the activity of snow avalanches and 
debris flows by making a detailed study of colluvial fans on the slopes of Anestølsdalen and sediment 
cores from the floor of lake Anestølsvatnet in western Norway. Our goal was to reconstruct avalanche 
and debris-flow activity during the last 10,000 years and correlate this variation in mass movement  
activity with the climate record. We put forward three assumptions: first, that during the climatic  
optimum, between 6000 and 9000 cal. yr BP, there were few or no snow avalanches in the area. Second, 
that the debris-flow activity was higher during this period because of warmer and wetter weather; and 
third, that the snow-avalanche activity in this area increased following the climate deterioration in the 
second half of the Holocene. We had to abandon the first two assumptions, but some of our data may 
favour the third assumption of an increase in snow-avalanche activity in the second half of the Holocene. 

Study area

Anestølsdalen, with the lake Anestølsvatnet at 439 m above sea level, is in the northernmost part 
of the valley of Sogndal, north of Sognefjorden (Fig. 1). The bedrock is granitic gneiss in the entire  
drainage area around the lake (Lutro & Tveten, 1996). The valley sides are about 900 m high, reaching up 
to an elevation of 1300–1500 m, with an average slope of about 400. Paths and lobes from debris flows 
cover the eastern valley slope. These have built up colluvial fans, which in most places extend all the 
way down to the valley floor and lake (Fig. 2). In contrast, the deposits and fans on the western valley 
slope are mainly snow avalanche deposits (Figs. 2 and 3). Large snow avalanches may extend far out on 
to the ice-covered lake in winter. The upper slopes on the western side of the valley accumulate deep 
snowpack brought by westerly and southwesterly winds.  

Lake Anestølsvatnet is dammed by a large end moraine complex, which is about 70 m thick on top of the 
bedrock (Kjølseth, 1968 ) and about 1 km² (Fig. 2). Distinct moraine ridges are situated at the most distal 
end of the moraine complex, and also about 500 m farther north at the southern end of the lake (Fig. 2). 
Small remnants of deltas could be traced along the eastern valley side up to 20 m above the present lake 
level (Anundsen, 1974; Bryhni et al., 1986; Aa & Sønstegaard, 1995). These remnants are difficult to see 
today, but nevertheless they show that the lake level was once higher. The lake level has subsequently 
dropped, perhaps stepwise, due to river erosion across the end moraine during or after deglaciation. 
Several former riverbeds and channels across the end moraine complex bear witness to this change in 
outlet and lake level (Fig. 2). 
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Methods
We mapped the surficial deposits around the lake, in particular the avalanche tracks, levees,  
lobes, tongues and fans on the slopes with the help of aerial photos, LiDAR images and topo- 
graphic maps (Fig. 2). We dug pits with an excavator for stratigraphic investigations in two of the  
colluvial fans on the eastern slope of the valley, described the sedimentology of the different layers in  
the pit walls and collected samples of organic material for radiocarbon dating. The colluvial fans were  
also examined using ground-penetrating radar (GPR) (Mauring et al., 1998). Students under our  
supervision were responsible for some of the fieldwork in pits and outcrops, and sampling and  
sediment descriptions of the lake cores as part of their diploma thesis at the Faculty of Science and 
Engineering, Sogn og Fjordane University College (Bergheim et al., 1995; Halvorsen et al., 1996;  
Andreassen & Lie-Andreassen, 1997; Eik & Kvalsvik, 1997). 

Sediment cores from the lake were retrieved using a raft and a modified piston corer, 6 m long, 110 mm 
PVC sampling tube (Nesje, 1992). In all, we collected 14 sediment cores (Fig. 2, Table S1), and here we 
present four of the radiocarbon-dated cores. The cores collected in 1995 were labelled A1, A2, A3, etc. 
During the next coring campaign, in 1996, the cores were labelled A, B, C, etc. 

Samples for loss-on-ignition (LOI) measurements were taken at 5 cm intervals. The samples were dried 
at 1050 C for 24 hours and ignited at 5500 C for one hour. In addition, total carbon (TC) was measured 
in cores A1 and B with a LECO (SC–444) carbon analyser, at the laboratory of the Geological Survey of 
Norway, Trondheim. Empirically, in these sediments, total carbon is about 50 % of the loss-on-ignition 
values. Magnetic susceptibility measurements at 2 cm intervals were carried out at the Geophysical 
Institute, University of Bergen. X-ray analyses of the cores were performed at the Geological Survey of 
Norway. We used the X-ray images to describe the sediments and for identifying sand grains and gravel 
clasts which could possibly be traces of snow avalanches.
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Figure 1. Key map with the location of the studied area at lake Anestølsvatnet in Sogndal valley. White areas are  
glaciers, green shows areas below 500 m elevation.
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Figure 2. Superficial deposits and surface morphology of the area around lake Anestølsvatnet. Locations of sediment  
cores in the lake and outcrop/pits at the distal end of colluvial fans are shown with symbols. Framed areas are the 
outlines of Fig. 6 and Fig. 8. Reddish-purple dots show locations of cores presented in this paper. Recent landslides are 
indicated by the year they happened. Contour interval is 5 m elevation.
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Figure 3. Photo of the Anestølen valley, 20. May 1985, seen from an aeroplane, view towards northwest. The western 
valley side is dominated by snow avalanche paths. Letter s is placed on Storeskreda, k is at Kristihaug and ø at Øyestølen 
(see map in Fig. 2). Photo: Fjellanger Widerøe A/S (Photo no. 263 781).

We radiocarbon-dated samples at the Beta Analytic Radiocarbon Dating Laboratory, Florida, at the Van 
de Graaff laboratory at Utrecht University, the Netherlands, and at the National Laboratory for Age  
Determination in Trondheim, NTNU. Most samples consisted of bulk organic material sampled from 
peat above and below the different avalanche layers of the fans, and bulk gyttja from the lake cores  
(Table 2 and 3), but a few samples of wood fragments and plant macrofossils extracted from the peat 
were also dated. Information about samples and dates are listed in Table 2 and 3. Radiocarbon ages were  
calibrated to calendar years using OxCal 4.4 (Bronk Ramsey, 2009) with the IntCal20 calibration  
dataset (Reimer et al., 2020). Radiocarbon dates on the figures and in the text are given in calendar years 
as the mean ± 1 sigma. The age-depth curves were modelled using the program Clam, version 2.4.0  
(Blaauw, 2010).

Samples for pollen analysis were collected from peat layers in Pit 2. A known volume of wet peat was 
sampled, and Lycopodium-tablets were added. The samples were further prepared according to a  
standard procedure with acetolysis and HF-treatment, as described in Kristiansen et al. (1988).  
The pollen diagram is presented in the Supplement (Fig. S1).

The terminology of mass movement failures and deposits follow Blikra & Nemec (1998) and Hungr et 
al. (2014). Avalanche tracks or channels, landslides and snow avalanches that have eroded or can be 
followed down the slope, are termed flow paths or avalanche paths (Fig. 2).    
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Lab. no  
[Sample id]

Depth (cm) Description /Sample weight (g) 14C age
(yr BP)

Calibrated date
(yr BP, 95.4 %)

Calibrated
mean ± 1σ

δ13C
(‰ PDB)

Øyestølen, Pit 2

T-13161
[As2-13]

43-44 Brown peat right above debris flow unit. (Seven  
individual sand layers.) 200 g.

