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Abstract
In mountain ranges, under the present interglacial conditions, active scree slopes tend to cluster within a certain 
range of altitude, probably because of an altitudinal/climatic span with maximum efficiency of frost cracking (‚talus 
window‘). In the Northern Calcareous Alps, large active scree slopes within the detachment scars of two late Holocene 
rock avalanches accumulated at mean rates of 7–18 mm/a over a time interval of ~1.7–3.8 ka. A plot of sedimentation 
rates as a function of time interval (Sadler plot) shows: (a) that the two scree slopes accumulated at comparatively 
high rates, and that (b) the rate of deposition must have been much higher (up to ≥1 meter/a) shortly after rock 
avalanching, but then diminished. The apex of each scree slope is located close to 1400 m a.s.l., i. e. some 400–1000 
meters lower in altitude than the apices of most other scree slopes of the Eastern Alps. At the time of rock avalanching, 
the mountain flank laterally adjacent to the scree slopes was forested up to its crest, as it is today. Climatic data (1971-
2000) of stations ranging from 498–3105 m a.s.l. in altitude suggest that the intense scree production is not readily 
explained by the annual number of ice days (ID; days with T < 0°C). The annual number of freeze-thaw days (FTD), in 
contrast, remains nearly constant from station Haiming (695 m a.s.l.; 130 FTD) up to Obervermunt (2040 m a.s.l.; 125 
FTD). Thus, scree production may have been mainly controlled by FTD or by, both, FTD and ID compensating in effect 
each other with increasing altitude. In addition, processes unrelated to freezing probably significantly contributed 
to scree production, such as ‚scraping‘ off scree by heavy rainfalls and snow cascading or avalanching down cliffs, 
spalling of rock by increased pore-water pressure, and rock cracking/loosening by thermal stress fatigue well-above 
the freezing point. 
I suggest that the prevalence of presently-active scree slopes in a certain altitude range (slope apex between ~1800 
to ~2600 m a.s.l.) of the Eastern Alps results from: (a) the gross topography across the orogen, with internides (Central 
Alps) the highest, (b) medium-scale morphology produced mainly by glacial erosion (cirques and glacially-carved val-
leys flanked by cliffs), (c) post-glacial climb of vegetation, superposed with (d) an optimal combination of all processes 
(irrespective of their total altitude range) capable to (i) liberate scree from cliffs, and (ii) at a combined rate high 
enough to sustain a sizeable, active scree slope. This interpretation does not invalidate, but embeds the concept of 
the ‚frost-cracking window‘. In the Northern Calcareous Alps, observations on the long-term (here: > 10 ka) and short-
term (here: tens of years) dynamics of talus accumulations indicate that the role of vegetation for scree shedding from 
cliffs (technically, rock flanks with dip ≥45°) has been underestimated. In the Alps, the scarcity of presently active talus 
below about 1600–2000 m a.s.l. mainly results from slope stabilization by vegetation rather than by lack of processes 
capable to liberate scree from bare rocky slopes. The two scree slopes described herein indicate that, under certain 
geological circumstances, rapid talus accumulation in comparatively low topographic position is possible also under 
interglacial climatic conditions. 
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convex shape (Fig. 1A) (e.g., Hutchinson, 1998; Utili 
and Crosta, 2011, among others), the free cliff area 
initially shrinks exponentially; later, when the talus 
dips with the angle of residual shear, the decrease of 
cliff surface per time increment is practically linear 
(red graph in Fig. 1B). Conversely, the length of the 
scree slope at first grows slowly but strives towards 
a practically linear increase later (black graph in Fig. 
1B). Provided that no basal removal of scree and no 
cliff rejuvenation takes place, thus, talus deposition 
inexorably strives to fade out, independent of climate 
(Sanders, 2010). In addition, in the Alps, settings of 
post-last Glacial talus accumulation changed mar-
kedly: During rapid deglacial ice decay, very high 
glacially-weakened mountain flanks supplied copi-
ous scree to low-positioned alluvial fans and talus; 
upon climatic amelioration, with rise of the talus 
window and climb of vegetation, talus accumulation 
became confined to higher-located cirques and to a 
few high, more-or-less stabilized cliffs (Sanders and 
Ostermann, 2011). Post-glacial slowing of talus acu-
mulation thus went hand-in-hand with the effects of 
deglacial to modern climatic changes. 

So how to better discriminate potential controls 
over scree-slope development? In the Alps, deposits 
of rock avalanches are common; such events inclu-
de extremely fast, gravity-driven mass-wasting of 
rock with an initial volume of >105 m3 (Evans et al., 
2006) or >106 m3 (Erismann and Abele, 2001). Age-
dating of rock avalanche events is mostly done by 
the radiocarbon method and/or by surface exposu-
re dating (e. g., Patzelt and Poscher, 1993; Ivy-Ochs 
et al., 1998; Prager et al., 2008). The age of a rock 
avalanche event also dates the start of geomorphic 
changes triggered by mass-wasting, such as the ac-
cumulation of scree slopes within the detachment 
scar. Scree slopes in detachment scars of rock ava-
lanches are widespread, yet they are only rarely ex-
posed down to their base, to allow for an estimate 
of sediment accumulation rate. In the present paper, 
the time-scaled accumulation rates of talus formed 
in detachment scars of age-dated, late Holocene rock 
avalanches are compared with literature data on 
scree accumulation and cliff retreat. High time-sca-
led accumulation rates of the rock avalanche-related 
talus imply very fast deposition of scree closely after 
rock avalanche events. Talus accumulation in scars of 
historical rock avalanches also indicates that scree 
deposition associated with sudden defacement of 
cliffs is extremely non-linear in time. The accumula-
tion rates of the rock avalanche-related scree slopes, 

