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IZVLEČEK
Raziskovano območje se nahaja v dolinah Planice in Tamarja v Julijskih Alpah. V
obdobju pleistocena je dolini prekrival ledenik, ki je ob svojem umikanju za seboj puščal
tipične ledeniške sedimente v obliki danes vidnih ledeniških moren. Ledenik je dolini
preoblikoval v značilno U obliko, ki jo danes predstavljajo strme stene iz zgornje triasnih
karbonatov ter relativno ravno dno. Ob umiku ledenika so dolini začel zasipavati raznoliki
sedimenti, prenešeni pretežno z gravitacijskim in vodnim transportom, ki tvorijo raznolika
sedimentna telesa. Manjše topografske depresije in ravnice na dnu dolin so zapolnili jezerski
sedimenti ter fluvialni nanosi. Dno in predvsem spodnji del pobočij dolin prekrivajo obsežna
sedimentna telesa aluvialnih pahljač, drobirskih pahljač ter pobočnega grušča v obliki melišč.
Na posameznh sedimentnih telesih se nahajajo območja aktivne, deloma aktivne in neaktivne
sedimentacije, zaradi česar so sedimentna telesa med seboj zelo prepletena. V prvem delu
raziskave sem izdelal detajlno geomorfološko karto dolin Planice in Tamarja, na kateri sem
označil vsa sedimentna telesa ter območja njihove aktivnosti. Najbolj aktivne in kompleksne
so aluvialne pahljače. V drugem delu raziskave sem izdelal poglobljeno analizo pahljače PVE
3 v bližini Nordijskega centra Planica. Z metodo radiokarbonskega datiranja paleoprsti sem
ugotovil, da se je v distalnem delu pahljače, v približno 755 let dolgem obdobju odložilo okoli
dva metra sedimenta. S časovno-prostorsko rekonstrukcijo na podlagi starih ortofoto
posnetkov sem ugotovil, da so v obdobju zadnjih 60 let nekateri kanali na pahljači postali
aktivnejši, nekateri pa so iz aktivne faze prešli v neaktivno. Z metodo dendrogeomorfološke
rekonstrukcije aktivne sedimentacije podprte z meteorološkimi podatki sem ugotovil, da se je
v obdobju 80 let zgodilo šest večjih masnih transportov preko aktivnega dovodnega kanala na
aluvialni pahljači PVE 3. Štirje dogodki so se zelo verjetno zgodili v letih 1969, 1990, 1996 in
2009 ter dva dogodka, ki sta se najverjetneje zgodila v letih 1935 in 1980.
Ključne besede: dolini Planice in Tamarja, Julijske Alpe, holocenski pobočni procesi,
geomorfologija, dendrogeomorfologija, aluvialne pahljače
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ABSTRACT
The research area is located in the Planica-Tamar Valley in the Julian Alps in northwestern Slovenia. In the Pleistocene the valley was covered by glacier which, during its
retreat, deposited glacier sediments that are today forming moraines. In addition to this it
formed a typical U-shaped glacial valley bounded by steep slopes mainly composed of Upper
Triassic carbonates and relatively flat floor. Since the glacial retreat the valley has been
continuously filled by various types of sediments, which are now forming distinct
sedimentary bodies. Topographic depressions and plains at the valley’s floor were filled with
lacustrine and fluvial deposits. The valley’s floor and mainly the lower parts of the slopes are
covered by extensive sedimentary bodies of alluvial fans, debris flow fans and talus slopes
(screes). There are areas of active, semi-active and inactive sedimentation on each
sedimentary body, which make the sedimentary bodies very intertwined with each other. In
the first part of the research a detailed geomorphological map of the Valley has been made, on
which individual sedimentary bodies with areas of active, semi-active and inactive
sedimentation are marked. Most active and also most complex sedimentary bodies are alluvial
fans. In the second part, more detailed research of the alluvial fan PVE 3, located near the
Planica Nordic Centre has been made. With radiocarbon dating of a paleosoil horizon, a rate
of sediment deposition in the distal part of the fan was calculated to be approximately two
metres per 755 years. Spatio-temporal reconstruction of the last 60 years based on old aerial
photographs showed the avulsion of distributary channels and different spatial distribution of
active and inactive parts of the fan. More precise temporal analysis using
dendrogeomorphologic reconstruction, correlated with meteorological data indicates six major
depositional events that occurred via active distributary channels on the alluvial fan PVE 3 in
the last 80 years. Four highly likely events occurred in the years 1969, 1990, 1996 and 2009
and two events possible occurred in the years 1935 and 1980.
Key words: the Planica-Tamar Valley, Julian Alps, Holocene slope mass movement,
geomorphology, dendrogeomorphology, alluvial fans
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EXTENDED ABSTRACT
The Planica-Tamar Valley is located in the Julian Alps in north-western Slovenia and
represents a typical mountain glacial valley bounded by cliffs composed of Upper Triassic
carbonates. The Valley is orientated in the north-south direction with the beginning at the
Rateče village where it is transversely orientated to the east-west orientated Upper Sava
valley. After approximately 7 km it ends at the slopes of the mountain Jalovec.
During Last Glacial Maximum (LGM) in the Pleistocene, the valley was covered by
glacier, which formed the valley’s typical U-shape, represented by steep slopes and relatively
flat valley floor. After it’s retreat in the latest Pleistocene, the glacier deposited large amounts
of glacial till in a form of glacial moraines. In addition, fine-grained sediment was washed out
and deposited in minor lacustrine deposits. Moraines are forming topographic ridges, with the
largest one covering more than 70 ha at the bottom of the valley. The valley is currently being
filled with numerous Holocene sediments deposited by rock falls, landslides, mass gravity
flows and fluvial flows. Such deposits are forming sedimentary bodies of fluvial deposits,
talus slopes, debris flow fans and alluvial fans. Each sedimentary body exhibits areas of
active, semi-active and inactive sedimentation. Sediment on talus slopes is deposited solely by
rock fall, while in other sedimentary bodies the main mode of transport are fluvial flows and
lesser sediment gravity flows. Since there are no permanent water streams, sedimentary
deposition on the alluvial fans and fluvial deposits in the Planica-Tamar Valley is mostly
caused by heavy precipitation during autumn and snow melt or precipitation during spring.
Based on their distinct geomorphic features and sediments, sedimentary bodies were mapped
and also areas of active, semi-active and inactive sedimentation on each individual body were
marked. Based on the field work and mapping, it is concluded that the Planica-Tamar Valley
represents a typical mountain environment where Pleistocene glacial sedimentation was
succeeded by Holocene slope sedimentation, which is mainly driven by water and gravity.
This is why sedimentary bodies in the Planica-Tamar Valley form a complex sedimentary
system.
Alluvial fans represent one of the largest, most common and complex sedimentary
deposits in the Planica-Tamar Valley. More detailed research was conducted on the alluvial
fan named PVE 3. Sediment on the fan is transported by bedload in fluvial flows through
active torrential feeder channels and deposited via distributary channels in forms of sieve
deposits and fan shaped torrential sedimentary lobes and sheets in the middle and distal parts
of the alluvial fan. Sieve deposits, torrential lobes and sheets represent episodic depositional
events caused by large amounts of available water. Depositional channels tend to migrate on
the surface of the fan. Evidence includes buried paleosoil horizons and inactive distributary
channels.
At the right side of the alluvial fan PVE 3, in an incised torrential channel bordering
alluvial fan PVE 2a, we found exposed paloesoil horizons. Paleosoil contains roots and
iii

branches of plants, which were buried at the same time as paleosoil. The method of
radiocarbon dating of wood found in a buried paleosoil horizon gave an insight of active
sedimentation rates from approximately the year 1260 A.D. onwards (C14 age of the sample is
690 ± 60 BP). Paleosoil horizon is located in the distal part of alluvial fan and it is buried by
approximately two metres of sediment. Thin beds and lenses of sediment located above the
buried paleosoil indicate a continuous sedimentation via migrating distributary channels. This
indicates that approximately two metres of sediment deposited in the last 690 years at the
distal part of the fan PVE 3.
Comparison of old aerial photography with the most recent one created a spatiotemporal reconstruction of feeder channels activity on the surface of the alluvial fan PVE 3
for the period between 1954 and 2015. Four distinct distributary channels were observed,
labelled with the letters a, b, c and d. Channel a remained similarly active throughout the
period of six decades while channel b and c become wider and more active. Meanwhile
channel d become inactive and overgrown by vegetation in the late 1970s and early 1980s.
Deposition of sediment has an impact on trees, mostly exhibited as tree burial. In this
research I have dated several major deposition events on the alluvial fan PVE 3, using
dendrogeomorphological methods and tree-ring studies. Two major sampling sites were
chosen on the surface of the fan named PVEL and PVED. Sampling site PVEL is located at
the depositional area of sediment at the end of most active channels b and c, while sampling
site PVED is locate at the area of channel a. Dendrogeomorphological methods and tree-ring
analysis represent the first such studies used in Slovenia for a spatio-temporal reconstruction
of a complex active sedimentary environment. The sampling was conducted in 2015 and 141
trees (species Picea abies, Abies alba, Larix decidua) growing on the fan were cored and
geopositioned. Additionally, 28 spruces and firs out of 141 sampled trees were used for
development of reference chronologies. Dating of deposition events with an accuracy of one
year is based on the tree-ring analysis of different types of growth disturbances: scars,
traumatic resin ducts, reaction wood and growth reductions. Growth reductions resulted to be
the most prominent growth disturbances with a high occurrence within the same year, and are
considered to be caused by major sedimentary depositional events. Growth reductions were
most prominently expressed in the area of the alluvial fan named PVEL, where sedimentary
fan shaped lobe transported via distributary channels b and c is located. Based on dated
growth reductions, which were considered to be caused by depositional events, six potential
depositional events were established. Potential depositional events were later compared with
meteorological data from the Rateče weather station, mainly with high precipitation values
that occurred in the period of 24 and 48 hours. The comparison of dated high precipitation
values coincides with four dated growth reductions, while one cannot be correlated due to
lack of meteorological data (growth reductions in the year 1935) and the other does not
correlate with meteorological data (growth reductions in the year 1980). Four growth
reductions dated in 1970, 1991, 1996 and 2010 correlate with high 24 and 48 hour
iv

precipitation values in the years 1969, 1990, 1996 and 2009. Based on the correlation between
growth reductions and meteorological data highly likely events occurred in the years 1969,
1990, 1996 and 2009. In addition based on lack of rows of traumatic resin ducts and reaction
wood it is believed that deposition events did not have high destructive energy. The results
show a direct link between growth disturbances in trees caused by deposition events which
are correlated with high precipitation events.
The methods used in this research proved to be highly effective in the research of
slope mass movements and they could be used in further research in the Planica-Tamar Valley
or other similar depositional environments.
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1. INTRODUCTION
1.1 AIMS OF RESEARCH
Slope mass movements are very common in Slovenia and cause damage on
infrastructure and also take human lives (Komac, 2009a). The Julian Alps are characterised by
steep slopes, which is why they present an area with very high susceptibility for slope mass
movements (Komac et al., 2009b). The Planica-Tamar Valley is a mountain valley typical of
the Julian Alps and it is perhaps most famous for its ski jumping facility. Today’s morphology
of the valley is a result of base rock geology, tectonics and complex Quaternary sedimentation
characterised by glacial activity during Last Glacial Maximum (LGM) in the Pleistocene and
slope mass movements in the Holocene. The retreat and disappearance of the glacier gave the
Valley its typical U-shape with steep slopes and relatively flat valley floor, along with a large
amount of glacial sediments which are still visible on the surface today. After the glacial
retreat the valley has begun to be filled with sediments of different types of slope mass
movements (Šmuc et al., 2014). Accessibility of the Planica and Tamar Valley, its climatic
characteristics, base rock geology, activity and variety of the slope mass movements localized
in one valley, make it an ideal place for studies of dynamics of Holocene slope mass
movements.
The research of Holocene slope mass movements in this thesis includes:


Detailed geomorphological map of the Planica and Tamar Valley.



Reconstruction of spatio-temporal activity of active alluvial fan PVE 3 in the vicinity
of the Planica ski-jumps based on:
o Radiocarbon dating of buried paloesoil.
o Spatio-temporal reconstruction based on aerial photography.
o Tree-ring studies and dendrogeomorphological analysis.