1270 ± 90 1350–970 1170 ± 90 –29.0

Beta-099095
[As2-27]

64–65 Brown peat right underneath a debris flow unit.  
(Seven individual sand layers.) 128 g. 

1940 ± 70 2050–1700 1860 ± 90 –25.0*

Beta-099094
[As2-25]

144–145 Brown peat just above a debris flow unit; 10 cm  
layer of sandy peat with plant fibres. 117 g.

3520 ± 80 4070–3570 3800 ± 110 –25.0*

Beta-099093
[As2-24]

163–164 Dark brown peat with wood fragments below  
debris flow unit; 10-cm fining-upward layer of fine to  
medium sand. 120 g.

3710 ± 60 4240–3890 4060 ± 90 –25.0*

Beta-099092
[As2-23]

224–225 Dark brown peat with wood fragments just above   
a 3 cm-thick layer of medium sand. 165 g.

6940 ± 80 7940–7610 7780 ± 80 –25.0*

Beta-099091
[As2-20]

275–276 Dark brown peat just below a debris flow unit; 42.5 cm 
of six sand/gravel layers. 190 g.

8840 ± 70 10,190–9630 9920 ± 150 –25.0*

Table 2: Radiocarbon ages of colluvial fan deposits at Anestølen, Sogndal

Table 1. Recent debris slides/flows in Anestølsdalen

Date/Year Time Type Trigger Description

Summer 1996 ? Debris flow ? The flow started at 575 m a.s.l. and ended as a boulder-rich lobe on the delta  
surface north of the lake shore (Fig. 2). Farther upslope, coarser material was  
deposited in 5–10 m wide tongues and along the distinct levees on both sides of 
the flow.

18 May 2004 00:30–01:00 Debris flow Rock fall A large boulder fell out of the cliff at 675 m a.s.l. and triggered a debris flow.  
The flow continued down to the lake and a fan of fine-grained material,  
mainly sand, was deposited into the lake (Fig. 2). Movement of material within the 
debris flow was observed on several occasions, at least until 11:30 the next day  
(Tyssebotn & Velle, 2010).  The weather station at Selseng recorded 47.8 mm  
(a record for 24-hour precipitation in a May month) on the morning of 19 May, 
but the flow itself was initiated on the night of 17–18 May.

22 Sept 2007 07:15 Debris flow 
/ slide

Rock fall,
heavy rain

A piece of bedrock fell off the steep cliff at about 590 m a.s.l. and entrained wet  
deposits on the slope underneath. The material continued as a slide, transformed 
into a flow, crossed the road, knocked down an electricity pole, and ended in 
a boulder-rich tongue on the delta surface (Fig. 4). Boulders, up to 3 m across, 
were deposited at the front and on levees upslope. It had rained every day since 
2 September until the landslide occurred on 22 September – a total of 187.4 mm, 
as registered at the Selseng weather station (Fig. 1) (Tyssebotn & Velle, 2010).  

15 Nov 2013 ~ 19:00–23:00 Debris flow Rain storm, 
snowmelt

The debris-flow path has a point source at about 720 m a.s.l. and the flow  
extended downslope into the lake (Fig. 5). The debris flow was triggered by heavy 
rain and snowmelt during storm Hilde on 15–16 November 2013. The debris flow 
is described in detail in Bondevik & Sorteberg (2021).
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T-13162
[As2-17]

319–320 Dark brown peat with wood fragments just above a 
debris flow unit; layer of coarse sand. 

8750 ± 125 10,170–9530 9820 ± 180 –28.3

Beta-099090
[As2-15]

329–330 Dark brown peat between debris flow units; just 
below a 10 cm layer of medium to coarse sand. 200 g.

8560 ± 130 10,120–9140 9590 ± 180 –25.0*

UtC-6168 404–405 Seeds and catkin scales of Betula picked from the  
Sphagnum peat (sample below). Dates the first  
organic production after deglaciation.

9100 ± 60 10,490–10,170 10,280 ± 
70

–28.8

T-13160
[As2-11]

404-406 Sphagnum peat, bulk sample. 250 g.  8960 ± 125 10,410–9620 10,030 ± 
190

–30.7

Øyestølen, Pit 1

Beta-099088
[As1-10]      

105–106 Dark brown peat with wood fragments below a  
massive, 40 cm-thick, sand layer with gravel and  
pebble clasts. 120 g.

2490 ± 80 2740–2360 2560 ± 110 –25.0*

Beta-099087
[As1-8]         

153–154 Dark brown peat with wood fragments above a 25 cm-
thick unit of four sand layers. 150 g.

3040 ± 100 3450–2960 3220 ± 130 –25.0*

Beta-099086
[As1-3]         

183–184 Dark brown peat with wood fragments of Betula 
in between sand layers – distal parts of debris flow  
deposits. 120 g.

3280 ± 70 3690–3360 3510 ± 80 –25.0*

Kristihaug, outcrop 3

T-11697
[As-1-1,25]      

110–112 Peat, partly humified. > 100 g. 3460 ± 110 4070–3450 3730 ± 140 –27.5

T-11696
[As-1-1,55]      

170–172 Wood, possibly Betula sp. 68 g (wet). 3975 ± 75 4800–4150 4440 ± 130 –26.1*

T-11695
[As-1-2,0]      

215–217 Peat, partly humified. > 100 g. 4635 ± 55 5580–5060 5370 ± 100 –27.4

Kristihaug, pit 4

T-13164
[K1-9]      

30–33 Piece of wood > 8 g. 1810 ± 65 1870–1540 1710 ± 80 –26.1*

Beta-099099 60–65 Piece of wood.                          1910 ± 60 1990–1700 1830 ± 70 –25.0*

Beta-099098 145-147 Brown peat with sand and gravel, about 200 g                                                                                                                                                
     

3550 ± 80 4090–3590 3840 ± 110 –25.0*

Beta-099097 218–220 Brown peat, about 200 g 4470 ± 80 5310–4870 5110 ± 130 –25.0*

*  Assumed value, not measured.
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Lab. no.
[Sample id]

Core Depth (cm) Sample 14C age 
(yr BP)

Calibrated date 
(yr BP, 95.4%)

Calibrated 
mean ± 1 σ

δ13C (‰ 
PDB)

Beta–89197
[AN1–120]

A1 119–121 Bulk gyttja 1070 ± 70 1180–790 990 ± 90 –25.0*

Beta–89198
[AN1–123]

A1 122–124 Bulk gyttja 1060 ± 90 1180–740 970 ± 110 –25.0*

T–12644A
[AN1–178]

A1 175–178.5 Bulk gyttja 1045 ± 105 1250–730 960 ± 120 –28.9

T–12645A
[AN1–203]

A1 201.5–204.5 Bulk gyttja 2060 ± 150 2360–1620 2030 ± 190 –29.3

T–12646A
[AN1–231]

A1 230–233.5 Bulk gyttja 1620 ± 105 1720–1300 1510 ± 110 –28.8

Beta–89199
[AN1–250]

A1 249–251 Bulk gyttja 2090 ± 60 2310–1880 2070 ± 100 –25.0*

T–12647A
[AN1–302]

A1 301–303.5 Bulk gyttja 2100 ± 75 2310–1880 2080 ± 110 –28.1

Beta–89200
[AN1–340]