Introduction 

In the Northern Calcareous Alps (NCA), post last-
Glacial talus situated in altitudes less than about 
1600–1800 m a.s.l. most commonly is abandoned, 
covered by vegetation, and/or undergoes erosion 
while active scree slopes are located mainly between 
1800–2600 m a.s.l. (Sanders and Ostermann, 2011). 
The gross vertical distribution of active scree slopes 
in mountain ranges is believed to reflect the position 
of an altitudinal-climatic range with maximum ef-
ficiency of frost cracking (‚talus window‘; Hales and 
Roering, 2005). A brief look into satellite images of 
the Alps of course seems to support the concept of a 
talus window, as it is obvious that most active scree 
slopes are located within a specific range, more-
or-less wide, of altitudes. On carbonate-lithic scree 
slopes of the Eastern Alps, aerial photographs (since 
1946) and satellite imagery show that the modern 
climatic warming and humidification is reflected 
by: (a) upward climb of vegetation, (b) incision or 
lengthening of channels passed by ephemeral surface 
runoff, and (c) increased activity or nucleation of pa-
rasitic alluvial fans farther downslope (Konrad, 2010). 
As the altitude range of vegetation belts is controlled 
by climate, this observation goes along with the idea 
of a strong climatic influence on scree production. 
On the other hand, in the Alps, many active scree slo-
pes are located in much lower altitudes. These low-
positioned slopes are clearly controlled by structural 
features (faults, more-or-less wide zones of rock ca-
taclasis, and slow gravitational slope deformations). 

	 There exists perhaps no other depositional 
system with such a rigid negative feedback between 
sediment source area (=rock cliff) and accumulation 
area (=scree slope) as cliff/talus systems. In an ide-
al situation, talus accumulation starts with a plane, 
vertical cliff (t0 in Fig. 1A) of relatively competent 
rocks degrading by parallel retreat (see Obanawa and 
Matsukura, 2006; Utili and Crosta, 2011, for discus-
sion and references). In an early stage, the slope sur-
face is of low dip, but steepens with time (e. g., Clo-
wes and Comfort, 1987; Summerfield, 1991; Sanders 
et al., 2009). Upon steepening, a critical threshold 
of slope dip set by the angle of residual shear is at-
tained that is not exceeded. For carbonate-lithic ta-
lus, this dip angle is typically ~35°. Because the cliff 
becomes gradually onlapped and buried, this results 
in an increasing disparity between sediment supply 
and accumulation area by autocyclic feedback. Be-
cause the surface between cliff and talus develops a 
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Methods

Each of the rock avalanches and subsequent talus 
slopes mentioned herein were inspected in the field. 
The thickness of post-rock avalanche talus succes-
sions exposed from bottom to top was determined 
by: (a) field measurement, and/or (b) by geometrical 
construction in isohypsed satellite orthoimages on 
a scale of 1/1000 (provided by the federal govern-
ment of the Tyrol; www.tirol.gv.at/tiris). To determine 
a mean rate of talus accumulation since rocksliding, 
the thickness of talus successions in the detachment 
scars was divided by the mean ages of rock avalanche 
events (see below). To compare the calculated rates 
of talus accumulation with previously published va-

however, compare well with rates from settings not 
influenced by rocksliding. Consideration of the alti-
tude of the upper treeline ecoline at the times when 
the rock avalanches had detached, and a comparison 
of meteorological data (1971-2000) over a large al-
titude range suggest that intense scree production 
from the scars is not straightforwardly explained by 
the annual number of ice days (days with T < 0°C), 
but by annual number of freeze-thaw days and/or by 
erosional processes unrelated to frost. Moreover, the 
influence of vegetation cover on scree shedding from 
steep, rocky mountain flanks most probably has been 
underestimated. Considerations on long-term deve-
lopment of scree slopes and alluvial fans should take 
vegetation into account. 

