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Abstract

The Trondheim and Gauldal areas in Mid-Norway are characterized by thick marine
deposits from the ice age and deglaciation period. The following glacio-isostatic rebound
has led to river incisions in the valleys and extensive landsliding and ravine erosion. This
study is based on data from an upgraded Quaternary geological map of this region for the
areas below the highest sea level after the last ice age, with a focus on landslide scars and
ravines. The study has a multidisciplinary approach, which is important in order to get a
good regional geological understanding of the ground conditions and the landscape devel-
opment. This means that geological, geomorphological, geotechnical, geophysical and
hydrogeological data are used. The study area is divided into six parts, based on natural
topographical divisions and the distribution of landslide scars and ravines. Factors influ-
encing the development of sensitive clay and the triggering of landslides are described for
each area; these include sediment distribution, thicknesses and stratigraphy, bedrock topog-
raphy, the degree of leaching of clay, groundwater conditions, the number, size and shape
of landslides, and the distribution of rivers, streams and ravines. The study shows that the
size, behaviour and erosional potential of the main river or stream influence the landscape
development to a high degree. The erosional basis, stratigraphy and presence of bedrock
are essential for leaching and the development of quick clay.
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1 Introduction

During and after the last ice age, several hundred metres of glaciomarine and marine
deposits accumulated in Norwegian fjords. These sediments were subsequently exposed
due to glacio-isostatic rebound and can be detected up to the marine limit (ML), i.e. the
highest level that the sea reached in an area following the ice age. Leaching of the marine
clay by fresh groundwater alters the chemical composition of the pore water in the marine
clay, and “quick clay” may develop (in Norway defined as clay with a remoulded shear
strength of <0.5 kPa) (Rosenqvist 1953; Torrance 1983; and others). In general, quick clay
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can develop downwards, upwards and laterally. Groundwater flow and gradient are impor-
tant, and are influenced by, for e.g. the presence of coarse-grained material, sediment layer-
ing and bedrock topography. The stratigraphy influences the leaching processes of marine
clay, as shown by Solberg et al. (2007); Hansen et al. (2007a); Eilertsen et al. (2008). With
further leaching of the quick clay, more stabilizing ions from the groundwater will domi-
nate the pore water, and strengthens the bonds between the clay particles (Hilmo 1989;
Helle et al. 2016).

When quick clay is remoulded, it completely liquefies. Landslides involving quick clay
can change the landscape radically within a few hours, and are one of the most severe geo-
logical hazards below the marine limit in Norway.

Terrain changes that lead to a disturbance of the stability equilibrium of a slope are
an important contributor to quick-clay landslides. This occurs naturally due to river and
stream erosion, but also due to human activity. High pore-water pressure, groundwater ero-
sion and vibrations are other important factors. Often, there is a combination of geological,
morphological and physical prerequisites for a landslide, with a single cause that eventu-
ally triggers the landslide (e.g. Cruden and Varnes 1996, Ryan et al. 2022).

Systematic mapping of landslides and ravines in marine deposits is, together with infor-
mation about the ground conditions, important in order to understand the landscape devel-
opment. The number and ages of landslide scars and ravines give an understanding of the
earlier and present erosional situation. Resulting landslide inventory maps and analyses of
areas are important for hazard zonation and safety measures.

One purpose of this paper is to present data from an updated Quaternary geological map
for the study area below the marine limit. This data include traces of erosional landforms
such as ravines (also known as gullies) and landslides scars. Analyses and statistics of these
occurrences, such as number, sizes and shapes, are carried out and presented. Another pur-
pose is to present the geological characteristics of the different parts of the study area, and
how these are linked to the occurrences and sizes of landslides and ravines. Important fac-
tors for the degree of leaching, quick-clay development in marine clay, and triggering of
landslides will also be discussed.