A1 339–341 Bulk gyttja 2750 ± 60 3000–2750 2860 ± 70 –25.0*

T–12648A
[AN1–407]

A1 406–407.5 Bulk gyttja 3320 ± 105 3840–3340 3570 ± 130 –27.9

Beta–89201
[AN1–555]

A1 553–555 Bulk gyttja 5820 ± 100 6890–6400 6630 ± 120 –25.0*

Beta–99100
[AN4–21]

A4 20–22 Bulk gyttja 3890±70 4520–4090 4310 ± 100 –25.0*

Beta–99101
[AN4–26]

A4 25–27 Bulk gyttja 3780 ± 70 4410–3970 4160 ± 110 –25.0*

Beta–99102
[AN4–52]

A4 51–53 Bulk gyttja 4460 ± 70 5310–4870 5100 ± 120 –25.0*

Beta–89202
[AN4–60]

A4 59–61 Bulk gyttja 4860 ± 70 5840–5330 5590 ± 90 –25.0*

Beta–89203
[AN4–76]

A4 75–77 Bulk gyttja 5350 ± 60 6290–5990 6130 ± 90 –25.0*

Beta–99103
[AN4–90]

A4 89–91 Bulk gyttja 5430 ± 80 6400–5990 6200 ± 100 –25.0*

Beta–99104
[AN4–97]

A4 96–98 Bulk gyttja 6190 ± 70 7260–6900 7080 ± 90 –25.0*

Beta–89204
[AN4–120]

A4 120 Bulk gyttja 6400 ± 80 7480–7160 7320 ± 80 –25.0*

Beta–99105
[AN4–143]

A4 142–144 Bulk gyttja 7820 ± 210 9270–8190 8710 ± 260 –25.0*

Beta–89205
[AN4–157]

A4 156–158 Bulk gyttja 8570 ± 80 9890–9420 9570 ± 90 –25.0*

Beta–99106
[AN4–176]

A4 175–177 Bulk gyttja 8550 ± 70 9690–9430 9540 ± 70 –25.0*

Table 3: Radiocarbon ages of lake deposits in cores from lake Anestølsvatnet, Sogndal



8 of 34 9 of 34

A. R. Aa et. al             Holocene debris flows and snow avalanches in Anestølsdalen, western Norway 

UtC–6153
[ANE–B–26]

B 25–27 Bulk gyttja 1027 ± 33 1060–790 930 ± 40 –27.8

UtC–8257
[ANE–B–30]

B 29–31 Bulk gyttja 1247 ± 30 1280–1070 1190 ± 60 –27.9

UtC–7468
[ANE–B–57]

B 56–58 Bulk gyttja 1220 ± 49 1280–1000 1150 ± 70 –28.2

UtC–7469
[ANE–B–70]

B 69–71 Bulk gyttja 1575 ± 40 1540–1370 1460 ± 40 –27.8

UtC–6154
[ANE–B–81]

B 80–82 Bulk gyttja 1737 ± 35 1710–1540 1630 ± 50 –27.6

UtC–6155
[ANE–B–96]

B 95–97 Bulk gyttja 1687 ± 35 1700–1420 1590 ± 50 –27.2

UtC–6156
[ANE–B–117]

B 116–118 Bulk gyttja 1802 ± 39 1830–1600 1690 ± 60 –27.6

UtC–7470
[ANE–B–134]

B 133–135 Bulk gyttja 2178 ± 38 2320–2050 2200 ± 80 –27.5

UtC–6157
[ANE–B–141]

B 140–142 Bulk gyttja 2198 ± 37 2340–2110 2220 ± 60 –27.4

UtC–7471
[ANE–B–145]

B 144–146 Bulk gyttja 2605 ± 38 2850–2530 2730 ± 50 –27.3

UtC–8258
[ANE–B–158]

B 158–159 Bulk gyttja 2546 ± 42 2760–2490 2620 ± 80 –28.3

Beta–101881
[AN–B–170]

B 170–171 Bulk gyttja 2670 ± 70 2960–2530 2790 ± 80 –25.0*

UtC–8259
[ANE–B–173]

B 172.5–173.5 Bulk gyttja 2697±30 2860–2750 2800 ± 30 –28.2

UtC–6158
[ANE–B–183]

B 182–184 Bulk gyttja 3322±36 3640–3450 3540 ± 50 –27.5

UtC–7472
[ANE–B–208]

B 207–209 Bulk gyttja 2907 ± 40 3180–2880 3050 ± 70 –27.5

Beta–101882
[AN–B–225]

B 225–226 Bulk gyttja 3300 ± 70 3700–3380 3530 ± 80 –25.0*

UtC–6159
[ANE–B–237]

B 236–238 Bulk gyttja 3276 ± 37 3580–3390 3500 ± 50 –27.4

UtC–7473
[ANE–B–259]

B 258–260 Bulk gyttja 3731 ± 44 4240–3930 4080 ± 70 –27.5

UtC–7474
[ANE–B–267]

B 266–268 Bulk gyttja 3835 ± 42 4410–4090 4250 ± 80 –27.7

UtC–6164
[ANE–B–294]

B 293–295 Bulk gyttja 4466 ± 44 5310–4880 5130 ± 110 –27.6

UtC–6165
[ANE–C–330]

C 329–330 Bulk gyttja 4673 ± 42 5570–5310 5410 ± 60 –27.4

Beta–101883
[AN–C–348]

C 347–349 Bulk gyttja 5200 ± 60 6190–5750 5980 ± 100 –25.0*

UtC–6166
[ANE–C–376]

C 375–376 Bulk gyttja 5930 ± 50 6900–6650 6760 ± 60 –27.5

UtC–6167
[ANE–C–428]

C 427–428 Bulk gyttja 6630 ± 50 7580–7420 7510 ± 40 –28.0

Beta–101884
[AN–C–443]

C 442–444 Bulk gyttja 6520 ± 50 7570–7320 7420 ± 60 –25.0*

*  Assumed value, not measured.
UtC: AMS dates performed at the Utrecht van der Graaff laboratory. This laboratory has been closed.
Beta: Conventional dates.
T: Conventional dates based on NaOH-soluble fractions, from the laboratory in Trondheim.
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Results 
Recent mass-movement activity 

Debris flows

Since 1980 we have visited Anestølsdalen every year and observed that there have been four debris-flow 
events during the last 25 years: in 1996, 2004, 2007 and 2013 (Fig. 2) during and/or after periods of  
heavy rain. The 2004 and 2007 flows were both initiated by large boulders (> 6 m3) released in rock falls 
from the cliffs (Fig. 4), which fell on to the water-saturated deposits on the slope below. See Table 1 for 
details about the events.

The 2004 and 2013 flows both entered the lake and deposited deltas/fans of mainly sandy  
sediments and organic material at the lake shore (Figs. 2 and 5). Two days after the 2013 debris flow,  
we observed that the entire lake was still coloured pale brown by suspended sediments. The deposition  
of the sandy sediments at the shore and into the lake was probably rapid, and it is likely that turbidity  
currents transported fine-grained material downslope to the lake bottom.

Figure 4. The debris flow on 22 September 2007 was triggered by a rock fall. Note the bouldery front of the deposits on 
the delta surface. Photo: Asbjørn Rune Aa.