Fig. 1: Parallel cliff retreat and onlap of talus in time, starting at time t0. A. During cliff retreat, the talus surface steepens until the 
angle of residual shear of scree is attained (taken as 35°), here at time t3; this dip angle is not surpassed with further cliff retreat. 
Between the onlapping talus and the retreating cliff, a convex truncation surface forms. With time, the dip of the truncation surface 
strives towards the angle of residual shear of the scree slope. B. The development described in subfigure A results in: (1) an exponential 
decrease of cliff area and, hence, in sediment supply, while (2) slope length increases. The negative feedback between sediment supply 
and talus length defines an early stage with strongly positive sediment budget relative to slope length (green area labeled ‚plus‘), and 
(b) a late stage with progressively less sediment available to supply an ever-larger slope area (red area labeled ‚minus‘). See text for 
further outline and references. 
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dolostone cliffs typically is more intense than from 
cliffs of limestones (Sanders et al., 2009). Over most 
of their extent, the scenery of the NCA is coined by 
glacial-interglacial cycles. Both valley deepening and 
steepening/heightening of mountain flanks by glacial 
erosion (Van Husen, 2004; Champagnac et al., 2007; 
Montgomery and Korup, 2011) favoured rocksliding 
and talus accumulation subsequent to glacial retreat. 
In the Eastern Alps, down-wasting of ice streams so-
mewhen between 21 to 19 ka was completed within 
a thousand years at most (Van Husen, 2004). This lead 
to exposure of high, glacially-weakened, bare-rocky 
mountain flanks, and to accumulation of alluvial fans 
and talus slopes in comparatively low altitudes. To-
day, nearly all of these fan- or talus successions are 
abandoned, vegetated and/or undergo erosion; active 
modern talus typically is situated in higher altitudes, 
and in different geomorphic settings (cf. Sanders and 
Ostermann, 2011). Over all, deglacial to late-glacial 
talus accumulation probably was systematically hig-
her than at present (Sass and Wollny, 2001; Sanders 
and Ostermann, 2011). Increased production of scree 
and pebbly alluvium shortly before and after full gla-
ciations (Van Husen, 1983), later included in the con-
cept of ‚paraglacial‘ deposition (Ballantyne, 2002), is 
supported by observations on deglacial to post-gla-
cial sedimentation within the Alps and their foreland 
(Müller, 1999; Hinderer, 2001; Sanders, 2012). During 
deglaciation, the Inn valley became permanently ice-
free from ~17.4 kyr cal BP over most of its extent, 
and was reforested at about 15 ka BP (Patzelt, 1980, 
1987; Van Husen, 2004). With the start of the Holo-
cene, the upper treeline ecoline in the Alps had risen 
to near its present altitude, and was subject to only 
minor fluctuations of 100-300 m ever since (cf. Tin-
ner and Theurillat, 2003; Nicolussi et al., 2005; Tinner 
and Vescovi, 2005). 

In the western part of the Tyrol, the NCA abut the 
Ötztal-Stubai metamorphic basement of the Central 
Alps along the Inn valley fault zone. At the northern 
flank of the Inn valley, two rock avalanches are pre-
sent in this area (Fig. 2). In the detachment scar of 
each rock avalanche, scree slopes had accumulated 
since mass-wasting. Aside of a few, comparatively 
thin stratigraphic units in tectonic slivers in the scar 
of the Tschirgant rock avalanche (Pagliarini, 2008), 
with respect to the rock avalanche masses and scree 
slopes mentioned herein, three stratigraphic units are 
relevant (see Table 1): (a) the Wetterstein Dolomite 
unit, overlain by (b) the Northern Alpine Raibl unit 
(NAR unit) which, in turn, is followed up-section by 

lues of scree deposition, all rates were plotted in a 
‚Sadler diagram‘ (cf. Sadler, 1981, 1999), and compa-
red with other rates of geomorphic change in moun-
tain ranges. 

Geologic and climatic setting

The Northern Calcareous Alps (NCA) consist of 
stacked cover-thrust nappes mainly of Triassic shal-
low-water carbonate rocks (Schmid et al., 2004). 
Because of heteroaxial folding and brittle faulting 
during Alpine orogenesis, the carbonate rocks of the 
NCA are more-or-less densely riddled by joints and 
faults (Eisbacher and Brandner, 1996). During struc-
tural deformation, limestones deformed in brittle and 
brittle-ductile fashion; conversely, dolostones re-
acted brittlely and thus typically are densely jointed. 
As a result, in the Eastern Alps, scree shedding from 

Fig. 2: Location of rock avalanches and associated scree slopes 
mentioned in the present paper. 
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As obvious from the setting the scree slopes within, 
both, the Tschirgant and the Haiming rock avalanche 
scars have not been exploited by man before, such as 
for pasture or extracting wood. 

Rock avalanches, talus, accumulation rates

Haiming

The mountain flank adjacent north of Haiming 
consists of a folded, subvertically tilted succession 
ranging from the Wetterstein Dolomite to the Haupt-
dolomit unit (see Table 1) (Figures 3A and 4). Over 
most of its extent, the considered mountain flank is 
characterized by forested, formerly active scree slo-
pes along the toe of a laterally continuous cliff of 
Wetterstein Dolomite. In the detachment scar of the 
Haiming rock avalanches, however, the cliff is brea-
ched by a gap. At Haiming, radiocarbon dating indi-
cates that three superposed rock avalanche masses 
are present. All outcrops, natural and artificial, indi-

(c) the Hauptdolomit unit. We note that the carbona-
te rocks in the detachment scars are not more dense-
ly-jointed and faulted than the same rock types el-
sewhere along the Inn valley fault zone, and in other 
areas of more intense structural deformation of the 
NCA. It is rather the intersection of structural weak-
nesses (bedding, jointing, faulting, folding) with the 
local, steep mountain flanks that renders them prone 
to rocksliding (Pagliarini, 2008). Both the Haiming 
and the Tschirgant rock avalanche scar are located 
in a rainshadow area with comparatively low mean 
annual precipitation (Table 2). The mountain flank 
from which the Haiming rock avalanche detached is 
forested up to its local crestline between 1760–1800 m 
a.s.l. mainly by Pinus sylvestris, Picea abies, and Ju-
niperus communis. In its lower part, the mountain 
flank laterally adjacent to the Tschirgant rock ava-
lanche detachment scar is mantled up to about 1800 
m a.s.l. by forest mainly of P. sylvestris, P. abies and J. 
communis; above, up to the crestline between about 
2100–2200 m a.s.l., a dense cover of Pinus mugo and 
Ericaceae is locally interspersed with rock exposures. 