Integrating tree-ring studies with geomorphic and sedimentological studies has been
used in Slovenia for the first time.
1.2 GEOGRAPHIC PLACEMENT
The Planica and Tamar valleys are located in the north-western part of Slovenia in the
Julian Alps (Figure 1A). The Planica valley is orientated in the north-south direction,
transversely to the east-west orientated Upper Sava Valley and at the vicinity of the Tamar hut
at the altitude of 1100 m it transits to the northwest-southeast orientated Tamar Valley (Figure
1B). For the purpose of this research I refer to both valleys as the Planica-Tamar Valley. The
valley begins close to the Rateče village at the approximate altitude of 850 metres above sea
level. It is bounded by mountain ridges of Ciprnik Mountain, Slemenova Špica and
Mojstrovka mountain ridge at the east side and by the mountain ridge of Ponca group at the
west side, where the Planica ski-jumps are located (Figure 1B). The valley ends under the
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slopes of the Jalovec Mountain. The research area is located in the quadrant (WGS84
coordinates):
N: 46° 28.974'

S: 46° 26.685'

E: 13° 43.788'

W: 13° 42.498'

Figure 1: Location of the research area in Slovenia marked by a red rectangle (Figure A in top left corner)
and research area of the Planica-Tamar Valley marked by a red rectangle in the middle of picture B
(Atlas Slovenije, 2005).
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1.3 GEOLOGICAL SETTING OF THE PLANICA-TAMAR VALLEY
In the structural sense the Planica-Tamar Valley belongs to the Southern Alps, which
are composed of several nappes. Together with the Julian Alps the valley belongs to Julian
Nappe which at the research area is composed of Tamar thrust block and Krn thrust block
(Figure 2) (Placer, 2008, Celarc & Placer, 2006, Gale et al., 2015). Base rock geology of the
valley is mainly composed of Upper Triassic rocks (Jurkovšek, 1987a, b, Gale et al., 2015)
and is presented in the Figure 3. The oldest lithological unit is Julian Conzen Dolomite with
massive to poorly pronounced bedding. In some cases it is stromatolitic laminated and
includes fenestrae and oncoids. Conzen Dolomite is conformably overlain by Tor Formation,
which is also referred to as the Tamar Formation in previous research (Ramovš, 1981,
Ogorelec at al., 1984). It consists of siltstone, marly limestone, thin-bedded dolomite and
limestone. Fossils of small gastropods, mollusc fragments and foraminifera indicate a JulianTuvalian age. The third unit is the massive to poorly-bedded Lower Tuvalian Portella
Dolomite. It is followed by the Tuvalian Carnitza Formation with planar or nodular dolomite
beds that are often separated by a few centimetres thick claystone interbeds. The Carnitza
dolomite is overlain by 300 m thick Tuvalian-Rhaetian Bača Dolomite Formation. It is
composed of thin to medium thick beds of dolomite with chert nodules and lenses. The
Rhaetian Dovška Bab/Fraunkogel Formation overlies the Bača Dolomite. In its lower part it
contains marlstone and a few graded and laminated fine- to medium coarse rudstone and
grainstone beds. It is followed by dark bituminous and laminated platy limestone alternating
with marlstone. Chert is present in rare small nodules and thin lenses, while bedding is often
disrupted by slumps. The whole sequence is truncated at the top by the Resia-Val Coritenza
thrust bringing it in tectonic contact with subtidal to peritidal Norian-Rhaetian Dachstein
Limestone (Celarc & Placer, 2006, Gale et al., 2015).

Figure 2: Structural position of the research area in the Julian Alps (adapted from Placer, 2008, Gale et
al., 2015).
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Figure 3: Geological map of the Tamar Valley (Gale et al., 2015).

1.4 PREVIOUS RESEARCH IN THE PLANICA-TAMAR VALLEY
Bohinec (1935) described the morphology and glacial deposits in the broader area of
the village Rateče, including the Planica-Tamar Valley. Ramovš (1981) and Ogorelec et al.
(1984) described Carnian beds in the Tamar Valley. The area was mapped for the Basic
geological map of SFRJ (Jurkovšek et al., 1987a, Jurkovšek et al., 1987b). A brief description
of the Ciprnik debris flow is in the works of Komac & Zorn (2007) and in the works of
Komac et al. (2009b). Zupan (2013) determined the geometry of seven fans and their
respective hinterlands at the eastern side of the Planica Valley underneath the Ciprnik
Mountain. Additionally he analysed the clast orientation on the surface of the Ciprnik debris
flow fan. Gale et al. (2015) analysed stratigraphic sequences of the Upper Triassic rocks in the
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Tamar Valley. Šmuc et al. (2015) presented spatio-temporal dynamics of a complex Ciprnik
landslide in the Tamar Valley. Novak & Šmuc (2015) presented the geomorphological map of
the Planica-Tamar Valley with sedimentological description of analysed sedimentary bodies.
Novak et al. (2016) did the dendrogeomorphological reconstruction the alluvial fan in the
Planica Valley close to the Planica ski jumping facility. Glacial deposits and the moraine in
the bottom of the Tamar valley and surrounding mountains are mentioned in the works of
Triglav Čekada et al. (2016). Briški (2016) analysed sediments in the area of Stara Kreda in
the Planica Valley located at the eastern side of the Valley.
1.5 CLIMATIC SETTING OF THE RESEARCH AREA
The Planica-Tamar Valley is an alpine valley with a climate typical for low mountain
regions. Its main characteristics are a high annual precipitation and a low annual temperature.
Meteorological data was acquired by the Slovenian Environment Agency (Agencija
Republike Slovenije za Okolje – ARSO) from the meteorological station Rateče in the village
Rateče, which is the closest meteorological station to the studied site. Figure 4 show climatic
diagram for the period between 1971-2000 for the meteorological station Rateče (ARSO,
2016a). In the period of meteorological measurements (from 1. 1. 1961 onward) at the station
Rateče there was a steady increase of average temperature value and decrease of the amount
of precipitation. In addition the amount of precipitation is spread differently through the year
with the increased in the season of autumn usually in form of rainfall and decrease in other
seasons (ARSO, 2016a).

Figure 4 : Meteorological data for the Rateče station during the period 1971-2000. Blue colour is
precipitation per month and red is average monthly temperature (ARSO, 2016a).

1.5.1 Precipitation
Based on the averaged corrected precipitation data for period 1971 to 2000 (Figure 5),
the mean annual precipitation values for Rateče vary between 1800 and 2000 mm (ARSO,
2016b). Mean annual precipitation values increase in the Planica-Tamar Valley to 2000 to
2600 mm in the major part of the valley while in the most southern part of the Tamar Valley
underneath the Jalovec Mountain it reaches between 2600 and 3200 mm (Geoportal ARSO,
2016). On average the majority of precipitation occurs in the autumn (Figure 4).
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Figure 5: Averaged corrected precipitation data for Slovenia during the period 1971 to 2000 (ARSO,
2016b). Research area is marked with red rectangle.

The research area also has a high 24 hour value of precipitation for the return period of
100 years (Figure 6, ARSO, 2016b). The values increase from Rateče at the north to the most
southern parts of the Tamar Valley underneath the Jalovec Mountain. Values in Rateče range
between 180 to 210 mm, in the area of the ski-jumps is from 210 to 240 mm, in the area of
Tamar hut from 240 to 270 mm and underneath the Jalovec Mountain in the Tamar valley
from 270 to 300 mm (Geoportal ARSO, 2016). Such high values of precipitation in a short
period of time are considered as events that can lead to sediment transport in the form of slope
sediment movement (Šmuc et al. 2015). Based on meteorological statistics for the Rateče
station for a period from 1948 to 2014 there are precipitation value records for annual,
monthly and daily events. The year with the highest precipitation was 1965 with 2290 mm.
The month with highest precipitation was November 2000 with 614 mm and the highest
precipitation in 24 hours with 180 mm occurred on 5. 9. 2009 (ARSO, 2016a).
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Figure 6: 24 hour value of precipitation for the return period of 100 years (ARSO, 2016b). Research area
is marked with red rectangle.

1.5.2 Temperatures
Average annual temperature in Rateče based on data from 1971 to 2000 (Figure 7) is
from 6 to 8°C, while the majority of the Planica-Tamar valley has 6 to 4°C. The most
southern part of the Tamar Valley underneath the Jalovec Mountain has average annual
temperatures from 2 to 4°C (Geoportal ARSO, 2016).

Figure 7: Average annual temperature of Slovenia the period from 1971 to 2000 (ARSO, 2016b). Research
area is marked with red rectangle.
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2. THEORETICAL BACKGROUND
The Planica-Tamar Valley, together with the Julian Alps, present a high mountain
environment, which in the Quaternary went through a period of climatic oscillations or
glaciations. In the period of Last Glacial Maximum (LGM) the majority of the Alps were
covered by glaciers which were the major erosional and transport medium of sediment. With
the retreat and disappearance of glaciers, glacier sediments were either eroded or covered by
Holocene sequence of sediments due to Holocene tectonics, water erosion and mass
movements (Bavec & Pohar, 2009). The Planica-Tamar Valley presents typical mountain
environment where Pleistocene glacial sedimentation is succeeded by Holocene sediment
mass movements and fluvial sedimentation.
2.1 TYPES OF SLOPE MASS MOVEMENTS
Transport of sediment on a slope can be purely gravitational, but more commonly it is
the result of water flow, ice or air movement. Slope movements include rock falls, toppling,
translation sliding, rotational slide, gravity mass flow and lateral spreading. In addition
complex slope mass movement is also recognized, which is generic name for slope mass
movements (Highland & Bobrowsky, 2008, De Blasio, 2011). Descriptions of these
movements adapted from Highland & Bobrowsky (2008) and De Blasio (2011) are:


Rock fall occurs as a detachment of soil or rock, or both, from a steep slope surface on
which little or no shear displacement has occurred. Detached material descends mainly by
falling and moving freely in the gravitational field, with occasional bouncing or rolling in
the contact with the terrain (Figure 8a).



Toppling is recognized as the forward rotation of a vertical slab out of a slope of a mass of
soil or rock around a point or axis below the centre of gravity of the displaced mass
(figure 8b). Such movement is typical of vertical slabs lying on soft, unconsolidated
terrain. For a long period the movement of a slab may be very slow, which eventually
culminates in a catastrophic fall.



Translational slide is a downslope movement of a soil or rock mass along a shear surface,
which in the case of translational slide is planar and originates from a weakness zone
(Figure 8c). The identity of the shear surface is somehow preserved and distinguishes a
slide from a flow.



In case of rotational slide the detachment surface is roughly circular or spoon-shaped. In
comparison to translational slide the detachment surface is created by the failure itself and
derives from the geometrical distribution of the shear stress (Figure 8d)



A flow is a spatially continuous movement in which the surfaces of a shear are shortlived, closely spaced, and usually not preserved. The component velocities in the
displacing mass of a flow resemble those in a viscous liquid. Often, there is a gradation of
change from slides to flows, depending on the water content, mobility and evolution of the
movement (Figure 8e).
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Spreading is an extension of a cohesive soil or rock mass combined with the general subsidence of the fractured mass of cohesive material into softer underlying material (Figure
8f). Spreads may result from liquefaction or flow (and extrusion) of the softer underlying
material. In the case of rock spreading, which is also referred to as creeping, the rate is
often slow (from one tenth of mm to 10 cm per year) while soil spreads can move
extremely fast, with a speed in the range of several meters per second.
Complex mass movement is a generic name for movement which changes behaviour
during the movement. An example of such movement is a falling rock slab turning into
granular flow or a flow slide in which a portion of soil loses cohesion during the flow to
the point of becoming a completely fluidized mass.

Different types of slope mass movements are presented in Figure 8. In Table 1 the
possibilities of slope mass movements depending on the movement or material are presented.

Figure 8: Six typs of slope mass movements: (a) fall, (b) topple, (c) translational slide, (d) rotational slide,
(e) flow and (f) lateral spreading (De Blasio, 2011).
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Table 1: : Classification of slope mass movements depending on type of movement and material (De
Blasio, 2011).

Movement
Fall
Topple
Translational slide
Rotational slide
Lateral spreading
Flow

Material
Rock
Rock fall
Rock topple
Rock slide
Rock slump
Lateral rock
spreading
Rock flow or
Sackung

Debris
Debris fall
Debris topple
Debris slide
Debris slump
Lateral debris
spreading
Debris flow

Soil or earth
Soil fall
Soil topple
Soil slide
Soil slump
Lateral soil spreading
Soil flow

Complex

2.2 PHYSICAL BEHAVIOUR OF GRAVITY MASS FLOWS
On steep slopes of mountainous areas a combination of gravitational and water
transport forms different slope mass movements which are determined by the amount of water
and the type of material (Coussot & Meunier, 1996). A classification of these mass
movements is presented in Figure 9.