Rock fall

Delta

Boulder-rich front
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Snow avalanches

Snow avalanches occur almost every year in Anestølsdalen, particularly on the western side of the  
valley. The largest fan is Storeskreda (Figs. 2 and 3). Often, although not every year, the avalanches 
reach out on to the ice-covered lake, carrying lumps of soil and vegetation and clasts of sand and gravel 
on to the lake ice. Occasionally, mainly in late spring, heavy wet snow avalanches may burst through the 
lake ice, causing mini-tsunamis underneath the ice, and forcing water and broken pieces of lake ice up 
on to the opposite shore, leaving behind a dirty lake ice surface (O. Husum, personal communication, 
October 2020). Coarser clasts may therefore be spread over a larger area on the lake floor.

Stratigraphy onshore – the colluvial fans

We investigated the stratigraphy of the colluvial fans at Øyestølen and at Kristihaug (Figs. 2 and 3) by 
digging pits and studying outcrops at their lower ends. In the pits and outcrops we found homogeneous 
brownish and blackish organic material alternating with minerogenic layers. 

Stratigraphy at Øyestølen 

We made two excavations in a bog near the distal area of the colluvial fan at Øyestølen (Fig. 2). The apex 
of the fan is at about 520 m above sea level. The fan is 250 steep and 300 m broad at its lower part and 
has lobes and levees with boulders on its surface (Fig. 6). The fan is clearly a result of debris-flow activity 
(Fig. 2). The northern branch of the fan reaches down to the river, whereas the southern branch ends at 
the end moraine complex (Fig. 6). Here, a depression in the end moraine is filled with organic material 
and distal debris-flow deposits. Pits 1 and 2 are located here, at about 460 m elevation. 

Figure 5. The debris flow of 15 November 2013 reached down into the lake and formed a delta on the shore, consisting 
mainly of medium- to fine-grained sand.  The surface of the delta shows that the lake level was about 0.5 m higher when 
the flow happened. Part of the sand surface was later covered by debris. Photo: Stein Bondevik, 17 November 2013.
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Pit 1 – Øyestølen
The excavation stopped at large boulders at a depth of 3 m (Fig. 7), and the lowest 20 cm of the pit is till, 
inferred to be part of the end moraine. Overlying the till is a 25 cm-thick layer of sandy silt. The lowest 
1.5 m of the 3 m deep pit, dated to older than 3220 ± 130 cal. yr BP, consists mainly of sand and gravel 
layers. A thin layer of peat at 173–174 cm, in the middle of sand layers, was dated to 3510 ± 80 cal. yr BP 
(Fig. 7). The upper two minerogenic layers are younger than 2560 ± 110 cal. yr BP, contain pebbles and 
cobbles, and are separated by 10 cm of peat. 

Pit 2 – Øyestølen
Pit 2 is located about 50 m NW of Pit 1 and shows 16 individual sand layers interbedded in brown organic 
deposits. The bottom of the pit is sandy silt, blue grey, faintly laminated, and radiocarbon dated older 
than 10,000 cal. yr BP (Fig. 7). The silt seems to be the same silt as in Pit 1. The silt is overlain by 4 m of 
peat or shallow organic lake sediments (gyttja) inter¬bedded with sand layers. The minerogenic layers 
vary in thickness from 1.5 cm to 20 cm, and from fine sand to gravel. All layers are well sorted, except the 
layer just below the Alnus pollen maximum (Fig. S1), which also contains gravel clasts (Fig. 7). 

Interpretation - Øyestølen
The sand layers in the pits are explained as deposited from sediment-concentrated waterflows in the 
tail of debris flows (Matthews et al., 1999; Sletten & Blikra, 2007; Matthews et al., 2009). Distal to 
the coarser material deposited on the colluvial fan in a debris-flow event, water concentrated with 
sand continued and flowed into the lake/mire that occupied this depression in the moraine (Fig. 2) and  
deposited sorted sand layers. Pit 2 has better coverage and resolution than Pit 1 and shows 10 sand 
layers in the lowest two metres, deposited between 7700 and 10,000 cal. years BP (Fig. 7). The upper 
two metres of Pit 2 show somewhat lower debris-flow activity with possibly up to seven debris-flow 
events during the last 7500 years. However, we do not know if a single minerogenic layer represents one 
debris-flow event, or possibly, that one event may embrace several of the sand layers. 

Figure 6. Map (LiDAR image) of the Øyestølen fan, south of lake Anestølsvatnet. Pit 1 and Pit 2 are located at the 
distal end of the fan, in a depression between the end moraine and the fan, filled with peat and debris-flow deposits.  
For location, see frame in Fig. 2.
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The thickest section of peat without sand layers is dated to between 3800 and 1900 cal. yr BP in Pit 2 
and between 3200 and 2600 cal. yr BP in Pit 1. The wood fragments and a 10 cm large cobble at about 
90 cm depth in Pit 2 might be related to a snow avalanche (Fig. 7). Periods of debris-flow activity are  
dated to between 1900 and 1200 cal. yr BP and around 4000 cal. yr BP, but the highest debris-flow 
activity is recorded between 7700 and 10,000 cal. yr BP.

The oldest radiocarbon date in Pit 2, on Betula seeds at a depth of 4 m, is 10,280 ± 70 cal. yr BP (Fig. 7, 
Table 2), which gives a minimum age for the end moraine. The c. 20 cm-thick sand and silt layer found 
in the bottom of both Pit 1 and Pit 2 is inferred to be a glacio-lacustrine sediment and was probably  
deposited during the early phase after the deglaciation when the surface of lake Anestølsvatnet was c. 
20 m higher than at present (Anundsen, 1974; Bryhni et al., 1986).
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yr BP. Pollen diagram from Pit 2 in Fig. S1.
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Stratigraphy at Kristihaug

The road to the mountain farm cuts into the distal part of a colluvial snow avalanche fan at Kristihaug 
(Fig. 2), exposing parts of the stratigraphy. The fan is about 5 m thick here upslope of the road section, 
as seen from a GPR profile (Mauring et al., 1998). We examined the stratigraphy at two sites along the 
road, outcrop 3 and pit 4 (Fig. 8).

Outcrop 3 – Kristihaug
The section is 270 cm high and consists mainly of peat with minerogenic layers of cobbles, pebbles, 
sand, silt and pieces of wood. The deepest peat, at a depth of 210 cm, was radiocarbon dated to 5370 ± 
100 cal. yr BP (Table 2; Fig. 9). The following peat, between 120–170 cm depth, contains branches and 
twigs with some sand, and was radiocarbon dated to be younger than 4400 and older than 3700 cal. yr 
BP. The younger minerogenic layers are silt layers at a depth of 120 cm; three individual layers of gravel 
and sand in the peat at depths between 85 and 35 cm; and a layer of cobbles close to the surface (Fig. 9).