Name

Wetterstein Dolomite (WD) 
unit

Northern Alpine Raibl unit 
(NAR)

Hauptdolomit unit (HD)

Range; local thickness

Ladinian to Cordevolian; at 
least about 800 m thick

Julian to Tuvalian; approxi-
mately 120-150 m thick

Norian;
at least 700-800 m thick

Lithological characteristics

Light-grey to whitish to pink 
dolostones with vugs and 
cavities; internal breccias 
with dolospar cement

Variegated: 
(a) Grey to black dolo/
lime mudstones; (b) ocre-
weathering limestones 
and cellular dolomites; (c) 
thick marker bed of onco-
rudstone; (d) two intervals 
of slates

HD: Light brown weathe-
ring coarse-crystalline 
dolostones; cryptmicrobial 
lamination; locally fracture 
breccias cemented by saddle 
dolomite

Remarks

(a) Haiming rockslides com-
posed of WD
(b) Scree of WD builds post-
rockslide Tschirgant talus 
slope

Pertinent only for Haiming 
post-rockslide talus
Comprises a significant part 
to post-rockslide talus of 
Haiming

Pertinent for Haiming post-
rockslide talus
Comprises the majority 
of post-rockslide talus of 
Haiming

Table I: Stratigraphic units in the investigated area that contributed to post-rockslide talus-slope formation.
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Hauptdolomit probably formed by retrogressive ero-
sion and slope decline after rocksliding. In its distal 
part, the talus was pitted for gravel from the 1970s 
to the 1990s. Scree exploitation led to exposure of 
the complete talus succession down to the rock sub-
strate; in addition, the lowering of local base-level 
by pitting led to deepening of a ravine, exposing the 
thickness of the talus also in its proximal part. The 
talus succession consists practically entirely, and 
from bottom to top, of lithoclasts derived from the 
NAR unit and the Hauptdolomit unit (cf. Table 1). The 
Haiming rock avalanche scar degraded by slope de-
cline while talus accumulated. The longitudinal sec-
tion (Fig. 4) suggests that, in absence of local base-
level lowering by gravel pitting, the cliff/talus system 
would soon have reached a stage where an inclined 
rocky slope is veneered by scree, and further retreat 
is terminated or extremely slow. Both, the position 
of the talus across the rock avalanche scars and its 
lithological composition indicate that it accumulated 

cate that at least the two younger rock avalanches 
consist exclusively of Wetterstein Dolomite. The de-
posit of the oldest rock avalanche ‚Haiming 1‘, da-
ted to cal BC 1690-1500, is exposed only along the 
distalmost fringe of the rock avalanche deposits (G. 
Patzelt, pers. comm., 2011); this event is no longer 
considered herein. The intermediate rock avalanche 
event ‚Haiming 2‘ is topped by a soil with charcoal 
(Fig. 4). The youngest rock avalanche event ‚Haiming 
3‘ was age-dated by the root stock of a tree that has 
been truncated by the overriding rock avalanche (Fig. 
4); this latest event is relevant for the talus slope 
considered herein (Table 3). At least the rock avalan-
che events Haiming 2 and 3, respectively, most pro-
bably detached from the subvertically-tilted intervals 
of shales of the NAR unit, combined with a system of 
steeply south-dipping faults and joints (Fig. 4). To-
day, the scar produced by rocksliding is crossed-over 
by an active talus slope. Because the rock avalanche 
masses consist of Wetterstein Dolomite, the upper 
part of the cliff consisting of NAR unit and, mainly, of 

Fig. 3: Geological maps of rock avalanche scars of Haiming (A) and Tschirgant (B). A. Following the Haiming rock avalanches, a talus 
about 700 m in vertical amplitude accumulated. Excavation of a gravel pit resulted in complete exposure of the talus succession down 
to the rock substrate. B. At Tschirgant, rock avalanche descend was followed by accumulation of a large alluvial fan exploited for gravel 
(gravel pits ‚Breite Mure‘) and, higher upslope, of talus slopes. In this paper, the talus marked by the arrowtip is considered. 
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of low activity and, probably, of scree supply from 
the cliff above; in case of the Tschirgant scar, this 
lowering of scree production can not be explained by 
autocyclic fade-out due to cliff burial (see below for 
discussion). 

Accumulation rates

The mean accumulation rates of the Haiming and 
Tschirgant talus slopes are compared by a Sadler plot 
with rates deduced from data of other authors (Fig. 
5). Sadler (1981) had demonstrated that all sedimen-
tary deposits are subject to a systematic negative 
correlation between accumulation rate and the cor-
responding time interval of consideration: in other 
words, the longer the considered time interval, the 
lower is the accumulation rate (see also Anders et 
al., 1987). A similar inverse correlation holds also for 
rates of erosion versus time interval of consideration 
(Gardner et al., 1987). To compare just sedimenta-
tion/erosion rates without their corresponding time 
interval of consideration thus at best is hazardous, 
and can lead to spurious results (see, e. g., Sadler, 
1999; Willenbring and von Blanckenburg, 2010). 
Another advantage of a Sadler plot is that it allows 
for estimates from a limited set of accumulation 
rates towards longer and shorter time intervals. The 
rate data plotted in Figure 5 indicate the universal, 
inverse ‚Sadler correlation‘ of accumulation rate with 
time span. 