Figure 9: Classification of mass movements on steep slopes as a function of solid fraction and material
type (Source: Warburt, 2007, adapted from: Coussot & Meunier, 1996).
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In general mass movements are divided into rheological flows (cohesive flows),
granular flow (non-cohesive or frictional flow), rock falls and topples, slow landslides and
creep and other mass flows similar to slope mass movement (De Blasio, 2011).
Rheological flows (cohesive flows)
Depending on composition, rheological flows may be called debris flows (if the
composition has certain variability in clast size), mudflows (if mostly composed by fines as in
the previous example), or hyperconcentrated flows (if the water is present in higher degree,
resulting in a Newtonian fluid behaviour like in a flooding river) (De Blasio, 2011).
Cohesive debris flows occur when the cohesive strength of the matrix is the dominant
clast-support mechanism considerably supported by buoyancy (Reading, 1996). Such debris
flows usually consist of a fine-grained matrix with a high content of clay-size material.
Depending on the viscosity of the matrix and the speed of the flow, laminar or turbulent flow
develops, with the latter being more dilute. Because of their fine-grained and lowpermeability matrix they dewater slowly, sustain their mobility and are able to move on low
gradient surfaces. A fine-grained matrix with high viscous strength and density is able to carry
large clast, some of which tend to float close to the upper surface of the flow. Cohesive debris
flows normally spread over a wide area transporting the sediment for quite a long distance.
Due to the flows’ rheological plasticity they tend to “freeze” once shear stress can no longer
overcome internal shear strength. This results in very poorly sorted sedimentary deposits with
no internal bedding or lamination and with large clasts “floating” in a fine-grained matrix.
Such deposits of cohesive flows are termed as debrites (Reading, 1996).
Granular flows (non-cohesive flows or frictional)
Mobility of non-cohesive debris flows is derived from intergranular collisions which
create dispersive pressure as a result of shearing. Non-cohesive debris flows develop only on
steep slopes with well-sorted sand and gravel. One property of grain flows is that large
particles work their way into higher parts of the shearing layer during processes of dispersive
pressure and kinetic sieving. This is why clast sizes are commonly preserved as inverse
grading. A large-scale granular flow normally develops from the collapse of an initially
unbroken rock slab which rapidly disintegrates due to high-energy impact, internal
deformation and crushing. Non-cohesive grains move in a bedload transport, which is the
movement of grains (usually sand and gravel) close to the bed by rolling or bouncing as a
result of the shear of the overriding flow (Reading, 1996).
Rock falls and topples
Physical behaviour of rock falls and topples is characterized by the fall of blocks in
isolation in the gravity field. The path of blocks mostly occurs in a free fall with the final
impact on the ground, or it may bounce against hard rock, and then collide and roll on soft
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ground. In case of topples the slabs may partly disintegrate with impact the ground, without
much horizontal movement (De Blasio, 2011).
Slow landslides and creep
Certain slope mass movement can be very slow and it may respond to the presence of
clay layers underneath the rock formation or can be associated to fractures along a weak plane
(De Blasio, 2011).
Other gravity mass flows similar to slope mass movement
Gravity mass flows similar to slope mass movement, are suspension flows in which
solid particles travel in a suspension flow of a medium such as air or water. Suspension flows
are the result of a complex physical interplay between the solid particles and turbulent fluid.
Such flows are pyroclastic flows, turbidity currents and snow or ice avalanches (De Blasio,
2011).
2.3. GLACIAL TRANSPORT
In glaciated areas moving ice is one of the major erosional and transport mediums,
which produces characteristic landforms and distinctive sediments (Nichols, 2009).
Unconsolidated sediment transported by ice is referred to as till while lithified sediment is
called tillite. Glacial erosion produces sediment fractions of various sizes and since ice flow
movement is laminar, different parts of the ice body do not mix and therefore material carried
by ice does not mix well. Glacially transported debris is therefore typically very poorly sorted
(Nichols, 2009). Accumulations of till are referred to as moraines.
2.4 SLOPE SEDIMENTARY BODIES
2.4.1 Talus slopes
Talus slopes are sedimentary bodies typical for mountain areas where detritus is
accumulated near the bottom of the slope in a form of scree (Nichols, 2009). Detritus, in form
of grains, pebbles and boulders falls, bounces or rolls down the mountain sides and is often
reworked by water, ice and wind but sometimes remain preserved as talus cones, i.e.
concentrations of debris at the base of gullies. Sedimentary characteristics of these deposits
are angular to very angular clasts which are generally poorly sorted and crudely stratified.
Angular clasts result from a very short transport distances, typically only a few hundred
metres, which gives little opportunity for the edges of the clasts to become abraded. Very
rarely a small amount of sorting and stratification may result from percolating water flushing
smaller particles down through the pile of sediment. Bedding is therefore difficult to
recognize in talus deposits but where it can be seen, the layers are close to the angle of rest of
loose aggregate material (around 30°). Talus deposits are distinct from alluvial fans because
water does not play a role in the transport and deposition. Apart from mountain areas, scree
deposits occasionally occur along coasts and are rarely preserved in stratigraphic records
(Nichols, 2009).
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2.4.2 Alluvial fans
An alluvial fan is a cone-shaped sedimentary body which forms at a distinct break in
topography between the high ground of the drainage basin and the flatter sedimentary basin
floor (Nichols, 2009). From the drainage basin, a feeder channel funnels to the basin margin
at which point valley opens out at the topographic break point, allowing water and sediment
to spread out. After this point the flow soon loses energy and deposits the sediment load. Such
repeated depositional events build up a sedimentary body that has the form of a cone radiating
from the feeder channel to the sedimentary basin (Nichols, 2009). The slope of the alluvial fan
is usually steepest at the proximal area and gradually flattens away from the fan apex so the
slope over most of the surface of the fan may be only a degree steep (Nichols, 2009). The
alluvial fan body is geomorphologically divided into fan apex which is highest and most
proximal to the feeder channel, a fan-head channel that may be incised into the fan surface,
intersection point, at which flows expand laterally and fan toe that represents the most distal
part of the fan. Deposits are thickest at the apex and thinnest towards the toe (Figure 10,
Reading, 1996).

Figure 10: Radial profile of an alluvial fan showing the position of the intersection point (Reading, 1996).

Through time areas of active sediment transport (channels) and areas of sediment
deposition (depositional lobes and sheets) migrate on the surface of the alluvial fan. In the
areas where deposition of sediment by flow is inactive, soil can develop which can eventually
become buried by younger deposited sediment. Buried soil is referred to as paleosoil (also
fossil soil) and it provides important information about previous landscapes and in particular
indicating the paleoclimate, the type of vegetation growing and the time period during which
the land surface was exposed (Nichols, 2009).
Based on the major transport process operating on the fan, the fans are classified as
debris-flow fans, fluvial fans and sheet-flood fans, each one with its distinct morphological
and sedimentological characteristics. Description of each fan type is adapted from Nichols
(2009).
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2.4.2.1 Debris flow fan
Transport of sediment on the surface of this fan type is done via debris flows. The
deposition of debris flow is usually due to decreased gradient or loss of water content in the
flow. The thickness of deposited debris flow beds can vary from tens of centimetres to a few
metres and normally shows very little thinning orientated in a downflow direction. Clasts in
size from clay particles to boulders, are carried and because of the lack of the turbulence there
is no sorting of grain size within the flow. Consequently, debris flow beds have a matrixsupported fabric which is very poorly sorted. Outsized clasts with dimensions of a few metres
across may occur within the debris flow beds. Orientation of clasts is random with exception
to some elongated clasts that can be orientated parallel to the direction of debris flow. The
radius of such a fan is typically from few 100 metres up to one kilometre and debris flows
form distinct lobes on the surface of the fan (Figure 11).
2.4.2.2 Sheetflood fan
Deposition on sheetflood fans is caused by heavy rainstorms which bring a large
amount of water into the catchment area of an alluvial fan. Sediment is transported as bedload
and in a suspension flow which then spreads out over a portion of the fan surface as a
sheetflood. Sediment and water travel in a rapid supercritical turbulent flow that occurs on
slopes of about 3° to 5°. Sheetflood flows usually last for an hour. Sediment such as pebbles,
cobbles and boulders are carried with bedload transport while finer pebbles and granules may
be partially in suspension along with sand and finer sediment.
In such sheetflood flows standing waves form, which create antidune bedforms in the
gravel bedload. Antidune bedforms are often washed out as the standing wave breaks down.
The most common style of bedding in sheetflood fans are depositional couplets. They consist
of coarse gravel deposited as bedload when standing waves are formed and overlain by finer
gravel and sand deposited from suspension as the wave is washed out. During a sheetflood
flow event standing waves are constantly formed and destroyed. Depositional couplets are
typically 5-20 cm thick and form packages tens of centimetres to a couple of metres thick
formed by an individual flow event. Imbrication of poorly sorted clasts in couplets is common
and beds show normal grading due to waning flow. Individual sheetflood deposits may be
hundreds of metres wide and stretch from the apex to the toe of the fan, while individual
couplets within them are only a few metres across. This is why there appears to be little
difference between sheetflood deposits on the proximal and distal part of the fan, mostly due
to the lack of the fine sediment which is carried in suspension beyond the fan (Nichols, 2009).
Another common geomorphologic feature present on alluvial fans, especially in the case of
sheetflood fan is the so called sieve deposit. During transport of material sediment mixed with
water can lose volume downward on the slope through infiltration of water into the fan. Sieve
deposits form when infiltration of water into the fan is rapid and the sediment load is deficient
in fine grained material, resulting in lobes of clast-supported gravel with sharply defined
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downstream margins (Reading, 1996). Sheetflood fans usually have a radius of from one to
ten kilometres (Figure 11).
2.4.2.3 Stream-channel fan
A stream-channel fan has a small confined river channel that is emerging from a
feeder channel onwards on the surface of the fan. When the gradient reduces in the low slope
of the fan, gravel starts to deposit on a bar within the channel, forming a small-scale braided
depositional form. High discharge events eventually fill the channel causing active flow to
move either by a process of gradual lateral migration or by avulsion. Such braded river
channels migrate over the whole surface of the fan and deposit a continuous sheet of gravel,
while sand and finer load is transported beyond the alluvial fan onto the alluvial plain. The
length of the braided channel determines the radius of the fan which can be over 10 km from
the fan apex to the toe (Figure 11). Distinct channels can be preserved but individual beds
often have a sheet geometry which is a result of lateral amalgamation of channel deposits.
Sharply distinguished beds vary from clast-supported gravel to sand and include sedimentary
structures typical for braided rivers, such as imbrication and cross-stratification in gravels and
cross-beds in sand.

Figure 11: Types of alluvial fans (Nichols, 2009).
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2.4.3 Interaction of different sedimentary transports and deposits
In the high mountain environment it is not uncommon for slope deposits to onlap and
interfinger with each other and with older sediments. Cases from Northern Calcareous Alps
and Hohe Tauern (Sanders et al., 2009, Götz et al., 2013) in the Austrian Alps show a
complex intercalation of slope deposits, fluvial deposits, lacustrine deposits and glacial
deposits from the period LGM. Such intercalation of sediments shows type of prevailing
Quaternary sedimentary processes through time, which mainly depends on base rock geology
and climate. A result of sediment intercalation, which forms distinct sedimentary bodies are
geomorphological features that form a large amount of present day mountainous landscape.
2.5 TREE-RING AND DENDROGEOMORPHOLOGICAL STUDIES
2.5.1 Tree-ring studies
Wood, more precisely a tree-ring, is the centre of a dendrochronological study
(Levanič, 2012). Tree-rings are part of a complex set of tissues constituting a tree trunk
(Figure 12). One tree-ring, also known as growth ring or annual ring, represents the growth of
a tree in one growing season. A growing season is defined as a period in which one growth
ring is produced. Tree-rings are produced if the tree species grows in climatic conditions
where a growing season is interrupted by a longer period of unfavourable growing conditions
such as winter. The limit of one tree-ring is defined by a thin line called the tree-ring
boundary (Figures 12 and 13). The beginning of a growing season in one growth ring is
marked by earlywood, characterised by thinner cell walls and wider conductive elements.
Macroscopically earlywood of coniferous species has lighter colour than latewood, which is
produced in summer and has thicker cell wall, narrower conductive elements, is denser (it has
better mechanical properties) and is macroscopically darker than earlywood (Figure 13). This
explanation is a bit simplified and it does not take in account anatomic features between
coniferous and deciduous trees (Levanič, 2012).