The present study is based on data and research from several projects in the study area
during the last 15-20 years, and is a combination of geological, geomorphological, geo-
technical, geophysical and hydrogeological data. A multidisciplinary approach such as this
is important in order to better understand the landscape development in marine clay areas,
and may be a useful input to hazard and stability evaluations.

2 Earlier mapping of landslide scars and ravines in marine deposits

There have been large variations in the amount of focus invested in systematic, detailed
mapping of landslide scars and ravines in elevated marine sediments in the parts of the
world where this is relevant. The following section outlines some examples of such map-
ping in Norway, Sweden and Canada. Only a few of these studies had the opportunity to
use high-resolution LiDAR data (Light Detection and Ranging) for the mapping of land-
slides, and many scars are therefore not mapped. In addition, the geological understanding
in connection to the landslide distribution was not considered in all the studies.

In Norway, landslide scars and ravines are mapped as part of the Quaternary geological
mapping programme at the Geological Survey of Norway (NGU). The Quaternary geologi-
cal maps provide a general overview of the surface sediment distribution and landforms
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(NGU 2024). The amount of detail depends on the scale, focus, base data and the age of
the mapping. The Quaternary geological map and the information on the marine limit are
used as susceptibility information for marine clay presence (Hansen et al. 2017). This,
together with information about topography and erosion, and data from ground investiga-
tions, are the basis for the quick-clay hazard mapping in Norway—a national programme
that has been, and still is, running since the early 1980s (NVE 2021). The mapping identi-
fies zones where large, quick-clay landslides potentially can occur. These zones, in turn, are
subjected to a risk classification as a basis for planning and mitigation work (Havnen et al.
2017). However, quick clay is also present outside the identified quick-clay hazard zones,
and even small landslides can be fatal—especially in urban areas. Quaternary geological
maps may be used as an awareness tool for the areas below the marine limit that has no
mapped hazard zones.

Relatively few studies have been carried out on detailed mapped landslide occurrences
and their connection to ground conditions for large areas in marine clay deposits in Nor-
way. Foster and Heiberg (1971), Jgrstad and Hutchinson (1961), Karlsrud et al. (1985), and
Solberg et al. (2007) discuss which parts of a valley / river system have highest landslide
activity. Hansen et al. (2007b) and Eilertsen et al. (2008) focus on stratigraphic variabil-
ity of the erosional pattern and how geology influences this development, with regard to
river incision, groundwater erosion and landslide activity. L’Heureux (2012) documented
the retrogressive behaviour and the mobility of 37 quick-clay landslides in Norway. One of
his discussions were how the terrain influences how large a landslide may be, and how the
landslide debris are evacuated (open or channelled terrain).

Norway has a National landslide event database, mainly for historical landslides (NSDB
2024). The information mainly consists of landslide type, time of the event and a short
description, but have limited geological information.

Additionally, in 2019, the Geological Survey of Norway (NGU) and the Norwegian
Environment Agency started a nationwide mapping programme of “red-listed landforms”
such as ravines and landslide scars in marine deposits (van-Boeckel et al. 2023). This gives
large data sets of detailed mapped landslide scars and ravines from different parts of Nor-
way. Statistical analyses of the landslide morphology, partly with data from the study area
of the present paper, have been carried out (Penna and Solberg 2022).

Rankka et al. (2004) reported on geological prerequisites, chemical and mineralogical
compositions, and processes leading to the formation of quick clay in Sweden. The study
concluded that quick clay is mostly detected in the following areas: close to bedrock val-
ley sides; above and below thick and continuous deposits of coarse sediments, sometimes
only where the clay is located close to the coarser layer; and close to outcropping and bur-
ied hillocks. Based on these and other criteria, Persson et al. (2014) statistically predicted
quick-clay formation in south-west Sweden by making a spatial model that considered
paleogeographic, hydrogeological and stratigraphic variations. The Geological Survey of
Sweden (SGU) has analysed the morphology of landslides in fine-grained sediments and
made a database for Sweden (Melchiorre et al. 2014). SGU also carries out mapping of
landslide scars and ravines which are presented in a web map service (SGU 2024).