Interpretation and discussion

Sadler plot 

As the Sadler plot (Fig. 5) implies, the compara-
tively high mean accumulation rates of the Haiming 
and Tschirgant talus slopes (Table 3) indicate that the 
initial rate of scree deposition shortly after detach-
ment of the rock avalanches was much higher, but 
then shrinked to lower rates. In the Alps, the detach-
ment scars of practically all rockslides and rock ava-
lanches contain scree slopes. Also the scars of young 
historical rock avalanches are decorated with scree 
slopes; the scar of the 1908 Frank slide (Rocky Moun-
tains) contains a large talus apron. The scar of the 
1987 rock avalanche of Bormio (Southern Alps) also 
contains scree slopes that, to judge from their ex-
tent, may be some 10 m or more in thickness in their 

after descend of the younger rock avalanche ‚Hai-
ming 3‘ (Table 3). 

Tschirgant

At Tschirgant, two different suites of radiocarbon 
ages indicate that the rock avalanche mass results 
from superposition of two mass-wasting events se-
parated by about 600 years (Table 3) (Prager et al., 
2008); this is supported by U/Th ages of soda-straw 
stalactites formed underneath rock avalanche boul-
ders (Ostermann and Sanders, 2010). The detachment 
scar of the Tschirgant rock avalanches is cut into a 
folded and faulted, subvertically-tilted, Middle to 
Upper Triassic succession of dolostones and, subordi-
nately, of cellular dolomites and limestones (Fig. 3B) 
(Pagliarini, 2008). The main part of the detachment 
scar, however, is cut into the Wetterstein Dolomite 
(cf. Table 1). The lithological succession as arranged 
in the detachment scar overall is retained within the 
Tschirgant rock avalanche mass, except for minor 
foldings and thrustings (Patzelt and Poscher, 1993). 
Because the medial and proximal part of the com-
posite rock avalanche mass consists only of Wetter-
stein Dolomite, it seems probable that the younger 
rock avalanche detached upslope of about 1350-
1400 m a.s.l., where Wetterstein Dolomite is exposed 
(Fig. 3B). Subsequent to rocksliding, a large alluvi-
al fan (‚Breite Mure‘) formed beyond the toe of the 
scar; in addition, talus slopes accumulated within 
the detachment scar. Field inspection and satellite 
orthoimages suggest that two generations of talus 
are present: An apparently older generation of talus 
slopes occupies the western part of the scar; these 
slopes are vegetated by P. mugo and are erosionally 
incised. In contrast, the eastern part of the scar is 
floored by a talus with unvegetated surface (Fig. 3B); 
this talus may be younger and post-date the second 
rock avalanche event. Because of its good exposure, 
the thickness of the eastern talus slope was deter-
mined by geometrical construction from isohypsed 
satellite orthoimages on a scale of 1/1000. Dividing 
the thickness of the scree slopes in the detachment 
scars by the rock avalanche event age yields a mean 
accumulation rate of talus (Table 3). For the Tschir-
gant location, two ranges of mean talus accumulati-
on rates were calculated (see above). The present de-
tachment scar of the Tschirgant rock avalanches still 
towers hundreds of meters high, yet even the eastern 
talus considered herein (Fig. 3B) has attained a state 
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Fig. 4: Section along the talus and the proximal part of the combined Haiming rock avalanche masses (cf. Fig. 2). At least the two rock 
avalanches H2 and H3 (see text) probably detached from sub-vertically tilted interval of shales, combined with steeply south-dipping to 
subvertical joint- and fault surfaces (not shown). Closely north and south of the Inn river, two rock avalanche events H2 and H3 can be 
distinguished (see inset detail, and Table 3). Subsequent to the younger rock avalanche event H3 (cal AD 380-240), a large talus slope 
accumulated. 

Age data kindly provided by Gernot Patzelt.
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from soils intercalated into talus successions. Thus, 
the ‚real‘ accumulation rates of talus intervals in bet-
ween the soils were higher, and talus accumulation 
times were shorter by an unknown amount. In the 
Sadler plot, this implies that the ‚real‘ talus accumu-
lation rates for the data of Blikra and Selvik (1998) 
would shift towards the upper left. There is, however, 
no way to correct the error, so the data had to be 
plotted in the way as shown. The scree slopes inve-
stigated by Blikra and Selvik (1998) are supplied from 
gneiss terrains, a rock type considered to disintegrate 
slower than deformed carbonate rocks (e.g., André, 
1997). The scree slopes described in Wieczorek and 
Jäger (1996) are supplied from the granitic to gra-

distal part. If cliff retreat is seen as a proxy for scree 
production, this implies that immediately after new 
exposure of cliffs by mass-wasting, the cliffs retreat 
at very high pace. After mass-wasting, the newly-de-
faced cliffs certainly were rich in loosened rock ma-
terial supplying much more scree than a cliff exposed 
for thousands of years (see discussion below). 

The mean accumulation rates of the Haiming and 
Tschirgant talus slopes are one to two orders of ma-
gnitude higher than rates in corresponding time in-
tervals of Blikra and Selvik (1998), but lower than 
the rates deduced from data in Wieczorek and Jäger 
(1996). The 14C ages of Blikra and Selvik (1998) that 
provide the base for the rates in Figure 5 are mainly 