Figure 12: Cross-section of a tree trunk with typical anatomic elements (Levanič, 2012).
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Figure 13: Example of earlywood and latewood with a tree-ring boundary marked with the lowest most
full black line (Stoffel, 2005).

The basic dendrochronological technique in the tree-ring studies is
dendrochronological dating, resulting in synchronization of rings representing growth seasons
of the tree with a calendar year. In cases of temperate and high latitude climatic regions,
growth is interrupted by winter which synchs perfectly with the calendar year, while in the
Mediterranean, in addition to winter, growth is interrupted by unfavourable conditions such as
heat and drought in summer. In the monsoon climate growth is determined by warm/moist
summers and cold/dry winters, which can be correlated quite well with the calendar year,
while this not the case in the wet tropical climate. There the growth is determined by internal
growth periods of the tree and has no link with the calendar year (Levanič, 2012). In the case
of the Alpine environment, the growing season lasts from May to September. Based on the
larch (Larix decidua Mill.) studies at the tree line the most prominent growth occurs in June
(Levanič, 2006).
2.5.2 Dendrogeomorphological studies
Trees are organisms that live in a certain environment that have a big reflection on its
growth and development. Trees and tree-rings are therefore natural records that store data
about the environment from a certain period of time in which the tree-ring was produced.
Several different factors impact growth of the tree (Figure 14), with climate being the most
prominent, which consequentially determines the habitat of a certain tree species. A species
such as black pine will grow in dry and warm environment, while spruce prefers an
environment where precipitation is high and the temperatures are low (Levanič, 2012).
Geomorphological factors that affect tree growth are conditioned by the growth site of a
single tree (Figure 14).
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Figure 14: Factors that determine the width of a tree-ring. Geomorphological factors are determined by
the growth site of a tree (Levanič, 2012).

The term dendrogeomorphology was first used by Alestalo (1971) who described how
slope-movement processes can affect the growth of trees in diverse ways depending on their
location. Effects on tree growth are best recognised from tree-ring width and anatomical
features that are referred to as growth disturbances (Figures 15 and 16). Each type of a growth
disturbance, caused by a distinct slope-movement is presented in the next few scenarios. In
the Figure 16 (scenario A) effects of tree decapitation on tree-ring growth are presented.
When the upper part of the stem (tree crown) is decapitated by impact of snow avalanche,
landslide, debris flow or rockfall, the result is severe growth reduction. Usually the upper
strongest branch or several branches, called the “leader”, take over the role of the stem and
growth gradually increases. It is also not unusual that impacted material causes injuries and
provokes formation of traumatic resin ducts (Stoffel et al., 2010).
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Figure 15: Examples of effects on tree-ring width and tree growth caused by several mass movements
(Stoffel, 2005).

Figure 16: Effects on a tree and tree-rings by tilting (notice reaction wood) caused by debris lobe and
growth reduction and reduced tree-ring width caused by burial of a tree with sediment (Stoffel et al.,
2010).
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In Figure 15 (scenario B) the tree was deeply injured and a scar was created. When
cambium is locally destroyed, increment cell formation is disrupted and new cell formation
ceases in the injured segment of the tree. A tree responds to injury with compartmentalizing
the wound and with formation of callous tissue at the edge of the injury (Figure 17 a-d). With
production of callus tissue cambium cells continuously overgrow the injury from the edge and
in ideal conditions this can lead to complete closure of the wound. In certain conifer species,
such as European larch (Larix decidua), Norway spruce (Picea abies) or Silver fir (Abies
alba), a tangential row of traumatic resin ducts are produced in the developing secondary
xylem (Figure 17d). Traumatic resin ducts extend both tangentially and axially from the
wound (Stoffel et al., 2010).

Figure 17: Macro (a-b) and microscopic (c-d) cases of an injured European larch (Larix decidua): (a)
Injured trunk (b) Cross-section of a trunk with overgrowth starting from the lateral edges of the injury.
(c) Callus tissue in the overgrowing cell layers bordering the injury (d) Tangential row of traumatic resin
ducts migrating from earlywood towards later portions of the tree-ring with increasing distance from
wound (Bollschweiler, 2007).

Effects of tree tilting are shown in Figure 15 (scenario C). Tilting of a tree can result
from a sudden pressure induced by geomorphic impacts or by the associated deposition of
material (such as debris lobe) (Figure 16). It can also be caused by the slow ongoing
destabilization of a tree through landslide activity or creeping. This is why tilted trees are used
in many dendrogeomorphological studies to date slope movement events. The trunk of a tree
will always try to regain its vertical position and reaction to tilting will be visible in the
segment of the trunk where the centre of gravity has been moved by the inclination of the
stem axis. Tilting in a cross section is clearly visible by eccentric growth rings, which allows
accurate disturbance dating (Figure 16). Coniferous trees will also produce reaction wood (in
case of coniferous trees known as compression wood) on the underside of the trunk. Rings on
that side will be wider and macroscopically darker compared to the upslope side, due to the
much thicker rounded cell walls of early- and latewood tracheids (elongated cells in xylem of
vascular plants that serve in the transport of water and minerals) (Figures 16 and 18).
Broadleaved trees react differently by forming tension wood and eccentricity at the upper side
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facing the tilting agent. Growth reduction of tilted trees may also occur due to destruction of
roots during slope movement (Stoffel et al., 2010).

Figure 18: Wide and macroscopically darker reaction wood in a tree-ring of tilted coniferous tree (species
Picea abies).

Slope mass movements can also eliminate trees along the path of movement leaving
them completely dead. In this newly formed environment undamaged neighbouring surviving
trees have less competition and better conditions (more light, nutrients and water). This can
lead to abrupt growth release with wide tree-rings (Figure 15, scenario D). However, based on
several observations (Stoffel, 2005), growth increase of surviving trees can be delayed and
that sort of reaction does not always have a yearly precision for dating past events.
Nevertheless, it can be correlated to the already dated events in the effected trees at the same
study site (Stoffel et al., 2010).
Growth reduction can be caused by partial tree burial with sediment (Stoffel et al.,
2010, Hupp & Bornette, 2003). After burial of a tree growth normally becomes severely
diminished due to shortage of water and nutrition supply. As such, abrupt growth reduction
can be seen by a narrow tree-ring width and drop in the ring width (Figure 16). Burial can
exceed a certain threshold after which the tree will die due to shortage of water and nutrition.
During deposition debris can cause scars on a trunk and the forming of callus tissue and
traumatic resin ducts which are produced immediately after damage in conifer trees (Stoffel et
al, 2010). According to studies by Strunk (1997) maximum tolerable burial depth for Picea
abies is 1.6 to 1.9 m in environments dominated by fine-grained debris flows composed by
calcareous and dolomitic material. There is no data for other species or lithologies, but it is
believed that survivable depths are much smaller in regions where debris flows are composed
of massive and large crystalline blocks (Stoffel et al, 2010). In addition, adventitious roots
(secondary root systems, which grow from the tree truck and start to replace primary root
systems) can start growing close to the new ground surface after the burial. Since they are
normally formed in the first year succeeding the burial, the moment of root sprouting can be
used for approximate dating of the sedimentation process (Stoffel et al., 2010). If the burial
and growth of adventitious roots is repeated, thickness of individual sedimentation event can
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be estimated (Strunk, 1997). Cases of buried trees forming adventitious roots were also seen
in the Tamar Valley during the research (Figure 19).

Figure 19: Case of a buried European beech (Fagus sylvatica) in the Tamar Valley forming adventitious
roots marked with red arrows.
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3. METHODS
The research was composed of two parts. In the first part a geomorphological map of
the Planica-Tamar Valley was done to establish spatial distribution of each individual
sedimentary body. The second part of the research was focused on dynamics of one individual
alluvial fan. To establish the long term sedimentation rate on the fan method of 14C dating
was used. Based on comparison of old aerial photography, dynamics and activity of the
alluvial fan’s surface were reconstructed for the past few decades. To determine a fan’s slope
activity, with a resolution of one year, dendrogeomorphological analysis for the past 80 years
was done, supported with meteorological data.
3.1 GEOMORPHOLOGICAL MAPPING
Geomorphological mapping was conducted between June and August 2015. During
field work a topographic map with a scale of 1:5000 (maps B27 3705 and B27 4705) was
used as a map basis. Later the map basis was completed by a shaded digital elevation model
(DEM) based on lidar remote sensing with a resolution of 1x1 m. Sedimentary deposits
forming different sedimentary bodies were mapped based on their morphology and type of
sediment. Since sedimentary bodies are intertwined, boundaries between them were difficult
to determine. Later on some boundaries were determined based on features such as the shape
of the sedimentary body or terrain roughness that were visible from the DEM. Additionally,
prominent morphological features such as the shape of ravines, their depths, ridges and
direction of sedimentary flow were added in the map. Areas of active, semi-active and
inactive sedimentation were also determined and marked. Based on the geomorphological
map and the DEM a cross-section in E-W direction over the valley has been made.
3.2 14C DATING
The 14C or radiometric absolute dating method is based on the decay of 14C atoms to
14
N which occurs with a half-life time of roughly 5730 years. Production of 14C atoms
happens when cosmic ray particles collide with gases in the Earth’s atmosphere. Produced 14C
and 12C atoms are then incorporated in the trace gases CO2 and CO which are later
incorporated in the plants in the process of photosynthesis. About 10-10 percent of the CO2
used by the plants has 14C atoms and as long as the plant is alive it continues to incorporate
this anomalous atoms in the 14C/12C ratio which occurs in the atmosphere. Atoms of 14C start
to decay into daughter products in the plant tissue upon the plants death and the ratio of 14C
and 12C can be used as a clock that can date the time of the plants death (Anderson &
Anderson, 2012).
Part of the research was radiocarbon dating of one sample named PVE A extracted
from a paleosoil horizon at the northern/right side of alluvial fan PVE 3. The sample was a
piece of tree branch of an unknown species, which was extracted in the lowest visible
paleosoil horizon in an incised river channel bordering alluvial fans PVE 2a and PVE 3
(Figure 20). Dating was conducted in Laboratorium Datowań Bezwzględnych in Krakow with
a new generation low-background spectrometer HIDEX 300SL (Laboratorium Datowań
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Bezwzględnych, 2010). The aim of this analysis was to get a basic understanding of long term
sedimentation rate on alluvial fan PVE 3.

Figure 20: Location of the sampled and dated tree branch in the paleosoil horizon.

