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EARTHQUAKE-INDUCED EROSION PROCESSES
IN TWO ALPINE VALLEYS IN SLOVENIA

Matjaz Miko$' and Rok Fazarinc®
ABSTRACT

The paper talks about seismic-induced instability processes in general, and about
erosion processes in two alpine valleys induced by an earthquake in the north-western
part of Slovenia on April 12, 1998, in particular. The general part of the paper presents
the most important parameters of seismic-induced instability hazards, and the main
characteristics of the above-mentioned earthquake. It follows a description of seismic-
induced erosion processes due to the 1998 earthquake in two alpine valleys. The major
erosion processes were numerous smaller and bigger rockfalls, followed by some slides
in glacial deposits, and some debris flows and similar mass movements due to local heavy
rainfalls. Some morphometric characteristics of major rockfalls in the Tolminka River
valley are shown and discussed. The paper ends with a discussion on possible impacts of
described processes on river regime in two valleys, together with a short description of
undertaken and proposed water management countermeasures to minimise negative
effects or consequences of accelerated erosion processes.

INTRODUCTION
Erosion processes are widely spread all over Slovenia (20 251 km’): more than

one third of its surface area (8 800 km’) is endangered by different erosion processes.
Processes of water erosion (including karst erosion), land sliding, and snow erosion are
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prevailing. The 370 most important torrential watersheds occupies area of 4 000 km?,
and nearly 6 500 km” of Slovenia is composed of schist and flysch (can be unstable under
certain conditions). One of the main causes for different forms of land sliding are heavy
rainfalls, reaching under extreme conditions nearly 300 mm in 6 hours and nearly 450
mm in 24 hours. As a consequence, numerous slides (smaller slips and sjumps, and larger
landslides) may occur. Last such an extreme rainfall event was in August 1989, described
at the INTERPRAEVENT Symposium in 1992 (Fazarinc and Miko§ 1992).

Another important factor initiating land sliding and especially different forms of
rockfalls is an earthquake. For that reason, a hazard map for seismic-induced instability
processes was prepared for Slovenia in early 90’s. For the initiation of a process like that
in a certain point following parameters are important: earthquake intensity, terrain
morphological characteristics, and terrain engineering geological properties. In order to
define hazard maps due to seismic-induced instability processes (landslides and
rockfalls), the seismological map of Slovenia for earthquake return period of 1000 years
was combined with the digital terrain model of Slovenia and the engineering geology
map of Slovenia. The seismological map uses a MSK (Medvedev-Sponheuer-Karnik)
seismic scale with twelve levels. The MSK scale incorporates also quantitative
determinations, and foresees seismic-induced instability processes for the level VI and
above. In Slovenia, seismic levels up to the level IX can be expected, where for this level
numerous land slides, slips, as well as rockfalls can be expected. The digital terrain model
of Slovenia is of a grid 100 m x 100 m, The engineering geology map integrates rocks
and soils, divided into 7 groups, rock hardness and soil granularity being two most
important engineering geological properties for the division. The intensity of different
seismic-induced processes is a function of an earthquake intensity. Instability hazard
levels, given for rockfalls in Table 1, show that the highest hazard level is achieved for
hard rocks and very hard rocks.

Table 1. Instability hazard levels for seismic-induced rockfalls (after Ribiéi¢ and Vidrih
1994).

Earthquake intensity (MSK scale) VII | vin | IX
Rocks and soils Instability hazard level
very hard rocks (crystalline rocks) low medium high
hard rocks (carbonaceous rocks) medium high very high
medium hard rocks (clastic rocks) very low low medium
soft-rocks (tertiary sediments) no risk very low | very low
soils no risk no risk no risk

Seismic-induced geological processes may be put into a whole set of different
classes: falling of single stones; fresh short cracks in rocks; falling of single rocks; smaller
rock falls; talus slides; extensive breaking of stones; smaller rock planar and wedge
slides; rock movements on gentle slopes and horizontal terrain; fresh long cracks in
rocks; rock splitting and rock topples; extensive falling of rocks; rockfalls;, rock planar
slides; rock wedge slides; major rockfalls (of regional dimensions); major rock wedge
slides (of regional dimensions), major rock planar slides (of regional dimensions). We
will concentrate in this paper only to two above-mentioned classes, namely to rockfalls
and rock slides, respectively.
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THE EARTHQUAKE ON APRIL 12, 1998