100 m

Lake Anestølsvatnet

Delta

2007 debris flow

Outcrop 3

Road

Pit 4

Kristihaug

Slide
protection
walls

Mountain
farms

‘Old’ debris front lobe

Snow avalanche fan

Figure 8. LiDAR image of the northern end of the lake Anestølsvatnet. The outline of the 2007 debris slide/flow is  
stippled. Blue dots show the location of the outcrops at the distal end of the snow avalanche fan at Kristihaug. The rim 
of boulders on the delta surface just north of the 2007 debris-flow tongue is interpreted as a similar debris-flow event, 
probably about 170 years old, given that the largest lichens on boulders have a diameter of 8.5 cm (Matthews, 2005). 
For location, see frame in Fig. 2.
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Pit 4 - Kristihaug
Pit 4 has four distinct minerogenic layers interbedded with peat. The bottom of the pit shows a layer of 
boulders, cobbles, sand and gravel dated to older than 5110 ± 130 cal. yr BP (Fig. 9, Table 2). The next 
minerogenic unit lies between 215 cm and 145 cm and consists of layers of sand, gravel and cobbles. 
The peat at 145 cm was dated to 3840 ± 110 cal. yr BP. The third minerogenic unit is between 120 and 
70 cm, and the peat above was dated to 1830 ± 70 cal. yr BP. The peat just above the fourth sand layer 
was dated to 1740 ± 80 cal. yr BP and is continuous up to the surface containing gravel clasts. 

Interpretation - Kristihaug
 Snow avalanche debris is characterised by an openwork structure. The openings and spaces between 
cobbles and boulders are later, after the snow has melted, filled in with fine-grained material and humic 
soil (Blikra & Nemec, 1998). The clast sizes are usually large relative to the actual bed thickness and the 
beds are commonly uneven with discontinuous geometry, since they have often been disturbed by sub-
sequent avalanches (Blikra & Nemec, 1998). We clearly saw all these typical features in outcrop 3 and 
pit 4 at Kristihaug (Fig. 9) and we interpret the minerogenic layers and remains of branches and twigs as 
snow-avalanche deposits. Thin layers of silt and sand are interpreted as a result of melt-out water from 
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snow avalanches (Fig. 9). Clasts of sand and gravel in the peat at 3840 ± 110 cal. yr BP and near the top 
in Pit 4 are also interpreted as derived by snow avalanches. The stratigraphy in outcrop 3 indicates an 
increase in snow-avalanche activity since 4400 cal. yr BP. 
 

Stratigraphy of the lake deposits

The sediments in Anestølsvatnet are more than 5 metres thick in the deeper parts of the lake. Most of 
the cores stopped in dark brown gyttja of Mid-Holocene age and failed to penetrate the full sequence 
of sediments on the lake floor. Only two of the 14 cores extend back to the deglaciation (A4 and F; Fig. 2 
and 12). Given the coring method and the youngest radiocarbon ages in the cores, it is likely that some 
of the soft top sediments were lost during coring. From visual inspections of the cores, we divided the 
sediments into background sediments and event layers/laminae. 

Background sediments

The main bulk lake sediment is faintly laminated gyttja or gyttja silt, varying in colour from dark brown to 
grey-brown. In general, there is a gradual and steadily decrease in organic content (LOI) from about 6000 
cal. yr BP and upwards. Highest loss-on-ignition is around 20 % and was recorded in the mid-Holocene 
sediments. Loss-on-ignition decreases to < 5 % in the upper part of the cores. 

Event layers, laminae

Silt laminae
Distinct and individual silt laminae have a lighter colour than the background sediments. Some of these 
laminae are present in several of the cores and so must have been deposited over a larger area of the 
lake floor. The B, C and A1 cores can be correlated with each other through such laminae, named K4/5 to 
K12 (Fig. 10). These are distinct, individual silt laminae (K6, K8, K12) or twin silt laminae (K4/5 and K11). 
We interpret the silt laminae as reflecting flooding of the rivers draining into the lake or, possibly, distal 
sediments from large subaerial debris flows entering the lake.

Sand layers
Sand occurs as individual layers or laminae within the background sediments. The layers are usually 
thinner than 2 cm. A few are clearly normal graded (e.g., 170 cm in core B, Fig. 13). We interpret the 
sand layers/laminae as deposited from density currents running down the slope to the lake floor, and 
that they were initiated from subaerial debris flows entering the lake (e.g. Sletten et al., 2003; Irmler 
et al., 2006). The sand layers/laminae or a zone of several layers/laminae were dated by the age-depth 
model of each core (Table 4). 
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Unsorted clast layers

The unsorted clast layers are characterised by lithic clasts and organic fragments supported in the back-
ground sediments. We divided the clasts into two groups, 2–5 mm and > 5 mm, by means of X-ray 
photos (Fig. 11) and visual inspection of the cores. In cores B and C, the clast layers are 1–5 cm thick, 
but core A4, located very close to the snow-avalanche fan, has thicker layers filled with cobbles and  
pebbles in a mixture of gyttja (Fig. 12). Segments of the cores that contained clasts larger than 2 mm 
were identified as snow avalanche zones. We dated the lower and upper boundary of each zone by using 
the age-depth model for each core (Table 5).     

We interpret such clasts, larger than 2 mm, as reliable footprints of snow avalanches (e.g.,  
Luckman, 1975; Seierstad et al., 2002; Nesje et al., 2007; Vasskog et al., 2011; Fouinat et al., 2018;  
Thys et al., 2019). The cores A4, B and C were sampled at increasing distance from the snow-avalanche  
fan Storeskreda (Figs. 2 and 10) and both the size and the number of clasts in the cores decrease with  
increasing distance from the avalanche fan. Snow avalanches, predominantly from the western side of 
the valley, in places reached far out on to the ice-covered lake, carrying coarse material, or clasts - mostly 
of gravel size - out on to the lake ice. Later, when the ice melts, this material drops to the lake floor.

Core Depth (cm) Age cal. yr BP Comment

B 170–172 2805¬–2830 Normal graded sand bed.

C 171 2600 Single sand layer/lamina.

C 244–281 3600–4210 Zone of three individual sand layers.

C 290 4400 Single sand layer/lamina.

C 307 4865 Single sand layer/lamina.

C 340–352 5715–5980 Zone of sand layers.

A1 29 420 Single sand layer.

A1 96 810 Single sand layer.

A1 130 1010 Single sand layer.

A1 271–277 2070–2120 Zone of three sand layers.

A1 314–332 2475–2660 Zone of three sand layers.

A1 410 3705 Single sand layer.

A1 462–553 4610–6560 Zone of 12 sand layers.

Table 4. Periods of debris flows as derived from the sediment cores in the lake Anestølsvatnet.



18 of 34 19 of 34

A. R. Aa et. al             Holocene debris flows and snow avalanches in Anestølsdalen, western Norway 

Figure 11. Examples of x-ray images (inverted) of deposits in core B – darker areas have higher densities. A) Core depth 
110–120 cm, note the coarse sand grains at 108–113 cm. B) Core depth 180–190 cm, gravel clasts and sand grains at 
182–184 cm (3 clasts > 5 mm, 70 clasts 2–5 mm) are interpreted as a snow-avalanche layer. C) Core depth 280–290 
cm, the gravel clasts and sand grains are constrained in laminae. The clast at 287 cm is > 5 mm, at 283 cm we counted 
14 clasts 2–5 mm. 
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Core Zone Depth 
(cm)

Age cal.  
yr BP

Comment

A4 A4-4 0–63 3300¬–5615 Gravel and cobbles within a matrix of gyttja.

A4 A4-3 74–91 6015–6635 Gyttja with gravel.

A4 A4-2 97–117 6850–7575 Single clasts in gyttja.