3.3 ANALYSIS OF AERIAL PHOTOGRAPHY
Systematic and cyclic aerial photography in Slovenia has been carried out since 1975
when the entirety of Slovenia was photographed at a scale of 1: 17.500. In 1980 aerial
photography was done at the scale of 1: 30 000 which was suitable for the interpretation of
large scale areas. In the year 2001 black and white aerial photography with resolution of 0.5
m was made and in 2006 digital photography in colour (RGB) and infrared spectrum was
done for the first time. The latest aerial photography was done in the period between 2011 and
2015 (e-prostori GURS, 2017).
Aerial photography analysis is based on comparison of aerial photographs taken in
years 1954, 1975, 1989, 1998, 2001, 2006, 2009 and 2015 on the surface of the alluvial fan
PVE 3. Older images taken in 1954, 1975 and 1989 were georeferenced based on topographic
map of the area. Photographs were taken in different techniques and periods of years and
times during a day, which is why they differ in accuracy, scale, colour (photographs from
1954 to 2001 are black and white) and casted shadows on the terrain. Since black and white or
panchromatic film is poorly sensitive for green light (Oštir, 2006) photointerpretation of
vegetation caused problems. This is why only basic spatial analysis was done, which included
marking areas of active and semi-active sedimentation (i.e. active channels), minor debris and
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grain flows. Georeferencing and analysis of aerial photography was done in the QGIS 2.8
programme. The aim of this analysis was to determine basic spatio-temporal activity of the
fan for the past few decades.
3.4 DENDROGEOMORPHOLOGICAL ANALYSIS
3.4.1 Sampling and sample preparation
Tree samples were collected during September and December of 2015 on the surface
of alluvial fan PVE 3 (Planica Valley East) and the area in its vicinity (Appendix 3). I have
sampled 141 trees divided in three groups based on the location of their growth (Figure 21).
The first group of trees was sampled on the right flank of the fan, looking downwards from
the fan apex to the fan toe. The second group of trees was sampled at the right flank of the
alluvial fan, while the third group of trees were sampled in the middle part of the fan and also
outside of the area of the fan. Trees of the first group were marked with codes PVED (Planica
Valley East desna (right)), trees of the second group were marked with codes PVEL (Planica
Valley East leva (left)) and trees of the third group were marked as PVEkont (Planica Valley
East kontrolna (control)). Trees in the group PVED were sampled in an area which show
signs of active sedimentation in the past decades and where trees produced adventitious roots.
Trees in the group PVEL were sampled in the area where active sedimentation is still
happening via torrential stream and sediment is deposited in a minor fan shaped lobe (Figure
22) that occasionally blocks the roads leading into the Tamar Valley. The area represents a
small topographic depression. Trees from the group PVEkont were cored with the purpose of
building a reference chronology of the research area. This is why they were sampled in the
area of an alluvial fan that shows no signs of active transport or deposition of sediment in the
last few decades. Trees were also sampled on top of moraines where growth of a tree was
most probably intact from slope processes. Each tree has a serial number, depending on which
tree in the series it was. Additionally, letters a, b, c or d were given based on which side of the
tree trunk the samples were taken (Figure 23a) and the species name. Only coniferous trees
were sampled, manly Norway spruce (Picea abies), Silver fir (Abies alba) and European larch
(Larix decidua). Samples were taken with Pressler’s increment borers of 250 mm and 400
mm length with 5.15 mm core diameter. Trees were sampled at an approximate height of 1.5
m and at that height the diameter of a single tree was measured (Figure 23b). Coordinates of a
tree were taken by a GPS device. Cores were transported in a plastic receptacle (Figure 24a)
and later glued and mounted on a wooden supporter (Figure 24b). Core samples were
mounted in such orientation that the wood-fibres were orientated vertically since this is the
only orientation that allows analysis. Core samples were later polished with polishing tapes
with various granulations from 180 to 500 and later scanned with a resolution varying from
1600 to 2400 dpi and 24-bit colour depth.
Out of 141 trees 523 samples were measured and analysed. Some samples broke
beyond repair during transport, especially samples cored in December of 2015 due to high
level of moisture in them. In case of some of the trees cores were taken only from one or two
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sides, because of impossible coring due to their position on the terrain. A few trees were left
out of sampling due to illness (rot) that was not visible on the outside of a trunk.

Figure 21: Locations of sampled trees. Yellow points present locations of group PVEL and PVED, while
blue points present group PVEkont. Area in the red rectangle is presented in Figs. 43 to 48.

Figure 22: Research area where via torrential stream sediments are deposited in a minor fan shaped lobe
that burried trees of the group PVEL.
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a

b

Figure 23: Orientation of increment cores taken from sampling tree shown in Figure 23a (Stoffel, 2005)
and process of sampling a tree shown in the Figure 23b (photo: Bojan Ambrožič).

a

b

Figure 24: Storage and transportation of core samples in the Figure 24a and a core sample properly
mounted with wooden-fibres orientated vertically in the Figure 24b (Stoffel, 2005).

3.4.2 Analysis of tree core samples
Measurements and data series analysis was done in programmes CooRecorder 7.9 and
CDendro 7.9. In programme CooRecorder 7.9 tree-ring width was measured based on high
resolution scans of an individual sample. Measuring points were marked at the tree-ring
boundary and each measuring point was marked at the shortest distance (perpendicular to the
previous tree-ring) to the previous one, making the measurement of tree-ring width accurate
(Figure 25). Tree-ring width is measured in mm from the outermost ring, which is marking
the year the sample was taken and to the trees pith (centre of a tree trunk). If the pith was not
present in the sample, measurement was performed to the last visible tree-ring boundary. In
addition the starting point was assigned to the starting year (in this case 2015) and the
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programme automatically assigned correlated years to all marked tree-rings (Cybis
Dendrochronology, 2003).

Figure 25: Measuring tree-ring width in CooRecorder 7.9.

Measurements were later analysed in the programme CDendro 7.9 where they are
presented in the form of growth curves on a graph where tree-ring width is given for the
corresponding year (Figure 26). Analysis of the growth curve of a single sample was
correlated with a reference curve that was created from the samples of the group PVEkont.
The first step was choosing samples that were undisturbed by any non-climatic events.
Although sampling trees did not show disturbances on a tree trunk during sampling (no
visible scars, burial, decapitation, illness …) quite a few eventually showed them in the
detailed sample analysis. Most prominent were tangential rows of traumatic resin ducts,
reaction wood and growth reductions. Out of the 70 samples in the group PVEkont 27 were
suitable for producing a reference chronology curve.
The reference curve was created in the program CDendro 7.9 from 27 measured
samples of the PVEkont group. All 27 measured samples, forming a target collection, are
matched towards each other based on statistical T-test. Samples with the highest T-test
number were chosen and referred to as “best member in a target collection”. All other samples
are then compared and synchronised to the “best member” and afterwards a mean curve is
calculated from all samples in the target collection. The calculated mean value curve
represents reference chronology (Cybis Dendrochronology, 2013).
Each sample growth curve was then compared to the reference chronological curve for
growth disturbances (Figure 26). Each sample was also visually observed under an optical
28

lens. Main growth disturbances that we searched for were severe growth reductions that could
indicate tree burial by debris flow and rows of traumatic resin ducts that could indicate
damage by slope mass movements. Reaction wood was also noted as well as abrupt growth
increase. During analysis, repeated single year events that were noticed on a growth curve by
a severe growth drop lasting for only one or two years were observed.

Figure 26: Growth curve of a single sample (green) represented on a graph with a reference curve (blue).

All types of growth disturbances were later statistically analysed in MS Excel. The
amounts of disturbances that occur in a given year were shown on a graph and later on
percentages of effected trees in the study area were calculated. Growth disturbances that
occurred often in a specific year were considered as an event and later compared and
correlated with meteorological data (precipitation values and temperatures). Since events can
happen out of a growing season of a tree (during late autumn, winter or early spring)
meteorological data needed to be analysed also for the years preceding the year of growth
disturbance recorded in a tree-ring set. Mass movements occurring on the alluvial fan happen
via torrential stream and sediment is deposited in a shape of lobes of unconsolidated material.
In that sense 24 and 48 hour periods of high amounts of precipitation (heavy rainfall) were
also searched for and taken into account as possible triggering events.
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4. RESULTS
4.1 GEOMORPHOLOGICAL MAP OF THE PLANICA-TAMAR VALLEY
Based on specific sedimentological and morphological characteristics six different
mapping categories were defined. These are: glacial moraines, lacustrine sediments, fluvial
deposits, alluvial fans, debris flow fan and talus slopes (Appendix 3). In the case of alluvial
fans, debris flow fan, talus slopes and fluvial deposits transport and sedimentation is still
active today. Because there are no permanent water streams in the Planica-Tamar Valley,
alluvial transport and deposition in the valley is related to heavy precipitation forming
torrents, especially during autumn precipitation maximum and snow melt or precipitation
during spring. Sediment is transported by torrential water flows via active feeder channels and
deposited through distributary channels. Active channels and areas of current transport and
deposition of sediment are marked by unweathered sediment and/or absence of vegetation.
Areas with vegetation and well developed soil are considered as inactive areas of
sedimentation, while areas of deposition and transport (channels included) with sediment that
shows weathering on surface are considered as semi-active.
4.1.1 Moraines
The bottom of the valley is covered by unconsolidated glacial till composed of
unconsolidated poorly sorted, sub-angular grains ranging in size from sand to boulders. Till is
forming several moraines, with the major moraine forming an up to 30 m high topographic
ridge in the middle of the valley (Figure 27) orientated in the north-south direction and
covering approximately 70 ha (Appendix 3). Apart from the main moraine ridge there are also
minor lateral moraine ridges usually orientated in the north-south direction located at the
eastern and western side of the main moraine ridge (Appendix 3). They are not connected to
the main ridge and are reaching heights of up to 10 m. Boundary of the major moraine is
easily distinguished from other sedimentary bodies at the northern, eastern and western side
Appendix 3). However, at the beginning of the Tamar Valley the southern edge of the glacial
moraine transits into fluvial deposits which makes the southern boundary difficult to
determine. In addition to the main moraine, there are also minor areas of glacial moraines in
the northern part of the Planica Valley.
4.1.2 Lacustrine sediments
Lacustrine sediments are visible on the surface only at one area in the Planica-Tamar
Valley (Appendix 3) and are composed of laminated fine-grained sand and silt (Figure 28). In
the works of Jurkovšek et al. (1987b) this sediments are referred to as lacustrine chalk and are
of Pleistocene age. Local geographic names in the Planica Valley such as Nova Kreda, Stara
Kreda and Na ilu (New Chalk, Old Chalk and “At the clay”) indicate additional areas of such
sediments and former lakes, but those areas are now covered by younger Holocene sediments
(Bohinec, 1935). Radiocarbon dating and sedimentological analysis of sediments in the area
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of Nova Kreda done by Briški (2016) shows the sediments in that area are of recent age and
are not lacustrine but fluvial deposits.
4.1.3 Fluvial deposits
Active channels in the Planica-Tamar Valley are represented by short torrential
channels which do not have permanent water flow. Water flow in them is present only during
events of high precipitation or snow melt during spring and usually infiltrates underground
after a short surface flow. Torrential channels are also present at the valley’s floor where large
amounts of sediment are deposited. Although this sediment is not deposited in a typical
fluvial environment with a constant water flow, I refer to it as fluvial deposits to distinguish it
from sediment deposited at alluvial fans. Fluvial deposits are bound to topographic
depressions and plains. They are composed of unconsolidated washed out sands and gravels
and morphologically form minor plains with active or inactive torrential channels and
torrential deposits (Appendix 3). Fluvial deposits cover large areas in the Tamar Valley, but
cover only minor areas, mainly depressions, in the Planica Valley.

Figure 27: Glacial moraine (visible in the centre of the photo) covered by forest forming a topographic
ridge at the bottom of the Planica-Tamar Valley. The main moraine is clearly distinguished from other
sedimentary bodies. In the figure there is an example of the alluvial fan PVE 11 at the eastern slope, which
is clearly distinguished from the moraine.
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Figure 28: Lacustrine sediment composed of fine-grained sand and silt.

4.1.4 Alluvial fans
Based on their position, alluvial fans were named as followed: alluvial fans with
feeder channels emerging on the eastern mountain slopes are marked as PVE (Planica Valley
East) while fans with feeder channels emerging on the western mountain slopes are marked as
PVW (Planica Valley West). Numbers of the alluvial fans increase from north towards the
south (Appendix 3). Alluvial fans in the Planica-Tamar Valley cover valley’s lower slopes
and bottom and have a very complex structure. Each alluvial fan has its own torrential feeder
channels with a catchment area in the background mountains from which water and sediment
is transported during periods of snow melt or heavy precipitation. Apexes of alluvial fans are
topographically highest and most proximal to the feeder channel. Sediments at the proximal
part of fan are clast-supported poorly sorted very angular gravels with up to a few cubic
metres large blocks (Figure 29). In this part channels are usually narrow and deep, reaching a
depth well over 5 m and in the case of alluvial fan PVE 3 it can have a distinct V-shape
(Appendix 3). In the middle part of the fan torrential channels become wider and shallower
with depths varying from 1 to 5 m and are forming braided channel systems that migrate on
the surface of the fan. Sediments in the middle part of the alluvial fans are sub-angular to subrounded clast-supported moderately sorted sandy-gravels with individual up to a few tens of
centimetres large blocks. In the distal part of the alluvial fan channels become even wider and
very shallow below 1 m and are sometimes forming an anastomosed channel system.
Sediments in this part are forming three types of thin layers or lenses. All three types are
composed of sub-rounded moderately well sorted clasts either of clast-supported coarse sands,
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clast-supported gravels or matrix-supported sandy-gavel where matrix presents fine grained
sand. Sedimentary structures such as thin lamination and normal gradation are present (Figure
30). In a cross-section of the middle and distal part of some alluvial fans up to 20 cm thick
distinct layers of dark brown paleosoils are present, forming lenses (Figure 31). Lenses of
paleosoils were formed due to migration of river channels on the surface of the alluvial fan
indicating longer inactivity on that part of the fan. On the surface of the alluvial fans sieve
deposits and minor fan shaped lobes and sheets transported by bedload via torrential channels
are also present and represent extreme deposition events caused by large amounts of available
water. Sieve deposits are more prominent in the proximal and middle parts of the fan and
composed of angular open-framework clast-supported, well sorted, few centimetres large
gravels. On the surface they form few tens of metres wide fan shaped deposits or lobes that
are overlaying each other. They are not bound by a prominent channel. The relative ages of
sieve deposits can be determined by weathering of clast surfaces. Clasts of younger sieve
deposits do not show any weathering on the surface while clasts of older sieve deposits show
weathering in the form of dark grey coating even though they belong to the same lithology
(Figure 32). Minor fan shaped lobes and sheets are bound by torrential channels and are
composed of sub-angular to sub-rounded clast-supported moderately sorted sands and gravels.
Such fan shaped lobes or sheets are present in middle and distal parts of fans and can be up to
one hundred meters long and tens of meters wide. Relative age of these fan shaped lobes and
sheets can also be determined by weathering of the clasts.