The strongest earthquake with a focal point in the region of Slovenia in the 20"
century had the magnitude of 5.8 and the maximal intensity between VII™ and VII® level
of the EMS scale, and shattered western parts of Slovenia near the border with Italy on
April 12, 1998, The earthquake was initiated along a dinaric joint, which goes in a north-
west to south-east direction from Bovec (441 m), between the Lepena valley and Krn
(2241 m), towards the spring of the Tolminka River (690 m), and further to the narrow
valley of the BaSka grapa. Apart from its devastating consequences for buildings and
infrastructure in this area, this earthquake triggered more than one hundred rockfalls and
landslides of various sizes in the region. Some of them were old ones, but the majority of
them were new. The main scars in natural environment were observed near the focal
point of the earthquake and along several geological joints. In only few seconds,
geomorphic events of a few centuries took place. Despite that, this earthquake didn’t
cause any casualties.

The main seismic-induced erosion processes, relevant for water management and
discussed in this paper, took place in two typical alpine valleys of the region: the
Lepenca Torrent and the Tolminka River valleys, respectively. Firstly, the earthquake
impacts in the former will be shortly presented, followed by a more detailed description
of seismic-induced erosion processes in the latter.

THE LEPENA VALLEY

The Lepena Valley is a relatively wide glacial valley. The Lepenca Torrent
springs under Veliki LemeZ (2042 m), and flows mainly freely in glacial deposits, only
partially confined to narrow passages. Pastures and meadows mainly cover the valley
bottom. Forests cover the valley and mountain slopes. The catchment area is 21.12 km?,
and the characteristic high discharges are as follows: Q00 = 131 m’/s, Qs = 120 m’/s,
Q20 =102 m’/s, and Q; = 55 m*/s (VGI 1998). Mean yearly sediment input to the So¢a
River is estimated to be between 7.000 and 10.000 m’/year.

The impacts of the 1998 earthquake in this alpine valley will be presented only
shortly. The main seismic-induced instability processes were concentrated in the valley
gable, in the surface focal point of the earthquake. Broken or partially cracked erratic
boulders due to jumping in situ during the earthquake are silent witnesses of extreme
released power. The main seismic-induced erosion processes are:

e Rockfall (planar slide) in the north face of Veliki LemeZ (2042 m), which changed
into a debris avalanche, and have been deposited into the Lepenca Torrent channel,
where after first heavy rainfalls after the earthquake debris flows like transport have
been observed (see Figure 1).

e Rockfall (wedge slide) on the northern slopes of Sija (1629 m) started in the height of
about 1290 m a.s.l., and was stopped by the forest above the farm *“V Koncu”
(770 m) (see Figures 1 and 2). The rock fall masses are stable, only finer particles will
be washed out.

The main possible impact of rockfall masses may well be a possibility of the
Lepenca Torrent morphology changes or its adaptation to increased bed-load transport.
The direct impact on the Soca River is estimated to be moderate at the moment, and also
in the near future as a consequence of two seismic-induced rockfalls in 1998.
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Figure 1. A topographic map of seismic-induced rockfalls
in the gable end of the Lepena valley.
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Figure 2. A rockfall (wedge slide) on the northern slopes of Sija (1629 m)
(photo: authors 1998).

Therefore, no further special river engineering measures have been planned, apart
of the immediate restoration works carried out immediately after the earthquake in 1998
in order to maintain the Lepenca Torrent channel, efforts to divert the torrent from a
farm “V Koncu” (see Figure 1), and to re-established the road to the farm “V Koncu®
and to the mountain home “Dr. Klement Jug” in the valley gable. In the future, regular
inspections of the region are planned, as well as irregular inspections after each possible
minor earthquake (VGI 1998).