Some of the early mapping of landslides in marine clay for use in hazard analyses in
Canada were made by Mitchell and Markell (1974), Lebuis et al. (1983), Geertsema and
Schwab (1997) and others. A PhD work by Quinn (2009) dealt with the spatial relationship
between specific physiographical and geological features, and the occurrence or absence
of large landslides, in sensitive clay, in eastern Canada. Some of the conclusions from this
work were that all large landslides tend to occur along the banks of existing or abandoned
watercourses; additionally, the maximum size of large landslides appears to be positively
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correlated with the size of the drainage feature; and finally, landslides appear to be more
common where soils are thicker. In addition, large clusters of retrogressive landslides are
associated with the presence of emerging bedrock hills, and new retrogressive flow slides
tend to occur close to old slides. Quinn et al. (2011a) concluded that landslides will ter-
minate before reaching a reverse break in the slope, such as a ravine or an adjacent, older
landslide crater. However, Geertsema et al. (2006) showed that new landslides can capture
older, shallower landslides.

Quinn et al. (2011b) presented basic geometric data for 32 large landslides in sensitive
clay in Canada and Norway from the literature, ranging in size from 8000 to 2.9 million
m?. In addition, statistical analyses were made for 1259 retrogression landslides in eastern
Canada. Also Demers et al. (2017) presented the mapping of 3500 retrogressive landslides
in sensitive clay in Quebec based on LiDAR data. They also emphasized the importance of
detailed and reliable landslide inventories in hazard mapping.

3 Marine clay landslide types

Definitions of landslides are often based on parameters such as material type, material
properties and failure mechanisms. These general classifications often need local adaptions
for different parts of the world. Landslides in marine clay may involve remoulding of quick
clay, but not always, and for old landslide scars it is not always easy to conclude if this
was the case. Detailed LiDAR data collected shortly after a landslide event may indicate
material properties, i.e. sensitivity and shear strength. If most of the clay involved in the
landslide was quick and remoulded during the event, the scar will most likely be emptied.
If just a thin layer of quick clay was present, larger blocks may be left behind in the scar.

In some landslide events, more than one landslide type or mechanism may be involved.
In the present paper, landslides in marine clay are classified based on the updated Var-
nes classification system by Hungr et al. (2014), Quinn (2011b) and the Norwegian Water
Resources and Energy Directorate (NVE hereafter) guidelines for safety against landslides
in quick clay (NVE 2020). The following classifications are used:

Surficial slides or Soil creep occur when the soil is saturated, for e.g. after heavy rainfall
or during snow melt. The sliding plane is shallow, and often parallel to the terrain surface.

Rotational slides or Soil slumps occur when homogenous and cohesive soil moves in
one piece and shows a clear rotation. There is little internal deformation. It involves the
riverbank, and the backscarp is normally just behind the top of the slope. The sliding plane
for rotational landslides goes significantly deeper than the sliding plane for surficial slides.

Retrogressive slides or Flows occur when the soil partly or completely liquefies. The
landslide crater is often “empty”, with a fully or partially exposed sliding plane. Some
debris can also be left behind in the scar, e.g. as deformed blocks. This landslide type may
have a “bottle-neck™ shape, where the gate of the slide scar is narrower than the largest
width of the slide scar. The slide scar is often relatively deep with steep back-slopes, but
this depends on the level of the sliding plane. A retrogressive slide generally involves trans-
port of debris some considerable distance downstream, and may also involve significant
upstream transport in adjacent streams.

Flake slides or Translational slides occur when blocks of cohesive soil slide on an
inclined planar sliding plane, formed by a weak layer. The remoulding process is often
driven by progressive failure (forward directed or backward directed). The monolithic slide
material remains more or less intact during movement. Flake slides generally occur in
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relatively flat terrain, where quick clay or other weak layers often are thin surface-parallel
layers in the ground.