Figure 29: Proximal part of the fan PVE 3. Notice the poorly-sorted gravels with dimensions up to a few
cubic metres. Geological hammer is marked with a red arrow for a scale.
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Figure 30: Cross-section of the distal part of alluvial fan PVE 3. Notice the thin layers and lenses of
moderately well sorted clast-supported gravels, matrix-supported sandy-gravel and clast-supported sand.

Figure 31: Layers of dark brown paleosoil horizons forming lenses. Cross-section was located at the
construction site of the Planica Nordic Center on the alluvial fan PVE3. Photo taken on the 15. 11. 2014.
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Figure 32: Younger sieve deposits in the distal part of alluvial fan PVE 7 with clast that do not show signs
of weathering covering on older deposits of weathered clast.

4.1.5 Debris flow fan
The debris flow fan in the Planica-Tamar Valley is genetically related to outcrops of
base rock of the Tor Formation located underneath the peak of the mountain Ciprnik (Figure
33) and is an example of a complex slope mass movement deposition (Šmuc et. al., 2015).
The debris flow was triggered on the night from 18th to 19th November 2000 due to heavy
precipitation as a translational movement on the slip plane composed of the Tor Formation.
The debris flow deposited on top of the alluvial fan PVE 6 in a form of a debris flow fan lobe
and is forming a few meters high ridge (Figure 34, Appendix 3). Later on the debris flow fan
was partially eroded and deposited into distinct units. First unit is characterised by a small
erosional semi-active V-shaped channel (Appendix 3) which transported sediment towards
west and deposited in a semi-active fan. Second unit is multi composed unit which at first
begins with a few tens of metres wide and more than five metres deep active erosional
channel which later on transits into an active fan shaped body where coarse-grained sediment
is deposited (Appendix 3, Šmuc et al., 2015). Later on this coarse-grained fan shaped body
transits into a fine-grained so called “mud-lake” (Figure 35) composed of sand to mud
fraction (Šmuc et al., 2015, Briški, 2016). Area of so called “mud-lake” is divided by alleged
boundary from the fan shaped body in the geomorphological map (Appendix 3). All of these
units, which eroded and deposited sediment from the debris flow fan, are researched in the
works of Šmuc et al. (2015) and Briški (2016). In additional to those units, part of the debris
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flow fan was eroded on its left side. The fan at that side was eroded by few tens of meters
wide and more than five metres deep active channel via which debris flow sediment was
transported and deposited to the south-west direction on the surface of the alluvial fan PVE 6
(Appendix 3). The debris flow fan is composed of unconsolidated angular very poorly sorted
sediment whose fraction varies from clay size grains to blocks of a few cubic metres. Clasts
are chaotic and there are no visible sedimentary structures (Figure 36). Clasts belong to the
Conzen Dolomite and the Tor Formation (Zupan 2013, Šmuc et al., 2015).

Figure 33: Debris flow fan under the Ciprnik Mountain.
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Figure 34: Debris flow fan lobe deposited directly on an alluvial fan PVE 6 (light grey sediment) forming a
few metre high ridge.

Figure 35: So called »mud-lake« composed of sand to mud fraction.
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Figure 36: Very poorly-sorted sediment of the debris flow fan.

4.1.6 Talus slopes
Sediments of talus slopes are clast-supported, angular and poorly sorted gravels that
are deposited mainly via rock fall. Gravel is deposited under steep cliffs and it does not have a
distinct feeder channel. Where gravel is actively deposited it forms scree deposits while in the
areas were deposition is inactive it forms talus slopes covered by vegetation although rock fall
still occurs in those areas. The majority of the talus slopes are deposited directly on fluvial
deposits or interfinger with alluvial fans (Figure 37).
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Figure 37: Talus slope (scree) onlapping on an alluvial fan.

4.1.7 Cross-section of sedimentary bodies in the Planica-Tamar Valley
The cross-section runs in the W-E direction over the Planica-Tamar Valley and is
1050 m long (Appendix 1). It represents terrain surface of five different sedimentary bodies
and partially the pre-Quaternary bedrock on each side of the valley (Appendix 1 and
Appendix 3). It runs over the talus slope at the west which is partially covering bedrock and
the active part of alluvial fan PVW 4b. It continues over lacustrine sediments that are being
covered from the west side by active channel of alluvial fan PVW 4b (Appendix 3). From the
lacustrine deposits it runs over main moraine ridge. On the eastern side of the moraine a
combination of active and inactive areas of alluvial fan PVE 6 are located. The cross-section
runs over this area and continuous over the talus slope and it ends underneath steep carbonate
slopes (Appendix 1).
The pre-Quaternary surface is not visible anywhere on the ground surface at the
bottom of the Planica-Tamar Valley, only at the steep slopes at the sides of the Valley. It is
unknown at which depth under Quaternary and Holocene sediments it occurs. This is why the
depths of sediments on the cross-section are unknown and are alleged. Based on the crosssection the slope inclinations for Holocene slope deposits vary from between a few degrees up
to 15° for alluvial fans and 20° to 40° for talus slopes. The main moraine, which covers the
majority of the Valley’s floor, has gentle slopes with inclinations that do not exceed 10°.
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4.2 C14 DATING OF PALEOSOIL ON THE ALLUVIAL FAN PVE
The tree branch that was dated in the buried paleosoil horizon is located at the
coordinates N: 46° 28.382' E: 13° 43.512' (Figure 22) in the incised torrential channel
between alluvial fans PVE 2a and PVE 3. The channel was incised due to a manmade wall at
the apex of alluvial fan PVE 2a causing to channelize flow in a more confined area. Due to
this, water eroded and incised more than five meters deep torrential channel, where paleosoil
horizons are exposed in the channel bank. The paleosoil horizon is located approximately 2 m
below today’s surface (Figure 38). The age of the branch is dated to 690 ± 60 BP (with 0 BP
as 1. 1. 1950) implying that that the paleosoil has been buried since 1200 to 1320 A.D with an
average approximate age of 1260 A.D.

Figure 38: Paleosoil horizon at the channel bank from which the tree branch was sampled and dated.
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4.3 SPATO-TEMPORAL ANALYSIS BASED ON AERIAL PHOTOGRAPHY
There are two main feeder channels emerging from PVE 3 alluvial fan’s catchment
area (Figures 39-41). Soon after they emerge they start to spread on the surface of the fan and
they split into more distributary channels. Migration of channels through a period of time
from 1954 to 2015 is clearly visible in aerial photography. In the Figure 39 there is a spatiotemporal reconstruction of the migrating active channels on the surface of the fan between the
period from 1954 to 2015. Active channels are marked for the years: 1954 (yellow), 1975
(light green), 1989 (dark blue), 1998 (red), 2001 (orange), 2005 (light blue), 2009 (violet) and
2015 (dark green). The base surface is the most recent aerial photography taken in 2015. It is
clearly visible that the channels migrated, enlarged or became inactive. The main channels are
marked with letters a, b, c, d. Channel a maintained its width in the period 1954-2015,
compared with most recent aerial photography and extended much further down the slope in
1954. Channel b was very narrow in the period between 1954 and 2005 (Figure 40 and Figure
41) but enlarged after 2009 (Figure 41). The intersection of channels a and b also enlarged
after 2009. In its lower part channel c became wider in the period from 1989 onwards (Figure
40). Channel d was active in periods 1954 and 1975 but later on it became inactive since it is
not visible on aerial photographs from 1989 onwards. This inactive channel was also found
during mapping for the geomorphological map (Chapter 4.1.4) and it is marked as an inactive
channel in the map (Appendix 3). In the upper most part in the fan’s catchment area it is
clearly visible that the first two initial feeder channels started to merge from 2009 onwards
(Figure 41).
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Figure 39: Movement of channels on the surface of alluvial fan PVE 3 in the period from 1954 to 2015.
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Figure 40: Movement of channels on the surface of alluvial fan PVE 3 in the period from of 1954 to 1998.
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Figure 41: Movement of channels on the surface of alluvial fan PVE 3 in the period from 2001 to 2015.
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4.4 DENDROGEOMORPHOLOGICAL RECONSTRUCTION OF SEDIMENTARY
DEPOSITION ON THE ALLUVIAL FAN PVE 3
From 141 sampled trees, 76 belong to the group PVEL, 36 belong to the group PVED
and 29 belong to the group PVEkont. Growth disturbances that were searched in all groups
were growth reductions, traumatic resin ducts, growth increases and single year events.
4.4.1 Growth reductions
4.4.1.1 Group PVEL – debris flow fan shaped lobe
The number of trees that show growth disturbances in a given year are calculated and
shown on the graph (Figure 42). Based on growth reductions six significant years were
determined in the area of tree group PVEL. These years were: 1935, 1970, 1980, 1991, 1996
and 2010. Percentages of buried trees in the PVEL group affected by the growth reduction in
a same year were calculated (Table 2). Growth reductions occurring in those years are the
strongest growth disturbance indicator for a slope mass movement event.
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Figure 42: Number of analysed trees that show growth disturbances in a given year in the group PVEL.
Table 2: : Number and percentage of trees affected by six major events at the area of the PVEL fan
shaped lobe.

Year

Number of affected trees

1935
1970
1980
1991
1996
2010

21
16
20
15
26
19
45

Percentage of affected trees
in the group PVEL
28 %
21 %
27 %
20 %
35 %
25 %

These six events were correlated later on with meteorological data, primary to
precipitation data, since high precipitation levels cause transportation of unconsolidated
sediment. Since available meteorological data from the Slovenian Environment Agency
(ARSO, 2015) span only from 1. 1. 1961 till the present, the event in 1935 could not be
correlated with any accessible meteorological data. The other five growth reduction events
were correlated with accessible meteorological data and their correlations are presented in
discussion. Spatial distribution of trees affected with growth reduction per each year event,
are presented in the Figures 43 to 48.

Figure 43: Trees in group PVEL affected with growth reductions in 1935 (marked with yellow points).
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Figure 44: Trees in group PVEL affected with growth reductions in 1970 (marked with yellow points).

Figure 45: Trees affected with growth reductions in 1980 (marked with yellow points).
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Figure 46: Trees affected with growth reductions in 1991 (marked with yellow points).

Figure 47: Trees affected with growth reductions in 1996 (marked with yellow points).
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Figure 48: Trees affected with growth reductions in 2010 (marked with yellow points).
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4.4.1.2 Group PVED – right flank of the fan PVE 3
In the group PVED growth reductions are not that prominent compared to the group
PVEL. Major growth reduction occurs only in the year 1996 with six affected trees and in
1960, 1965 and 1991 with each year having five trees affected (Figure 49).

Years
Figure 49: Number of trees with growth reductions per year in the group PVED.
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4.4.2 Traumatic resin ducts
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In the case of tree groups PVEL and PVED traumatic resin ducts occur only in up to
four trees per year (Figures 50 and 51). Occurrence of traumatic resin ducts does not correlate
with six main events in the group PVEL. In the group PVEkont a maximum of two trees per
year have rows of traumatic resin ducts (Figure 52).