Fig. 5: Plot of sediment accumulation rate (y-axis) as a function of considered time interval of accumulation (x-axis) (‚Sadler plot‘, see 
text). The light-yellow field is delimited at its base and top by annual scree accumulation rates in temperate to subarctic mountain 
ranges. Note: (a) inverse correlation of accumulation rates with time interval, (b) within the light-yellow field, the range of accumula-
tion rates over four orders of magnitude of time interval.
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ly indicated (Matsuoka, 2001; Anderson & Anderson, 
2010). Beyond this, one may distinguish two ‚schools‘: 
School (a) favouring frost cracking by segregation ice 
growth during the annual frost cycle; this school chiefly 
relies on physical models and extrapolation of experi-
ments (Walder and Hallet, 1985, 1986; Anderson, 1998; 
Murton et al., 2001, 2006; Anderson & Anderson, 2010). 
School (b) acknowledges the significance of the annual 
frost cycle (Matsuoka and Sakai, 1999), but mainly pro-
vides field evidence and in-situ field measurements sho-
wing that the diurnal cycle can be at least as important 
as or even override the annual cycle (Matusoka et al., 
1997; Matsuoka, 2001; Hall, 2004; Matsuoka and Mur-
ton, 2008; Robinson and Moses, 2011). The latter implies 
that it is difficult to place a lower altitude limit to the 
production of scree by frost cracking because, either, the 
annual and/or the diurnal freeze-thaw cycles may be ef-
fective. Conversely, the upper limit of scree production 
by frost cracking is near the lower limit of continuous 
permafrost. Even in altitudes with continuous perma-
frost, and even at subzero temperatures, however, rock-
falls can spall off due to weakening (not melting!) of per-
mafrost ice at subzero temperatures (Davies et al., 2001; 
Nötzli and Gruber, 2005). Over all, however, the lower 
limit of continuous permafrost can be considered as a 
proxy for the upper altitude limit of frost-related scree 
production. In the absence of long-term, in-situ tem-
perature/humidity measurements from the detachment 
scars of the rock avalanches (compare Coutard and Fran-
cou, 1989; Hall, 2004), for sake of comparison, I used 
records from meteorological stations (Table 2). One may 
rebut the use of meteodata by pledging the complexity, 
in time and space, of frost-related weathering. Yet the 
mere view on mountain ranges shows that scree slopes 
prevail within, but are not confined to, a specific alti-
tude range. The prevalence of scree slopes in a specific 
altitude span is explained by Hales and Roering (2005, 
2009) as that range wherein the annual number of days 
with temperatures within the frost-cracking window 
is maximum. They did this not by placing hundreds of 
in-situ loggers into cliffs, but by large-scale analyses of 
mean annual air temperature with altitude, compared to 
the altitude distribution of active scree slopes. For if the 
concept of maximum frost-related weathering within a 
certain altitude range (and, by implication, yearly tem-
perature range) is true at all, to explain the large-scale 
distribution of active scree slopes, their approach seems 
methodically correct. So, for sake of a gross comparison 
with other locations in the Alps, the use of meteodata is 
justified. 

nodioritic cliffs of Yosemite valley. Estimating total 
talus volume since the last deglaciation (15 ka BP) 
in Yosemite valley, Wieczorek and Jäger (1996, p. 29, 
and their Fig. 10) arrived at thickness estimates for 
individual slopes of 100-120 m; this transfers to a 
mean accumulation rate of 6.7 mm/a (100 m thick 
talus) to 8 mm/a (120 m thick talus) over the past 
15 ka (Fig. 5). Lithology indeed seems to be of minor 
importance with respect to long-term talus accumu-
lation; rather, local topographic relief, structural dis-
integration (faulting, jointing), slope dip and climate 
appear to be significant (Hales and Roering, 2005; 
cf. Norton et al., 2010). Overall, thus, the accumula-
tion rates of the Haiming and Tschirgant talus slopes 
appear as high, but not outrageous. Most notable, 
however, is that the long-term accumulation rates in 
the light-yellow field in Figure 5 overlap with annual 
accumulation rates of scree in temperate to subarctic 
mountain ranges. Following the inverse Sadler corre-
lation, projecting the calculated mean rates upwards 
towards the one-year ordinate, this suggests that 
short-term rates of scree accumulation may attain 
up to about one meter or more per year. 
Most documented rates of cliff retreat of temperate to 
subarctic mountain ranges overlap with rates of retreat 
of semi-arid to hyper-arid regions; only a few, but largely 
conjectural, retreat rates of subaerial cliffs in subarctic 
settings are much higher (Fig. 6). The similarity of retreat 
rates from highly different climatic settings may be in-
terpreted in two ways. (1) Cliff retreat in temperate and 
subarctic mountain ranges is still too little documented, 
such that higher rates remain to be demonstrated. (2) 
A combination of processes other than frost-related 
weathering, such as thermal stress fatigue, subcritical 
joint growth, rainwash, snow avalanches, exfoliation, 
and phases of increased joint-water pressure can also 
be highly effective in cliff erosion (see, e. g., Wieczorek 
and Jäger, 1996; Hall, 1999; André. 2003; Hall and An-
dré, 2003; Wieczorek et al., 2008; Matasci et al., 2011; 
Krautblatter and Dikau, 2007). 