A4 A4-1 125–165 7865–9300 Gyttja with a few gravel clasts.

B B5 0–47 750–1195 Dated by extrapolating age model upwards with constant 
sed. rate 1.1 mm/year. Many clasts in upper 15 cm of core, 
fewer, only 2–5 mm in size between 15 cm and 47 cm. 

B B4 57–81 1300–1580 Organic layer at 75–78 cm with sand and gravel particles, one 
clast > 5 mm at 79 cm. Other peaks: 10 clasts (2–5 mm) at 61 
cm, 14 clasts (2–5 mm) at 79 cm.

B B3 105–113 1895–2010 Organic layer with sand grains at 108–113 cm. One clast > 5 
mm at 105 cm. Three clasts (2–5 mm) at 111 cm.

B B2 123–167 2150–2765 Clasts > 5 mm: Three at 143 cm, two at 147 cm, one at 135 
cm, 149 cm and 151 cm. 50 clasts (2–5 mm) at 143 cm. 

B B1 182–291 2960–4815 Layers interpreted as snow-avalanche layers at 182–184 cm, 
220.5–221 cm and 263–264.5 cm.  Clasts > 5 mm: Three at 
185 cm, two at 225 cm and one clast at 187 cm, 241 cm, 255 
cm, 277 cm, 287 cm (15 mm) and 291 cm (10 mm). 70 clasts 
(2–5 mm) at 185 cm. 

C C6 47–79 1390–1675 Dated by extrapolating age model upwards with constant 
sed. rate 1.12 mm/year. Three clasts > 5 mm and 18 clasts 
2–5 mm at 79 cm. 

C C5 103–197 1890–2930 One clast > 5 mm at 103 cm, at 109 cm and at 197 cm.

C C4 233–269 3420–3995 One clast > 5 mm at 249 cm.

C C3 289–299 4375–4635 Five clasts (2–5 mm) at 289 and two clasts (2–5 mm) at 299 
cm.

C C2 327–329 5415–5460 30 clasts 2–5 mm at 327 cm, one > 5 mm at 329 cm. 

C C1 349–427 5915–7385 One clast > 5 mm and seven clasts 2–5 mm at 375 cm. 

A1 A1-4 0–64 250–620 Dated by extrapolating age model upwards with constant 
sed. rate 1.7 mm/year. 

A1 A1-3 155–165 1170–1235

A1 A1-2 302–305 2355–2385

A1 A1-3 322–327 2555–2605

Table 5. Periods of snow avalanches as derived from the sediment cores in the lake Anestølsvatnet.
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Core A4

The core was taken 25 m outside Storeskreda at a water depth of 8.5 m (Table S1, Fig. 2). The core is 
190 cm long, and the stratigraphy can be divided into three units: 1) a lowermost 14 cm of silt, followed 
by 2) 120 cm of silty gyttja with scattered clasts and gravel layers deposited between about 9500 and 
5500 cal. yr BP and 3) an upper 60 cm of gravel and cobbles, particles up to 6 cm across, within a matrix 
of gyttja. If we extrapolate the age model curve upwards, the top of the core has an age of c. 3300 cal. 
yr BP (Fig. 12). 

The first snow avalanche-derived clasts appear at around 9300 cal. yr BP. Thereafter, there are single 
clasts scattered throughout the core. We interpret these clasts, together with the gravelly layers at 
about 8600, 6400 and after 5500 cal. yr BP, as snow-avalanche episodes (Fig. 12). No clasts were found 
in three short segments of the core, between 5600 and 6000 (63–74 cm), from 6500 to 7000 (91-97 cm) 
and from 7600 to 7900 cal. yr BP (117–125 cm) (Fig. 12, Table 5). The upper 60 cm of gravel and cobble 
clasts in gyttja, dated to younger than 5600 cal. yr BP, could indicate an increase in snow-avalanche  
activity (Blikra et al., 1997) or it could represent the period when the subaquatic part of the fan  
advanced over the coring site. The lack of deposits younger than 3300 cal. yr BP at the core site could 
be due to snow avalanches plunging through the lake ice causing erosion of the soft lake deposits,  
and/or some deposits could have been lost during coring.

Core B 

Core B was sampled 105 m distal to Storeskreda (Fig. 2) from a water depth of 13.5 m. The core is 
294 cm long and covers the last 5100 years (Fig. 13). The age model indicates that the youngest (top)  
sediments are missing. The core can be divided into two units – a lower half of brown silty gyttja, and 
an upper half of laminated grey-brown gyttja silt. The colour change reflects the decreasing carbon 
content upwards (Fig. 13). 

Lithic clasts >2 mm occur throughout the core except in four short segments around 2800, 2100, 1900 
and 1500 cal. yr BP. In addition, there are six sand and gravel layers. We interpret the layers at 220.5–
221 cm, 182–184 cm and 75–78 cm, containing gravel clasts up to 40 mm, and the finer-grained beds 
at 263–264.5 cm and 108¬–113 cm, all unsorted, as being deposited by snow avalanches. However, 
the normal graded sand bed at 170–172 cm, dated to 2800 cal. yr BP (Table 4), is assumed to represent 
deposition from a turbidity current that originated from the distal parts of a large debris flow on the 
eastern side of the valley. Based on the counts of clasts on the X-ray photos, we identified five snow 
avalanche periods (Fig. 13; Table 5).  
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Core C

The core was retrieved from a depth of 12.5 m, 215 m from the western lake border and 65 m from the 
eastern lake shore (Table S1; Fig. 2). It includes the last 7500 years. Only the lowest metre of the core 
has radiocarbon ages (Table 3, Fig. 14). However, we used the modelled ages of correlation laminae from 
core B (K12: 1760 ± 96; K11: 2630 ± 107; K8: 3068 ± 89; K6: 3556 ± 66 and K4/5: 4096 ± 95) to obtain an 
age model for the upper part of core C (Fig. 14). The correlation laminae in core B are easily correlated 
with the same laminae in core C (Fig. 10).

Dark brown gyttja at the bottom changes gradually to grey-brown gyttja silt further up. LOI values  
decrease upwards from 20 % to less than 5 % at the top. The large oscillations of the LOI values, some 
also seen as changes in the MS values, especially between 240 and 380 cm, reflect the many sand and 
silt layers in the gyttja (Fig. 14). The sand layers are assumed to be distal deposits of debris-flow events 
from the eastern side of the valley (Fig. 2), and are primarily restricted to the period between c. 6000 
and 3800 cal. yr BP. 

Rather short, 20–40 cm-long, core segments of clast-free sequences separate the six snow-avalanche 
zones. We noted that there is evidence of avalanches occurring right from the bottom of the core,  
some 7500 cal. yr BP. All the inferred snow-avalanche periods and debris flows are shown in Fig. 14  
and listed in Table 5.

Figure 13. Core B. X-ray, lithology, radiocarbon dates, age model (outlier 3540 ± 50; loess smoothing = 0.9), total 
carbon, magnetic susceptibility, counts of clasts and snow-avalanche zones. See Fig. 2 for core location. Blue stars 
indicate snow-avalanche layers and the orange drop a debris-flow deposit. Individual gravel clasts are not shown in 
the sediment log. 
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Core A1

The core is 550 cm long, and the coring site is 115 m NNW of core C and 110 m from the eastern shore 
(Fig. 2). The base of the core is radiocarbon dated to 6630 ± 120 cal. yr BP (Fig. 15). The deposits change 
in colour upwards from brown gyttja at the bottom to grey-brown silty gyttja at the top. This change 
is also reflected in generally decreasing LOI and TC values upwards, except for a small increase again 
during the last 1000 years. 