Years
Figure 50: Number of trees with traumatic resin ducts occurring per each year in the group PVEL.
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Figure 51: Number of trees with traumatic resin ducts occurring per each year in the group PVED.
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Figure 52: Number of trees with traumatic resin ducts occurring per each year in the group PVEkont.
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4.4.3 Growth increase
In the case of tree the group PVEL (Figure 53) there are two major growth increases
with the year 1940 (14 trees) and 1983 (11 trees). In the case of group PVED only 5 trees
show growth increase in the year 1977 and in the case of group PVEkont only one tree shows
minor growth increase in 1966, 1968 and 1973.
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Figure 53: Number of trees with growth increase per year in the group PVEL.

4.4.4 Reaction wood
Reaction wood occurs in all three tree groups and it lasts for up to a few years in many
trees. It usually occurs in the juvenile stage of the tree growth. In the case of group PVEL,
where six main events are determined by growth reductions reaction wood does not correlate
with them (Figure 54). In the case of group PVEL higher number of trees with reaction wood
per year occurs in the period from 1943 to 1950, when based on growth reductions no major
events happened.

Number of trees

30

PVEL reaction wood

PVEL growth reduction

20
10

1870
1878
1886
1894
1902
1910
1918
1926
1934
1942
1950
1958
1966
1974
1982
1990
1998
2006
2014

0

Years
Figure 54: Number of trees with reaction wood occurrence per year (red columns) and number of growth
reductions (blue columns) in the group PVEL.
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4.4.5 Single year events
During analysis of samples abrupt growth reductions affecting only one, or in some
cases two consecutive tree-rings occurred. After this growth reduction the tree regained its
normal growth. Such drops in growth are labelled as single year events. In group PVEL such
single year events occur quite often with the three main years being 1953, 1954 and 1996
(Figure 55). In the group PVED only year 1996 is a significant single year event. In the group
PVEkont 1996 and 2006 are significant as events for each one are found in 5 trees. The
amount of trees from each group that have the main four single year events are presented in
the Table 3.
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Figure 55: Number of trees with single year events per year in the tree group PVEL.
Table 3: Amount of trees from each group that are affected by single year events.

Tree group
PVEL
PVED
PVEkont

1953
17
0
1

1954
22
1
0

1996
17
5
5
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2006
0
1
5

5. DISCUSSION
5.1 GEOMORPHOLOGICAL MAP
Six different types of sedimentary deposits (i.e. sedimentary bodies) were determined
in the Planica-Tamar Valley each with its own different type of deposition and sediments.
Ages of sedimentary bodies are defined as relative, since dating of each sedimentary body has
not been performed.
Glacial moraines are relatively the oldest Quaternary sedimentary bodies in the
Planica-Tamar Valley deposited in the period of the LGM (Jurkovšek, 1987b). They are
formed of typical glacial till and are forming topographic ridges at the bottom of the valley. A
relatively similar age are the lacustrine deposits, also known as lacustrine chalk, that were
most likely deposited in confined topographic depressions during the glacial retreat after the
LGM (Jurkovšek, 1987b). During mapping only one location of exposed lacustrine sediments
was found. Local names and topography indicate that several other locations with lacustrine
sediments and former lakes existed but are now covered by younger slope deposits (Bohinec,
1935). On one such location in Stara Kreda dating and sedimentological analysis was done by
Briški (2016). Results show that sediments at that location were not deposited in the LGM
and are not lacustrine, but are of recent age and deposited via fluvial activity caused by heavy
precipitation (Briški, 2016). These results indicate that although local names and topography
indicate lacustrine sediment of the age from LGM period, it is not necessarily that the case.
Further research of lacustrine sediments is needed, in regard to their age and sedimentation.
Fluvial deposits are bound by topographic depressions or minor planes where active or
inactive torrential channels are present. Since there are no permanent streams, sediment is
transported mainly by torrential flows following heavy precipitation (rainfall) or snow
meltdown. Because the sediments, over which torrential streams flow, are highly porous,
water usually quickly infiltrates the ground forming unconfined aquifers with a complex
underground water flow system. Torrential deposits are thus spatially limited to relatively
short channels.
Talus slopes are covering steep mountain slopes and sediment is transported mainly by
gravitation in the form of falling rocks. Short transportation is evidenced by very angular
sediment. Many talus slopes are covered by vegetation and are thus inactive, while active
ones are forming scree deposits.
Alluvial fans represent the most active areas of sedimentation in the valley and are
covering extensive areas of the valley and its slopes. The majority of alluvial fans are fluvial
fans, while there is only one debris flow fan. Its origin and position are related to the outcrops
of the Tor Formation that provided fine-grained sediments needed for formation of debris
flows. The debris flow lobe is currently being eroded via channels that are incised into the
lobe. Since the debris lobe is composed of unconsolidated sediment and there are active
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channels already incised into it, it is likely that the debris fan will be further eroded. The
washed out sediments are deposited into “mud-lake” in Stara Kreda.
In the case of alluvial fans, sediment is transported on the surface of alluvial fans from
the catchment area via feeder channels of the torrential streams. The size of individual alluvial
fan is clearly related to the size of catchment area (Zupan, 2013) Depending on a fan’s
gradient, channels show different depth of incision. Channels at the fan apex (steepest part)
are more than five meters deep, while in distal parts of the fan channels are only a meter deep.
When the gradient becomes less steep (less than 10°) sediment starts to deposit. This can
happen in the form of minor fan shaped sedimentary lobes or sheets and sieve deposits. Based
on the weathering of a clast’s surface, relative age of fan shaped sedimentary lobes or sheets
and sieve lobes can be determined. In some cases sediment spreads on the surface of the fan
in sheet flows, which can cover a larger part of an individual fan. Such cases are present in
alluvial fans PVW 3, PVW 4 a and b, PVE 11 and PVE 12. In other cases distributary
channels tend to migrate on the surface of alluvial fans in a relatively short period of time due
to the process of avulsion or slow lateral migration of a channel. Evidence of this is supported
by paleosoil horizons below the surface of fans and inactive distributary channels on the
surface. The process of avulsion occurs more frequently in the middle and distal parts of the
fan due to lower surface gradient of the fan and due to the more shallow depth of channels
and due to previously deposited sediment that can block the channel and cause deflection of
the flow and avulsion. Sediments from different parts of the fan show distinct characteristics.
While in the apex sediments highly differ in size (poorly sorted), roundness and sphericity
and in distal parts sediments show moderate sorting and are more spheric, rounded and are
forming thin layers.
Talus slopes, alluvial fans and fluvial deposits are intertwined with each other, and are
forming complex composite sedimentary bodies, which is presented on the valley’s crosssection (Appendix 1). The relative age of formation of different deposits is as follows: glacial
till, which is forming the moraine, was the first to be deposited after the retreat of the glacier
followed LGM. Shortly after the glaciers retreat, minor lakes were created in small
depressions where fine grained sediment (lacustrine chalk) was deposited. After the glacial
retreat steep valley slopes composed of Upper Triassic mainly carbonate successions were
exposed. From here sediments started to be transported via gravity or water and from the
steep valley’s slopes, creating sedimentary bodies of alluvial fans, debris flow fans and talus
slopes. In addition, the valley’s floor started to become covered by sediments transported by
periodical fluvial flow. Morphological and sedimentological development of the PlanicaTamar Valley is similar to the research done by Sanders et al. (2009) and Götz et al. (2013).
All cases are examples of Quaternary and Holocene sedimentation processes in the Alpine
environment where sedimentation was first determined by glacial activity and later, with the
retreat of the glacier, by slope mass movement and fluvial flows. The result of different
sedimentation processes is a mountain landscape of different intertwined sedimentary bodies.
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Based on the 14C dated age of buried paleosoil horizon in the alluvial fan PVE 3, dated
as 1260 AD, approximately two meters of sediment deposited in the last 755 years in the
distal part of the fan. This paleosoil horizon is covered by sediment showing thin layers of
sub-rounded clast-supported sands or gravels and matrix-supported gravels with sand being
matrix. This indicates that the sedimentation was occurring during lateral migration of
distributary channels.
5.2 SPATIO-TEMPORAL RECONSTRUCTION OF THE ALLUVIAL FAN PVE 3
BASED ON AERIAL PHOTOGRAPHY
Based on comparison of aerial photographs it is clearly visible that channels on the
surface of alluvial fan PVE 3 migrate and change in a period of a few decades. Channel a
extended much further down the valley in the year 1954. Later the distal part of the channel
was cut by large incision channel that formed as a consequence of a manmade wall build in
the apex of alluvial fan PVE 2a. This wall prevented migration of channels from apex
downward and caused the concentration of all waters into one point. This increased the energy
of flow and caused a large scale channel between alluvial fans PVE 2a and PVE 3. During the
research I have not obtained the exact year when the wall was built, but based on aerial
photography it is believed to have been built in the sixties. However this new channel did not
affect the activity of channel a. Channel b used to be very narrow, up until 2009 when it
became much wider, receiving more water and sediment. In the same period two main feeder
channels started to intersect and merge in the catchment area. Intersection of two main feeder
channels could result in higher activity of distributary channel b. In 1954 channel d was more
active than channel c, however, in the aerial photography in 1975 it is clearly shorter and later
on it becomes inactive. At the same time channel c became wider and more active, because
the higher amount of water and sediment started to flow in it due to inactivity of channel d.
Because channels b and c became more active, it is believed that the road leading into
the Tamar Valley will be blocked by sediment transported by bedload via torrential
distributary channels b and c after heavy rainfall in the future.
5.3 DENDROGEOMORPHOLOGICAL RECONSTRUCTION OF THE ALLUVIAL
FAN PVE 3
With analysis of aerial photography basic activity and migration of the channels was
established. With the studies of growth disturbances in tree-rings and comparison of
meteorological data more precise geomorphological reconstruction of the fan PVE 3 is made.
The most prominent growth disturbances inferred from tree-ring analysis were growth
reductions, growth increases and single year events, while traumatic resin ducts and reaction
wood did not show any statistical significance.
Growth reductions were most prominent in the group PVEL with six significant years
that could be caused by sediment transported via active distributary torrential channels and
partially burying sampled trees. Since the material (mainly carbonate gravel), covering
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alluvial fan and its distributary channels, is unconsolidated, it is quite possible that heavy
precipitation could trigger transport of sediment by bedload. Amount of precipitation does not
necessary have to be extremely high and does not need to last for a long period of time. The
six significant years with growth reductions are 1935, 1970, 1980, 1991, 1996 and 2010. All
growth disturbances were correlated with meteorological events recorded in available
meteorological data from the Slovenian Environment Agency (ARSO, 2015).
Due to a lack of meteorological data, growth reductions dated in 1935 cannot be
directly linked to bedload transport of sediment triggered by meteorological processes. Since
the amount of affected trees is second highest of six event groups it is possible that growth
reductions in 1935 could have been caused by tree burial with sediment transported by
bedload.
In the case of the year 1970 no events of high precipitation happened, however August
and November in 1969 had two events with high precipitation. The amount of rainfall in
August 1969 was 361.7 mm and in November of the same year it was 366.4 mm. The highest
amount of precipitation in August 1969 was on 22. 8., with 137.6 mm of rainfall (Figure 56).
In November 1969 the highest amount of precipitation occurred on 14. 11. with 143.2 mm.
the cumulative amount of precipitation from 13. 11. to 16. 11. was 239.3 mm (Figure 56).
Since these two high precipitation events happened in the late growing season (August) and
out of the growing season (November) of 1969 growth reduction from the year 1970 onwards
could have been caused by burial of trees with sediment transported by bedload triggered by
an abrupt high amount of rainfall in 1969. The most likely dates on which the proposed
bedload transport of sediment via torrential channel occurred are 22. 8. 1969 with 137.6 mm
of rainfall in 24 hours and 14. 11. 1969 with 143.2 mm of rainfall in 24 hours.

Figure 56: Amount of precipitation (rainfall) in August and November 1969 (ARSO, 2015).
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The cause of the growth reduction in 1980 is so far unknown. The growth reductions
occurring in 1980 were most likely not caused directly by burial of trees due to bedload
transport of sediment, but are caused by another factor or a combination of multiple factors. In
1979 there is no meteorological data that could indicate triggering of bedload transport of
sediment. The only higher amount of precipitation occurred in October 1980 with 433.4 mm
of monthly precipitation and the highest 24 hour precipitation amount on 9th of October with
121 mm of rainfall (Figure 57). Since this precipitation occurred out of the growing season,
growth reduction could not have been caused by potential burial of trees with sediment
transported by bedload, triggered by precipitation in October 1980. A possible explanation for
the growth reductions are non-geomorphological factors (such as forest management,
diseases, bug infections …) in late 1979 that caused growth reductions in the following years.
Further growth reduction could have been prolonged by potential bedload transport of
sediment in October 1980 as well.