Processes of scree production

Frost cracking is generally considered significant in pro-
ducing scree from intact rock. Frost weathering works by 
growth – within a specific range of cooling rates – of se-
gregation ice between about -3 to -8°C (‚frost-cracking 
window‘; e. g., Walder and Hallet, 1985, 1986; Hallet et 
al., 1991; Matsuoka, 2001; Murton et al., 2006), although 
slightly different subzero temperature ranges are local-
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cated between ~1800–2200 m.a.l. (Angermaier, 2011), 
i. e. lower than those of the Central Alps (Table 2). This 
most probably results from a combination of geological 
controls (faulting, jointing) and morphology. In the NCA, 
glacial erosion during the LGM to late-glacial interval 
produced deep, steeply-incised cirques bounded by cliffs 
that shed scree at comparatively low altitudes. In additi-
on, structural disintegration of rocks is crucial: Along the 
mountain range between the Haiming and Tschirgant 
rock avalanches, the apices of scree slopes that are not 
associated with defacing by post-LGM mass-wasting are 
located between 1400-1500 m a.s.l.; this is a low altitude 
relative to most other locations (see Table 2). Conversely, 
a few kilometers to the south, along the northernmost 
fringe of the Oetztal basement, the apices of scree slopes 
are located between 2200-2400 m. 
All in all, I see no obvious or strict correlation between: 
number of ice days (ID) and number of freeze-thaw days 
(FTD) with presence/absence and altitude range of scree 
slopes, up to lower terminations of glaciers (e. g. near 
station Sonnblick). This may be explained by several fac-
tors. (a) The topographic altitude of cliff toes, and the 
vertical height of cliffs, were largely produced by erosion 
during full glaciations. In the Central Alps, trimlines of 
the LGM were generally higher-positioned than in the 
NCA (see Van Husen, 1987). In the NCA, today, practi-
cally all cirques are devoid of ice. Many of these cirques 
were shaped by glacial incision during the LGM to late-
glacial (and perhaps during earlier glaciations; H. Ker-
schner, pers. comm.). (b) Diurnal freeze-thaw cycling, 
and rock cracking by growth of segregation ice during 

From Table 2, I read the following features: (1) In the 
altitude range from the stations Haiming (695 m a.s.l.) to 
Obervermunt (2040 m a.s.l.), the mean annual number of 
freeze-thaw days (FTD) does not markedly change, and 
does not show a specific trend. Only for stations still 
higher up, the number of FTD decreases significantly. In 
the Alps, thus, a comparatively high annual number of 
air-FTD (see Hales and Roering, 2005) ranges over about 
1500 m in altitude. This fits the general observation that 
temperate mountain ranges show a high number of FTD 
per year, because freeze-thaw cycling distributes over 
different seasons in different altitudes (French, 2007). (2) 
Up from station Haiming, the mean annual number of 
ice days (ID) steadily increases with altitude, while mean 
annual air temperature (MAAT) decreases, as does the 
Holdridge (1947) mean annual biotemperature (MBT). 
(3) All of the parameters for precipitation (MAP, MHMP, 
MPR24; see Table 2) do not show a single trend with 
altitude; this is related to regional variations in preci-
pitation regime. With respect to MAP and MHMP, the 
stations Haiming and Imst show low relative values. Only 
with respect to MPR24, both these stations are located 
at the upper end of the range, but do not substantially 
exceed the values of other stations. (4) It is clear that 
the altitudes of the apices of active scree slopes (=toe 
line of cliffs; see Table 2) near each meteostation are 
controlled by an interplay of geological, geomorpho-
logical and climatic factors. Nevertheless, they provide 
an idea at which gross altitude rock cliffs are located 
that shed enough scree to sustain active scree slopes. 
The apices of scree slopes in the NCA are typically lo-

Fig. 6: Bar plot of rates of: (a) talus accumulation, (b) cliff retreat in semi-arid to hyper-arid areas, and (c) cliff retreat in temperate to 
sub-arctic areas. Note lateral change in scale at rate 1 mm/a. Ranges covered by most documented rates indicated as solid bars; outlier 
values are indicated separately. Rates of cliff retreat of 50-60 mm/a or 120 mm/a above subarctic rock glaciers are crude estimates 
only (Humlum, 2000). Rates of talus accumulation from: Blikra and Selvik (1998), Gardner (1983), Luckman (1988), Nemec and Kazanci 
(1999), Tushinskiy (1966) (cit. in Luckman, 1977, p. 36), Wieczorek and Jäger (1996). Rates of cliff retreat from: André (1997), André 
(2003), Barsch (1996), Delmas et al. (2003), Gerson (1982), Gutiérrez et al. (1998), Hales and Roering (2009), Heimsath and McGlynn 
(2008), Hétu and Gray (2000), Humlum (2000), Matsuoka (2008), Rapp (1960), Sass and Wollny (2001), Sass (2010), Seong et al. (2009). 
Note1: Several of the cited papers for rates of cliff retreat contain compilations of previous works that were implicitly included into 
the bar diagrams. Note 2: Because of highly different methods and different time intervals of observations used to deduce erosion rates 
of cliffs, comparison of rates of talus accumulation with retreat rates of cliffs in a simple bar diagram was preferred. Because the bar 
diagram is a mere comparison of rates without time interval of observation, the comparability of these datasets is limited. See text for 
discussion. 
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debris-transport by snow avalanches has increased, sin-
ce stripping of vegetation (Sass et al., 2006; Sass et al., 
2010). These observations underscore the role of vege-
tation in long-term dynamics and distribution of active 
scree slopes. 

Conclusions

(1) 
In the Eastern Alps, active scree slopes within the de-
tachment scars of two late Holocene rock avalanches 
had accumulated at mean rates of 7–18 mm/a over time 
spans of about 1.7–3.8 ka. The rock cliffs (detachment 
scars) that shed the scree extend from ~900–1700 m 
a.s.l. (Haiming) and from ~900–2100 m a.s.l. (Tschirgant). 
At the time of rock avalanching, the mountain flank la-
terally adjacent to the scree slopes was forested, as it is 
today. 