THE TOLMINKA RIVER VALLEY
Natural Conditions

The Tolminka River valley is in the upper part of the catchment clearly fan-
shaped, which then in the middle part becomes very narrow. This part is called “Korita™,
and the catchment is only few 100 meters wide. Downstream of this part, the Zadlai¢ica
Torrent flows into the Tolminka River, forming its major tributary. The Tolminka River
has an average channel slope of 5 %. The upper part of the catchment is built of
limestones and dolomites of different quality due to tectonic movements and weathering.
Rock stratum is highly stratified and fractured.

The catchment lies beneath an important orographic mountain barrier. which
causes mean yearly precipitation rates between 2200 mm and 3000 mm, which is a very
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high amount in Europe. Typical for this region along the Soa River are also intensive
rain showers of short duration and high intcnsities, caused mainly by Genoa cyclone.

The catchment area is 78.95 km’, and the characteristic high discharges are:
Oroo =361 m’fs, Qso = 332 m'fs, Oz = 280 m¥/s, and 0 = 150 m'/s (VGI 1998). Mean
yearly sediment input to the So&a River is estimated to be around 15 000 m *year.

Forest mainly covers the catchment, and deciduous trees are prevailing. Only the
very upper part of the catchment belongs to the mountain zone, but this part is quite
carstic and doesn’t have a developed flow network. Apart from an Alpine meadows of
Polog near to the spring of the Tolminka River, settlements are concentrated to the area
around the confluence with the So&a River, where there is Tolmin with nearly 3000
inhabitants. Because the Tolminka River mainly flows in a narrow and deep canyon-like
channel, the whole catchment area is not easily accessible. That is why in the past torrent
control works have been done only in the area around the spring of the Tolminka River,
and river training works only in the lower reach in the area of Tolmin.

River Dynamics

The Tolminka River springs as a strong karstic spring (690 m) on the north-
eastern edge of Osojnica (1150 m), and after 12 km it flows at the altitude of 154 m into
the So¢a River. Upstream of the Tolminka River spring there is a torrent Kuntarski
potok, which is intermittent and brings a lot of debris during flash floods to the Tolminka
River. Just upstream of the confluence there is a 10-m high concrete arch check dam,
retaining over 150 000 m’ of mainly coarse debris. Downstream of the confluence with
Kuntarski potok the Tolminka River flows through remnants of glacial moraine. River
bottom is made of very coarse erratic boulders with diameter of 1 m and more. The river
morphology is because of a very steep longitudinal slope typically signed by step-pool
sequences. This river reach is mainly stable, despite of a recognisable degradational trend
due to large sediment transport capacity, and the river transports all laterally incoming
gravel and finer material into the downstream direction. The main erosion problem in this
reach are two larger slumps in glacial deposits (moraine called Zelezje, see Figure 6).

Further downstream, the Tolminka River flows through a narrow canyon, only
few meters wide at some places. The transport capacity is high enough in this reach to
transport all the sediments coming from the upper part of the catchment to the lower
reach of the river. This part of the river is characterised by accumulation processes,
especially in the last few kilometres above the confluence with the So¢a River.

Hazards During the Earthquake in 1998

Main types of seismic-induced instability processes were rockfalls (see Figure 4)
and rock wedge and planar slides, respectively. They were concentrated in the upper part
of the valley, composed of hard rocks (limestones, dolomites), which is the most
seismically sensible rock type. Instabilities were initiated along the main geological joints,
and additionally defined by a local system of cracks and fissures (Table 2 and Figure 3).
For the topographic presentation of the seismic-induced erosion processes, field mapping
as well as aerophotographs from 1989 and 1998 have been used.
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Figure 3. A topographic map of seismic-induced erosion processes in the upper part
of the valley of the Tolminka River.
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Table 2. Main characteristics of seven major rockfalls in

the Tolminka River valley.
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Figure 4. Rockfalls in the south face of Osojnica (1150 m)
in the Tolminka River valley (photo: authors 1998).

Table 3. Intensity of natural hazards — decisive parameters and criteria for determination
of hazard levels for rockfalls (after Kienholz, 1996).