The gyttja contains many thin sand layers, silt laminae and individual gravel clasts (Fig. 15).  
We interpret the sand layers as having been deposited from debris flows. Three zones of sand layers  
were recognised, in addition to four single sand layers. We see the same pattern as in core C, with high  
debris-flow activity during the Holocene climatic optimum that diminishes upwards.

The core has only four zones with gravel clasts, which we interpret as periods of snow-avalanche  
activity, called A1-1 to A1-4 (Table 5). The first appearance of clasts was seen some 2600 years ago  
(Fig. 15).

Figure 14. Core C. Lithology, radiocarbon dates, age model (green triangles are ages of key laminae in core B, loess 
smoothing = 0.9), loss-on-ignition, magnetic susceptibility and counts of clasts. See Fig. 2 for core location. Individual 
gravel clasts are not shown in the sediment log.
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and magnetic susceptibility. See Fig. 3 for core location. Orange drops indicate debris flows.



24 of 34 25 of 34

A. R. Aa et. al             Holocene debris flows and snow avalanches in Anestølsdalen, western Norway 

Discussion

Glacial advance and the deglaciation

The deposition of the large end moraine complex that dams lake Anestølsvatnet (Fig. 2) took place  
between 10,800 cal. yr BP and 10,200 cal. yr BP. This age estimate is based on the dating of the  
minimum age for deglaciation of lake Dalavatnet, 2 km downstream of lake Anestølsvatnet (Fig. 1), 
and the age of the first peat growth in a depression on top of the end moraine complex at Øyestølen  
(Fig. 7). The oldest organic lake sediments, just above glacio-lacustrine silt at a depth of 11 m in a core 
drilled through the deltaic deposits at the northern end of lake Dalavatnet, have been dated to 9482 
± 180 14C yr BP (Bergheim et al., 1995), corresponding to 10,790 ± 260 cal. yr BP. From the lowest  
Sphagnum peat in pit 2 at Øyestølen (Fig. 7), we picked Betula seeds at a depth of 4 m below the surface 
and dated them to 10,280 ± 70 cal. yr BP (Table 2).

Thus, we correlate the glacial advance that formed the end moraine complex to the Preboreal  
Oscillation, which is called the Erdalen event in West Norway (Nesje, 1984). This glacial event has been 
dated to 10,300–9900 cal. yr BP 40 km to the northeast (Dahl et al., 2002) on the eastern side of the 
Jostedalsbreen ice cap (Fig. 1). Inside the marginal moraine complex, we have identified three features 
that could be attributed to minor oscillations of the glacier front. The oldest are moraine ridges at the 
distal end of the complex, most pronounced east of the river and about 400 m south of Øyestølen  
(Fig. 2), the next is the ice contact slope itself (Fig. 2), and the youngest are moraine ridges just south 
of lake Anestølsvatnet (Fig. 2). Some of these halts and advances could be attributed to stages I and II 
of the Erdalen event. 

The deglaciation of the lake itself was probably rapid. The oldest radiocarbon age on the lake floor 
is 9570 ± 80 cal. yr BP, obtained from silty gyttja at the transition from glacio-lacustrine silt in core 
A4 (Fig. 12). This gives a minimum age for the deglaciation. In Fig. 2 we have also indicated ridges, 
and a remnant of till on the west side of the lake that could be moraine ridges crossing the lake floor.  
The ridges are also pictured on the lake floor in a GPR survey (Grønli & Norheim, 2016). These ridges 
could be recessional moraines formed during the deglaciation after 10,200 and before 9600 cal. yr BP.  

Lake sediments 

Today, the lake is fed by meltwater from two local glaciers (Fig. 1), which enters at the northern and 
southern ends of the lake and has formed large deltas (Figs. 2 and 3). Thus, the ‘normal’ background 
sediments in the lake include both glacial and fluvial clay, silt and fine sand, in addition to organic gyttja 
produced in the lake. 

The background sediments change up-core, reflecting the growth of glaciers in the drainage area 
from about 6500 cal. yr BP. The deposits change in colour from dark brown (low content of silt) in the  
lower parts to light brown (high content of silt) in the upper parts. This colour change is caused by the  
declining carbon content upwards, as documented by the loss-on-ignition and total carbon values  
(Figs. 13–15), starting from about 6500 cal. yr BP (Figs. 14 and 15). Parallel to this change we find a 
gradual increase in sedimentation rates, from 0.5 mm/year around 5000 years ago to more than 1 
mm/year from about 3000–2000 years ago and increasing still further in the last 2000 years (Fig. 16).  
This indicates a steady increase in silt deposition over the last 5000 years.
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The sediments in the lake basin are generally laminated, as seen from the X-ray photos, but this  
lamination is in places interrupted by detrital layers (Fig. 11). Single clasts and unsorted sand/gravel  
layers with organic debris are interpreted as deposited from snow avalanches, and sorted sand layers 
are associated with debris flows, while an explanation for the light and distinct silt laminae is more  
uncertain. Those silt laminae with a large areal extent, e.g., the correlation or key layers (K4–K12), 
which can be seen in several cores (Fig. 10) are most probably due to the deposition of suspended fine  
sediments carried by large floods. Silt laminae may also be distal parts of debris flows that contaminated 
the water column (Fig. 5). Only those layers or laminae containing sand grains are interpreted as debris 
flows in this study. 

The unsorted event layers can be linked to their sources. Cores A4, B and C, located 25 m, 105 m and 
215 m, respectively, from the Storeskreda fan, show declining clast size and clast number as the distance 
from the fan increases, confirming that they originate from snow avalanches, essentially Storeskreda 
(Fig. 10). In contrast, the number of sorted sand/gravel layers increases eastwards, confirming that their 
source is debris flows from the eastern side of the valley. 

Reconstructing the history of snow avalanches and debris-flow 
activity in Anestølsdalen

Many geological reconstructions of mass-movement history are based on few sites, deposits with rather 
low time resolution, or deposits that contain hiati in their sediment sequences ¬– and these are also 
weaknesses of our study. We radiocarbon dated two sections from each of two colluvial fans in the area, 
but their stratigraphy gives only parts of the whole history of mass movement on the fans. The amount 
of active deposition, especially from debris flows, varies across a fan, leaving some of its distal parts as 
areas of non-deposition. In addition, the oldest part of a fan is deepest buried and least accessible, and 
outcrops near the surface would favour the study of younger mass-wasting events. Near the toe of a fan, 
it is easiest to study the events with the largest run-out. 

Figure 16. Sedimentation rates (mm/year) in cores A1, C and B based on their age models.
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Another weakness of our study is the lack of coverage of the stratigraphy of the lake deposits. Even 
though we have many cores from different sites in the lake, none of them covers the entire stratigraphy, 
and they cover different parts of the stratigraphy making it difficult to correlate results between sites. 
For instance, none of the dated cores includes the top sediments, core A4 extends from the deglaciation 
to about 3300 cal. yr BP, and core B only dates back to 5100 cal. yr BP. 
 