(2) 
A ‚Sadler plot‘ (= accumulation rate as a function of 
time interval) implies that the mean accumulation rates 
of the talus in the detachment scars are high, but not 
exceedingly higher than mean accumulation rates of 
other scree-slope successions. Furthermore, the ‚Sadler 
plot‘ suggests that the rate of scree deposition was much 
higher early after rock avalanching, and then diminished. 

(3) The two talus slopes are located at much lower alti-
tudes than most other scree slopes of the Eastern Alps. 
A comparison of meteorological data (1971-2000) from 
stations ranging from 498 to 3105 m a.s.l. suggests that 
the intense scree production is hardly explained by the 
annual number of ice days (IC; days with T < 0°C); the 
annual number of freeze-thaw days (FTD), in contrast, 
remains nearly constant from station Haiming (695 m 
a.s.l.) up to Obervermunt (2040 m a.s.l.). Thus, talus pro-
duction may be mainly controlled by FTD or by, both, 
FTD and ID compensating each other with increasing 
altitude. In addition, processes unrelated to frost pro-
bably signficantly contribute to scree production, such 
as ‚scraping‘ off scree by heavy rainfalls and snow casca-
ding/avalanching down cliffs, spalling of rock by incre-
ased pore-water pressure, and rock cracking by thermal 
stress fatigue well-above the freezing point. 

(4) 
As mentioned, the two talus slopes accumulated in bet-
ween mountain slopes that were forested at the time 
of rock avalanching, and at much lower altitude than 

the annual frost cycle, may both be similarly effective in 
producing scree, compensating each other over a large 
span of altitude. This may help to explain the presence of 
scree-slope apices over an altitude range of more than 
1.2 kilometer (Table 2). (c) Finally, the combined effects 
of processes related to rain, snow and ‚dry‘ temperature 
cycling may be similarly effective in liberating scree 
from cliffs than is frost-related weathering. Relative to 
the large research effort invested since decades into 
frost weathering, however, to date the roles of ‚non-
cold processes‘ in cliff erosion and scree accumulation 
are only scarcely explored (André, 2003). At least in cliffs 
of faulted and jointed carbonate rocks, rainfall is a ma-
jor factor in supplying scree to talus; furthermore, hy-
drostatic pressure in fractures or along bedding planes 
and schistosity can trigger rockfalls even well-after rain 
(Krautblatter and Dikau, 2007). 

Significance of vegetation

Between 380 A.D. to 2050 B.C., the upper treeline eco-
line in the Eastern Alps was located between about 
2150–2280 m a.s.l. (Nicolussi et al., 2005); the moun-
tain flank from which the two rock avalanches detached 
thus were covered by forest, similar to its present status. 
Scree production subsequent to rock avalanching pro-
ceeded: (a) in an altitude range vegetated for thousands 
of years before, and (b) in an interglacial climate well-
after deglaciation. This seems to contradict a concept of 
scree production and vertical distribution of active scree 
slopes based chiefly on the annual frost cycle. 
	 I suggest that the prevalence of active scree 
slopes in a certain altitude range is chiefly related to 
post-glacial climb of vegetation (cf. Table 2), superposed 
with the altitude range of all processes that can produ-
ce scree from cliffs. In this interpretation, the concept 
of the ‚frost-cracking window‘ remains valid, yet frost 
cracking is just one of several important processes to li-
berate rock fragments from cliffs. This interpretation im-
plies that rocky slopes that potentially could shed scree 
may be shut off talus production by being vegetated. 
In the NCA, cliffs hundreds of meters in height became 
stripped of vegetation and soil by wildfires; this resulted 
in bare-rocky cliffs (termed ‚Plaike‘ in German) inter-
calated between forested mountain flanks of identical 
steepness. For instance, Arnspitz Plaike near Innsbruck, 
formed in 1946, still is only patchily colonized by grasses, 
Ericaceae, and Primula auricula (Sass et al., 2006). Three 
talus fans along the toe of the Plaike have significantly 
gained in volume and activity, and ‚diffuse‘ downslope 
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most other scree slopes of the Eastern Alps. I suggest 
that the prevalence of presently active scree slopes in a 
certain altitude range (~1800 to ~2600 m a.s.l.) of the 
Eastern Alps results from: (a) the overall morphology and 
altitude of the orogen, (b) medium-scale morphology 
produced mainly by glacial erosion, (c) post-glacial climb 
of vegetation, superposed with (d) an optimal combina-
tion of all processes (irrespective of their altitude range) 
capable to liberate scree from cliffs, and at a combined 
rate high enough to sustain a sizeable, active scree slope. 
This interpretation does not invalidate but embeds the 
concept of the ‚frost-cracking window‘. The role of vege-
tation cover in influencing scree production from steep, 
rocky mountain flanks (technically cliffs up from slope 
dip ≥45°) has been underestimated. 

Table III: Event ages of rockslides, and calculated mean rates of talus accumulation. 

Rockslide event

Haiming 3

Tschirgant 1

Tschirgant 2

Mean event age(s)

cal AD 380-240

3735 ± 125
3785 ± 105
3740 ± 100
combined mean:
3753 ± 191 cal yrs BP

3470 ± 220
2975 ± 275
3010 ± 70
2505 ± 175
combined mean:
3151 ± 359 cal yrs BP

Reference for age

Figure 4
(Patzelt, pers. comm.)

Prager et al. (2008, p. 400)

Prager et al. (2008, p. 400)

Mean talus accumulation rates

17 - 18.4 mm/a 
(for 30 m talus thickness)

7.1 - 7.9 mm/a
(for 28 m talus thickness)

8 - 10 mm/a
(for 28 m talus thickness)
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