Lateral spreads occur when a series of coherent clay blocks float on a layer of
remoulded clay. It leaves a distinct horst and graben morphology. The landslide debris is
most often transported a short distance from the landslide scar.

4 Setting and general geology in the area

The study area comprises ground areas below the marine limit (ML) in the municipalities
of Trondheim and Melhus in Mid-Norway. The total area is almost 400 km?. The study
area is divided into six parts (Fig. 1): Trondheim North (TN), Nidelv Valley (NV), Tiller
Klebu (TK), Byneset (B), Gauldal North (GN) and Gauldal South (GS). The extension of
the areas is based on natural topographical divisions and the distribution of landslide scars
and ravines in the study area.

4.1 Bedrock geology

Bedrock maps for the area are at a scale of 1:50,000 and 1:250,000 (Wolff 1976; Chaloup-
sky 1977; Solli et al. 2003; Gasser et al. 2018). The study area mainly consists of metamor-
phic rocks, such as schists, greenstone, phyllite and greywacke. South in the study area,
Gauldal is crossed by some bands of rhyolite (volcanic rock) and conglomerate (sedimen-
tary rock).

4.2 Deglaciation and following landscape development

The onset of glacier retreat from the study area happened prior to the Younger Dryas cold
period, and the sea followed the retreating glacier margin. The sea level was relatively high
due to a strong glacio-isostatic depression of the crust. The Gauldal valley specifically was
one of the main glacier pathways in the Trondheim region and the valley is very deep due
to glacial erosion. Seismic investigations show that the sediment is 500 m thick in Gaulosen
(Rise et al. 2006), and at least 300 m in other places in the Gauldal valley (Sindre 1980).
Depth to bedrock is less in Klaebu and Trondheim, but data from drilling and geophysical
investigations show large variations, often over short distances. The glacial and postglacial
history of the Trondheim and Gauldal regions have been mapped and described by Reite
(1983, 1985, 1994, 1995), Olsen et al. (2015), Rise et al. (2006) and others. The earlier
Quaternary mapping scale in the area was 1:50,000, and not very detailed with regard to,
for e.g. landforms such as landslide scars and ravines.

The highest sea level after the last glaciation (ML) was about 160 m above present sea
level in the north-western part of the study area, and about 175-180 m a.s.l. in the south-
ern part (Reite 1983, 1985). An enormous amount of sediment was transported by gla-
cial meltwater from the east and south and settled in the fjord in front of the glacier. This
resulted in the accumulation of extensive and thick, fine-grained glaciomarine and marine
deposits. Nevertheless, several massive coarse-grained glaciofluvial deposits are also pre-
sent (Fig. 1). These deposits accumulated in the fjord during temporal stops or short glacier
readvances. The highest sedimentation rates took place on the slopes of the glaciofluvial
deposits, but clay and silt were continuously deposited in the basin in front of the retreating
glacier. Gauldal was a relatively narrow fjord with several straits through the glaciofluvial
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Fig.1 Quaternary geological map from the study area. The new map parts are the areas below the marine
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deposits, and here, strong tidal currents probably held fine-grained material in suspension
and transported it northwards. Due to this, sedimentation was hindered within the upper-
most 20-30 m of the water column and clay deposits are thus only found below this level
(Reite 1994).

The glacio-isostatic rebound of the crust following glacier melt caused a fall of relative
sea level that was rapid in the beginning of the Holocene and then slowed. The present day
rebound of the region is ca 3 mm per year (Reite 1994). A constructed shoreline displace-
ment curve for Trondheim reflects the overall sea-level trend (Fig. 2). This curve can be
used for Trondheim and as a guideline for the northernmost part of Gauldal valley, but
diversions from the trend are expected to increase southwards.