Figure 57: Amount of precipitation (rainfall) in October 1980 (ARSO, 2015).

In the case of the year 1991 no events of high precipitation happened, however a high
48 hour precipitation period occurred between 23th and 24th of September 1990 with an
amount of 121.2 mm (Figure 58). In addition, in November 1990 336.4 mm of rainfall
occurred with 106.4 mm in 48 hours between 26th and 27th of November (Figure 58). Both
precipitation events occurred out of the growing season in 1990. Therefore the growth
reductions occurring in 1991 could have been caused by burial of trees with sediment
transported by bedload triggered by an abrupt high amount of rainfall in the previous year
caused on two occasions. The first bedload transport probably occurred between 23th and 24th
of September 1990 triggered by high 48 hour rainfall period. The second one probably
occurred between 26 and 27th of November 1990, triggered by a high amount of 48 hour
precipitation.
57

Figure 58: Amount of precipitation (rainfall) in September and November 1990 (ARSO, 2015).

In the case of 1996, high precipitation occurred on 22nd and 23rd of June with a high
amount of 48 hour precipitation period with 154.4 mm of rainfall making this amount almost
10% of the total precipitation in 1996 (Figure 59). In November 1996 326.9 mm of rainfall
occurred (Figure 59), but these high amounts of precipitation occurred out of the growing
season, thus growth reduction could not have been caused by potential burial of trees in that
period. No high precipitation events occurred in the previous year (1995). Since the 48 hour
precipitation between 22nd and 23rd of June 1996 occurred in the middle of the growing season
it is highly likely that growth reduction could have been caused by burial of trees with
sediment transported by bedload triggered by an abrupt high amount of rainfall in June 1996.
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Figure 59: Amount of precipitation (rainfall) in June and November 1996 (ARSO, 2015).

In the case of 2010, no high amount of precipitation occurred, however on the 5th of
September 2009 a high amount of precipitation occurred with 180 mm of rainfall which is
also the highest amount of precipitation in 24 hours measured at the Rateče meteorological
station in the period from 1961 to 2015 (Figure 60). The precipitation event occurred out of
the growing season in 2009, therefore the cause for growth reduction in 2010 is highly likely
to have been tree burial with sediment transported by bedload triggered by high amount of
precipitation on 5th of September 2009.

Figure 60: Amount of precipitation (rainfall) in September 2009 (ARSO, 2015).
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Growth reductions in group PVED occur only for the years 1960, 1965 and 1996, but
could not be linked to tree burial, since the affected trees are scattered along the research area.
The amount of trees with growth reductions is relatively low and trees do not show any signs
of burial. Those growth reductions were caused by other factors which are most likely to have
been specific for an individual tree.
The growth increase occurs most prominently in tree group PVEL with events in 1940
and 1983. This two growth increases occurred shortly after the growth reductions in 1935 and
1980 in trees that were not affected by growth reduction. I believe the growth increases
occurred in the newly formed environment where undamaged neighbouring surviving trees
had less competition and better conditions (more light, nutrients and water).
Single year events are more prominent in the tree group PVEL with the years 1953,
1954 and 1996 than in the groups PVED and PVEkont. In the PVEkont there are single year
events also in the year 2006. From prominent meteorological events that happened in those
years or temporally close to them, there were the record breaking amount of snow in the
winter 1951/1952 (240 cm of snow on 15.2.1952) (ARSO, 2016a), very cold average
temperatures in March of 1996 (average monthly temperature of -1°C) and low amount of
precipitation in June and July of 2006 (ARSO, 2015, ARSO, 2016a). A high amount of snow
in February 1952 could have broken tree branches, which could cause short single year
growth reductions, but this theory needs further investigation. In the case of the year 1996
growth reduction shown as single year event could have been caused by low temperatures in
March 1996 which could have postponed the beginning of growing season thus shortening it.
Though smaller amount of trees with single year event in 1996 are present in groups PVED
and PVEkont this could also be the case in those groups. A higher amount of affected trees in
group PVEL could be related to the microclimate of sampling area, since it is located in a
small topographic depression which could lead to lower temperatures. Trees from other two
groups are mainly located in a more open area, where temperature could be higher. Minor
single year drops in growth are present in the tree group PVED in the year 2006. This drop
could have been caused by lack of water since the amount of precipitation in June and July
was very small.
The amount of traumatic resin ducts in the group PVEL is very small and they do not
correlate with growth reductions that were caused by bedload transport of sediment which
was triggered by high amounts of precipitation observed in other samples. Traumatic resin
ducts were most likely caused by injures specific for individual trees (forest management,
animal activity …). The lack of rows of traumatic resin ducts that would correlate in time with
bedload transport events indicates that the trees were only buried and did not suffer any
injures by debris. Further on this could also indicate that bedload transport of sediment via
torrential distributary channels on the surface of alluvial fan PVE 3 do not have a high
destructive energy. Traumatic resin ducts in the groups PVED and PVEkont are also rare and
are most likely caused by injures specific for individual trees.
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The presence of reaction wood in the tree group PVEL does not show any temporal
correlation with growth reductions that were caused by bedload transport of sediment. Since
the reaction wood was mostly present in trees at their juvenile period when their tree trunks
were not very thick it is most likely that tilting could be easily caused by any other process
and not by burial with sediment transported in bedload. Since there is no temporal correlation
of reaction wood with any bedload transport events it is assumed that the trees were not tilted
by these events indicating that mass movements had low energy and low destructive force.
Based on tree-ring analysis correlated with meteorological data four highly possible
and two probable major depositional events in a form of bedload transport of sediment by
distributary torrential channels occurred in the sampling area PVEL and none in the sampling
area PVED. Five out of six events occurred from the year 1969 onward, meaning the
distributary channels were more active in the last five decades. This correlates with aerial
photography analysis. Sediment in the area of PVEL was transported via torrential channels b
and c, which based on aerial photography have become wider and more active from 1989
onwards. The majority of bedload transport of sediment occurred in autumn and they are
driven by heavy precipitation. Since the annual precipitation, based on meteorological data,
has increased in autumn in the period of last five decades, it is believed that in the future
bedload transport of sediment in torrential channels will occur more often in that season.
In the period of the last two decades two events with a high amount of precipitation in
the Planica-Tamar Valley and its vicinity occurred. Both of them caused slope mass
movement and flash-flood (Zorn et al., 2006, Šmuc et al., 2015). The first event was in
November 2000 which triggered debris flow under the Ciprnik Mountain and the other caused
flash-flooding in the village of Rateče between 29th and 31st of August 2003. In the case of the
first event, the seven day precipitation sum was 228.3 mm and in the case of second event
three day precipitation sum was 287 mm (Zorn et al., 2006, Šmuc et al., 2015). Although
these events had a high amount of precipitation and caused mass movement no particular
events occurred on the alluvial fan PVE 3 based on tree-ring studies. In the group PVEL nine
trees (12% of trees in the group) show growth reductions in the year 2001 that could have
been caused by a burial of trees in November 2000, due to sediment transported by bedload.
Only one tree shows growth reductions that could be linked to events in August 2003 (Figure
42). Despite the high precipitation events little or no growth disturbances indicate a mass
movement. There are two possibilities for that. It is possible that at the time of events in 2000
and 2003 channels b and c were blocked by debris. This is why sediment transported by
bedload did not travel down the channels and bury trees at the location of the group PVEL. It
is also possible that at the time of the events in 2000 and 2003 there was a lack of sediment in
the catchment area of the alluvial fan PVE 3. Prior to the events in 2000 and 2003, two events
(1990 and 1996) occurred, which could potentially have washed out sediment from the
catchment area, leaving it sediment free for the near future events.
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To sum up there is basic timeline of the events on the alluvial fan PVE 3 for the last
eight decades, presented in the Appendix 2. In the first section there are schematics of activity
of the channels a, b, c and d based on aerial photography. In the second section there is
dendrochronological data with main dated growth disturbances, such as single year events for
groups PVEkont and PVED and growth reductions, single year events and growth increases
for the group PVEL. In the third section there are meteorological events that contributed to
the growth disturbances, such as 24 and 48 hour precipitation, high and low monthly
precipitation, low monthly temperatures and high amount of snow.
5.4 FURTHER RESEARCH PROPOSALS
Research of Quaternary and Holocene sediments in the Planica-Tamar Valley could be
carried on and extended further. Geomorphological mapping could be made further up the
Tamar Valley up to the slopes of Mount Jalovec. Thickness of sedimentary bodies is still
unknown. Depth and interfingering of sedimentary deposits could be determined by
geophysical research by ground-penetrating radar or geoelectrical measurements. Dating of
paleosoil horizons by 14C method proves that ages of soil do not exceed dating range of the
method, which is why this method could be used in further research. In addition, further
analysis of old aerial photographs could also create further spatio-temporal reconstruction of
slope mass movements for the past decades. Research done by dendrogeomorphological
techniques proves to be successful for dating of potential debris flows, grain flows, bedload
transport of sediment via torrential channels and several other slope movements with an
accuracy of a year. Since there are several other areas in the Planica-Tamar Valley where
trees are affected by slope mass movement further dendrochronological research could be
implied. Successful dating of slope movement is limited to the age of trees which rarely
exceeds the age of 150 years in the Planica-Tamar Valley. Since slope mass movements
present a threat to the infrastructure and humans this sort of research could be useful for slope
movement prediction or creating vulnerability maps.
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6. CONCLUSIONS
The Planica-Tamar Valley is a typical mountain valley whose today’s shape and
morphological features are a result of base rock geology and sedimentation processes in the
Quaternary period. In the Pleistocene the main sedimentation process was done by ice in a
form of a mountain glacier. The retreating glacier deposited large amount of glacial till which
is today forming several moraines. With the retreat of the glacier in the Pleistocene the Valley
got its typical U-shape form, with a relatively flat floor and steep slopes. After the retreat of
the glacier, different Holocene sedimentation processes started to prevail in the valley with
erosion and transport being driven by gravity and water. Today valley slopes and floor are
covered by different sediments which are continuously being deposited in most recent time,
mainly in the form of slope mass movement. Sediments differ in their transport and
deposition and are forming sedimentary bodies, such as fluvial deposits, talus slopes, debris
flow fans and alluvial fans, each with its own distinct morphological and sedimentological
features. The result of Pleistocene and Holocene sedimentation processes is a complex system
of intertwined sedimentary bodies which are forming today’s landscape of the Planica-Tamar
Valley.
The most common and active sedimentary bodies in the Planica-Tamar Valley are
alluvial fans. Active sedimentation on the surface of fans occurs by water transport from the
catchment areas via active torrential feeder and distributary channels during high precipitation
events. By using different research methods detailed research was done on the alluvial fan
PVE 3 to determine its main sedimentological processes and characteristics.
With a radiocarbon dating of a paleosoil horizon a general sedimentation accumulation
rate was established, which shows that in the distal part of the fan PVE 3 approximately two
meters of sediment accumulated in approximately 755 years.
Migration and activity of distributary channels was determined by analysis of aerial
photography. Spatio-temporal analysis shows that activity of distributary channels changes
rapidly in the period of a few decades. In the period of approximately sixty years some
channels became wider and more active, while others became inactive, leading to
morphological changes on the surface of a fan.
Sediment transported via torrential distributary channels is deposited in the form of
sieve deposits or fan shaped sedimentary lobes and sheets on the surface of the fans. Such
deposits affect trees that are growing on the fans, which is why dendrogeomorphological
methods were used. In addition, meteorological data was correlated with data gained from
dendrochronological analysis. Based on the correlation of the two data sources four highly
likely and two possible depositional events have occurred in the last eight decades. The first
possible event occurred in the year 1935, with a highly likely one proceeding in 1969. A
possible event occurred in 1980 proceeded by four highly likely events in 1990, 1996 and
2009. Based on tree-ring studies these events had low destructive energy.
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All methods used in this research proved to be an effective means of research of
Holocene slope mass movements in the Planica-Tamar Valley. Further research of the valley
could be carried on using these methods on other sedimentary bodies. Methods used in this
research could be used in other areas where slope mass movements are present and further
increase knowledge and understanding of them. This could also lower the threat posed by the
natural hazard of slope mass movements to the infrastructure and human lives.
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Appendix 1 : Cross-section in the W-E direction over the Planica-Tamar Valley
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Appendix 2 : Timeline of events on the alluvial fan PVE 3
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