We radiocarbon dated 66 samples, mainly of bulk peat and bulk gyttja, as the foundation for our  
reconstruction of time. A potential problem in such a setting, highly influenced by mass movements,  
is the transportation of older organic material onto the colluvial fans and into the lake. Despite this 
potential problem, the sequences and cores show little evidence of ’older’ ages or age reversals.  
The reason for this could be that we avoided the actual debris-flow and snow-avalanche layers as much 
as possible and dated the gyttja and peat deposits in between the mass movement layers. However,  
the age reversals of the lower part of the peat in Pit 2 (Fig. 7) could be a result of this problem of  
redeposition of organic material. From the lake cores, only one date was classified as an outlier in 
the age-depth modelling (Fig. 13). Also, the bedrock in the drainage area is of gneisses and granites 
of Precambrian age (Lutro & Tveten, 1996), not known to contain any calcareous bedrock that could 
contaminate the bulk samples. 

Our combined data show snow-avalanche activity throughout the last 10,000 years. One of our  
hypotheses was that there were some periods with few or no snow avalanches, for instance during 
the Holocene climatic optimum (e.g., Blikra & Nemec, 1993; Blikra & Nemec, 1998; Nesje et al., 2007).  
However, our records clearly show, within the time resolution of our deposits, that snow avalanches 
have occurred throughout most of the 10,000-year period, even during the warmest times of the  
Holocene. This may be explained by climatic and topographic factors, including the high  
(orographic) precipitation in the area and the high, steep, mountain/valley sides above the lake.  
This applies particularly to the western and leeward side, which reaches up to 1280 m above sea level. 
Here, snow could have accumulated and avalanched even during the Holocene climatic optimum.

Cores A4, B and C combined show continuous snow-avalanche activity from Storeskreda from 9500 
cal. yr BP through the climatic optimum and the subsequent climate deterioration of the last 3000–
4000 years (Fig.18). Several studies show increased snow-avalanche activity during the late Holocene, 
from around 4000–5000 cal. yr BP (e.g. Blikra & Selvik, 1998; Seierstad et al., 2002; Nesje et al., 2007;  
Vasskog et al., 2011).  Core A4 also shows this increase in snow-avalanche activity if we interpret the 
shift in deposition from laminated gyttja to gravel and cobble clasts, dated to 5000–6000 cal. yr BP, as 
representing snow-avalanche deposits reaching more frequently and farther out on to the lake ice.   
The lack of sediments younger than 3300 cal. yr BP at this core site with water depth of 8 m could be 
caused by turbulence and strong currents from snow avalanches bursting through the lake ice and  
sweeping away the lake deposits in this area. 

Onshore, the outcrops of the snow-avalanche fan date back to 5500 cal. yr BP and show snow- 
avalanche deposits over the last 4000–5000 years, but we only penetrated three metres into the fan 
which is five metres thick (Mauring et al., 1998). It is therefore possible that the fan was also building up 
during the earlier part of the Holocene. We find evidence of snow-avalanche activity between 3500 and 
4500 cal. yr BP in the lake cores and from the outcrops (Fig. 18). This might be interpreted as indicating a  
period of higher snow-avalanche activity in the area (Nesje et al., 1994), as has been recorded  
elsewhere in western Norway (Blikra & Selvik, 1998).

The radiocarbon ages of debris-flow layers from the onshore outcrops and the sand layers in the lake  
sediments supplement each other and together show almost continuous debris-flow activity since 
10,000 cal. yr BP, except for the interval 7800–6600 cal. yr BP (Fig. 18). Debris flows dominate on the 
eastern slope of the Anestølsdalen valley (Fig. 2), and there have been three debris flows here since 
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2004 (Figs. 4 and 5). The lake record shows the highest debris-flow activity, inferred from core A1 and 
C, around 6500–4000 cal. yr BP and around 3000–2000 cal. yr BP (Fig. 18). Pit 2 shows sand layers from 
10,000 to 7800 cal. yr BP and around 4000 and 2000–1000 cal. yr BP. Thus, we find it difficult to identify 
a certain period of the Holocene when the debris-flow activity is suggested to have been low, as other 
studies have shown (Blikra & Nesje, 1997; Blikra & Nemec, 1998; Matthews et al., 2009)
 
From our experience, we recommend caution in relating the strength and frequency of mass-wasting 
activity to geological parameters such as the number of lithic clasts (Fig. 17), their size, the thickness 
of layers or the number of layers. To draw such conclusions would require very high time resolution 
and many sites that can cover the full spatial distribution of mass-wasting events and deposits in an 
area. Many studies of the prehistory of snow avalanches or debris flows are based on a few cores  
(e.g., Nesje et al., 2007; Vasskog et al., 2011; Fouinat et al., 2018) or few sites, and the authors  
nevertheless interpret the absence or lower frequency of event layers in the background sedimentation 
as evidence of low avalanche activity, and commonly thought to represent the avalanche activity for an 
entire geographic region. In our experience, it is debatable whether such an approach can be justified. 

Figure 17. Number of clasts per 100 years counted in core B and core C. Core B (blue curve) extends from 750 to 4800 
cal. yr BP, and core C from 1000 to 7600 cal. yr BP (red curve). The highest peaks, at 2450, 2950 and 5450 cal. yr BP, 
represent single layers ¬no more than 1 cm thick. 
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Conclusions
1.  Quaternary geological mapping shows the details of a large end moraine complex in the upper 
Sogndalsdalen valley, damming lake Anestølsvatnet. Our radiocarbon dates place the formation of the 
end moraine to 10,200–10,800 cal. yr BP, thus correlating the glacier advance to the Erdalen event – a 
Preboreal glacial oscillation, known to have formed end moraines in other areas around the Jostedals-
breen ice cap. The steep valley sides around lake Anestølsvatnet are dominated by debris-flow and 
snow-avalanche paths and colluvial fans. 
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2. The continuous decrease in loss-on-ignition and total carbon in the lake sediments during the 
last 6000 years together with an increase in sedimentation rates show the growth and establishment of 
glaciers in the drainage area after the Holocene climatic optimum.

3. Single clasts and unsorted sand and gravel layers with organic debris in the laminated lake  
sediments are interpreted as deposits from snow avalanches extending out on to the lake ice.  
The individual sorted sand layers are interpreted as the distal end of debris flows reaching down into 
the lake.

4. Minerogenic layers and peat alternate in the exposed layers in the pits and outcrops in the fans. 
Sorted sand and gravel layers are interpreted as distal debris flows. Layers of single clasts, wood and 
other organic debris, and also isolated pebbles and cobbles, are interpreted as snow avalanches. 

5. The present-day history of debris flows and snow avalanches in the Anestølsdalen valley shows 
that a mass-wasting event occurred at about every 5 to 10 years. Since 1996, four debris flows have 
occurred: in 1996, 2004, 2007 and 2013. Snow avalanches occur every year, and roughly every 10 years, 
a snow avalanche from Storeskreda extends out on to the lake ice. 

6. We have reconstructed continuous activity of both snow avalanches and debris flows  
throughout the Holocene. We had to abandon two of our assumptions, i.e., that snow avalanches 
were absent in this area during the Holocene climatic optimum, and that debris-flow activity was  
higher during this period. However, the frequency of snow avalanches may have increased during the  
last 5000 cal. yr BP. 
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