The relative sea level fall caused the emergence of the previously deposited glacial and
fjord-marine deposits. The base level lowering led to fluvial erosion of the older deposits,
and landslide activity. River plains and fans were constructed at still lower levels while
delta progradation shifted gradually northwards. For this reason, several, distinct fluvial
and deltaic terraces are preserved along the Gaula and the Nidelva.

4.3 Therivers Nidelva and Gaula

There are two large rivers in the study area: the Nidelva and the Gaula (Fig. 1). The
Nidelva comes from Selbusjgen (157 m a.s.l.) and runs through Klebu and Trondheim into
Trondheimsfjorden. The Nidelva has a relatively uniform water discharge, due to the large
Selbusjgen reservoir. There are five bedrock thresholds with waterfalls north of Selbusjgen
that influence the river course and the base level of erosion (Fig. 1). The mean water dis-
charge is 3193 million m*/year (NVE 2024a). From the outlet of Selbusjgen to the outlet in
Trondheimsfjorden there is a height drop of 7-8 m per km.

The Gaula runs through Gauldal into Gaulosen and comes from the mountains south
of the study area. The Gaula has large variations in water discharge, but the mean water
discharge is 2592 million m*/year (NVE 2024a). The Gaula is regarded as one of Nor-
way’s most dangerous flood rivers. A lack of lakes/reservoirs allows the river to respond
quickly to heavy rainfall and flooding. During the catastrophic flood in AD 1940, the
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water level was 14.5 m higher than the low-water level at Gaulfossen, with a discharge
of 3060 m’/s (SNL 2024). Gaulfossen is the only bedrock threshold for the Gaula in
lower Gauldal (Fig. 1). In the south in the Melhus municipality, the Gaula lies 56 m
a.s.l. From this location to the outlet in Gaulosen, there is a height drop of about 2 m per
km.

5 Data sets and methods
5.1 LiDAR data, aerial photos, GIS tools

The Quaternary geology and landforms were mapped in ArcGIS (ESRI) from hillshade
images based on high-resolution digital elevation models (DEMs) (with point densities
2 and 5) from LiDAR data, provided by the Norwegian Mapping Authority (Kartverket
2024). In addition, topographical maps and aerial vertical photos (orthophotos) were
used. Old aerial photos were highly valued, in order to understand the development in
areas of urbanization and farming.

For the landslide scars, the edges were drawn as line symbols in ArcGIS, with the
landslide outlet gate open. The ravines were drawn as line symbols downstream. Also,
ravines without a very sharp v-shaped cross section were drawn—in order to indicate
the drainage pattern in the area. Some of the ravines had previously sharper v shapes
(seen on old aerial photos), but are today only faintly visible due to agricultural level-
ling. A few landslides in the study area were known from before, but have during this
work been more precisely mapped. The mapping scale for the project was in general
1:20,000, but some of the landforms have a mapping scale of 1:10,000 or better.

NGU’s mapping routine for landslide scars is to draw the backscarps of the land-
slides, and not necessarily the whole detachment area. Only parts of a scar may be rec-
ognized in the terrain. Therefore, the size of the scar may be underestimated. For the
analyses, some of these were “repaired” or removed. Most of the scars are very old, and
their shapes may have been changed due to erosion, new landslides that interfere with
older scars, agricultural levelling and infrastructure construction work. This also means
that the landslide mechanism can be difficult to determine.

The mapped landslides in this study were divided into the different shapes presented
in Quinn et al. (2011b): “short and wide”, “roughly circular or equidimensional”, “elon-
gate” and “bottle-neck”. “Short and wide” sometimes includes just remains of a scar,
not the whole original detachment area that potentially had another shape. Some of the
“roughly circular or equidimensional” scars may originally have been “bottle-neck” cra-
ters that were later altered. Some “elongate” scars can be difficult to differentiate from
ravines with flat and wide bottom. Figure 3 shows examples of these shapes.