Rockfalls decisive high hazard middle hazard | low hazard
and hazard parameter level level level
single  [kinetic energy »E«| E>100-300kJ [100kJ>E>10kJ| E<10kJ
_ rockfall
rock translationand | E > 100 - 300 kJ E<100kJ -
_avalanche rotation A
major rockfall as above; E>100-300kJ - -
Bergsturz | mass and volume

As a decisive parameter for assessing hazard levels during an earthquake, kinetic
energy of seismic-induced instability processes has been proposed by Kienholz (1996),
see Table 3. An estimated volume of the major rockfalls in the Tolminka River valley
(see Table 2) is nearly 500 000 m’ of mainly very coarse material (single boulders, very
coarse rubble, gravel). If we compare released kinetic energy of the major rockfalls in
seven areas in the Tolminka River valley (see Table 3), we can easily see, that in all
cases corresponding hazard levels during the earthquake have been of the highest class.
This hazard lasted only for a minute or so in all areas (from starting to transition zone,
and lastly to accumulation zone).
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Figure 5. A cross section of a debris flow, flowing from rockfall masses towards the
Tolminka River channel — in the back ground are rockfalls in the south face of Osojnica
(1150 m) in the Tolminka River valley (photo: authors 1998).

Figure 6. Soil slumps in glacial deposits (moraine) — in the background are rockfalls in
the east face of Osojnica (1150 m) in the Tolminka River valley (photo: authors 1998).
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After-Earthquake Hazards

Post-seismic hazard levels are essentially low, and are related to possible post-
seismic instability or self-release of unstable rock parts. The other post-seismic hazards
are related to outwashing of rockfall material to the streams, and to erosion processes,
such as debris flows initiated in the rockfall debris. We can expect that only smaller part
of the estimated 500 000 m® of seismically released material will reach the Tolminka
River channel by gravity, mass movement events, or washing out of the rockfall debris.

Nevertheless, in the first months after the earthquake in 1998, some debris flows
could be observed after heavy rainfalls. Their cross sections were of more than 10 m*
(see Figure 5), and they were flowing over stable and porous slopes.

More easily erodable are glacial deposits, so that we assume that the Tolminka
River might erode large amounts of mainly fine-grained material in both seismic-induced
slumps (see Figure 6). More details about the future impacts on water and sediment
budget is given elsewhere (Miko$ and Fazarinc 1999).

Planned River Regulation Works

The Tolminka River is the last important tributary of the So¢a River upstream of
the confluence with the Idrijca River. All rivers flow into the Doblar Reservoir, in a man-
made artificial accumulation for the HPP Doblar, built in 1938, A concrete dam Podselo
made an impoundment of nearly 8.9 million m*. Up to date, nearly 5 million m* sediments
have deposited and occupy the active volume, and several millions m’ have passed the
reservoir. Due to that reason, constant efforts are made to manage the sediment inflow
into the reservoir. Gravel mining upstream of the reservoir is about 60 000 m’/year, and
also several 100 000 m’ have been removed (dredged) from the reservoir itself in the last
decade.

In the lower reach of the Tolminka River, parts of the Tolmin (3 000 inhabitants)
may be endangered (flooded): a small HPP, a fish farm for Soca trout, a sewage
treatment plant, and few houses. Sediment transport capacity of the Tolminka River
along its lower reach decreases from an assumed value of over 10 000 m’/year at the
transition from the narrow and steep middle reach to the flatter lower reach, and the
inflowing sediments are deposited upstream and at the confluence with the Soéa River.

A hydraulic study of the lower reach of the Tolminka River is under way. Firstly,
flooded areas during high discharges will be determined. Secondly, the study will
confront the sediment yield from the upper part of the Tolminka valley with the sediment
transport capacity in its lower reach. As a possible counter measure to decrease danger
of sedimentation and flooding, a sediment retention basin upstream of the confluence
with the Soca River and the Tolmin sewage treatment plant is foreseen. The minimal
volume of the basin will be determined by this study, but it seems to be rather large
(several 1000 m®).

Restoration works in the upper part of the Tolminka River valley are basically
oriented towards stabilisation of existing retention structures, especially of the main
retention 10-m high concrete dam, filled with nearly 150 000 m® of coarse sediments.
Also prevention against bank erosion beneath both slumps in glacial moraines is foreseen
as an important countermeasure to prevent larger failures of the riverbanks, and possible
following debris flows.
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