Tools in ArcGIS were used to convert landslide line symbols into polygons for area
calculation. The detachment areas of the mapped landslides were grouped into the fol-
lowing classes:

Large landslides: larger than 500,000 m?
100,000-499,999 m?

30,000-99,999 m?

Small landslides: less than 30,000 m?
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Fig. 3 Examples of the landslide N e ——
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5.2 Field inspection

Field inspections were done in large parts of the study area, in order to map and understand
the landscape. The distribution of sediments was studied in sections/cuts in infrastructure
construction sites. Samples from about 1 m depth were collected with the use of a hand-
held soil probe. Bedrock outcrops were also mapped.

Guzetti et al. (2012) discuss the difficulty of detecting landslides in the field, in par-
ticular old landslides. This may be due to the size of the landslide that often is too large
to be seen completely in the field. This difficulty is also in part due to the fact that old
landslides are often partially or totally covered by forest, and may be partly dismantled
by other landslides and erosion processes, and human activity, including agricultural and
forest practices. Therefore, the combining of fieldwork with LiDAR data and aerial photos
from different years is necessary.

5.3 Data from ground investigations and maps

There is plenty of geotechnical data available in the study area, especially in the urban
areas (NADAG 2024). This data have been used to get an overview of sediment types and
depth to bedrock. Close to some of the landslides and ravines, soil properties from geotech-
nical drilling data have been studied in detail. Data from groundwater wells are used for
depth to bedrock (GRANADA 2024).

There are over 130 hazard zones for potential landslides in sensitive clay in the study
area. The location of the zones, their properties and documentation are provided by the
Norwegian Water Resources and Energy Directorate (NVE 20244, b).

The upgraded Quaternary geological data are included in NGU’s superficial deposits
database. Geophysical data from seismic, resistivity and ground penetrating radar measure-
ments have been used for subsurface information. Bedrock maps have also been used. All
these map views and databases are available from the Geological Survey of Norway (NGU
2024).

Rankka et al. (2004) and Quinn (2009) presented the following factors that influence
the development of sensitive clay and triggering of landslides: deposition in a marine
environment; leaching of salt; artesian groundwater; high permeability layers within
the clay deposit; thickness of clay sediment; presence of limestone bedrock; underlying
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coarse-grained material; bedrock topology; catchment areas; three-dimensional effects;
stage of river development; height above present sea level; organic soils; temporal factors
such as groundwater levels; and mineralogy. The present study outlines and discusses most
of these factors.

5.4 Dating of landslide events

The relative age for some of the landslide scars are derived from the shoreline displace-
ment curve, with the assumption that the river size, discharge and average gradient of the
main rivers have been approximately the same during the last part of the Holocene. This
may of course have changed due to climatic variations.

The most reliable age of a prehistoric landslide event is obtained by dating in situ plant
material covered by landslide deposits. Organic material dispersed in landslide deposits
will give a maximum age for the event. Radiocarbon ages in the paper are referred to with
“years BP”, while calibrated ages are presented as “years BC/AD”, or “calendar years BP”.

6 Results
6.1 Ground conditions and terrain characteristics

The updated Quaternary geological map for the study area below the marine limit (ML) is
shown in Fig. 1 (Riiber et al. 2015, Solberg and Riiber 2019, Solberg et al. 2019). Tables 1
and 2 give an overview of some characteristics of the different parts of the study area,
with focus on factors important for the development of sensitive clay and the triggering of
landslides. Figure 4 gives an impression of the morphology, and Fig. 5 shows the mapped
landslide scars and ravines.

The overall gradient of the terrain below ML is less than 5° (Kartverket 2024). A few
areas are between 5° and 15°. This is of course apart from the ravine slopes and landslide
backscarps that locally are 45° or more. Areas with preserved old seabed are relatively flat.

Based on data from ground investigations (NADAG 2024), quick clay is in general
located relatively deep underneath plateaus, and closer to the surface in lower parts of a
slope and below ravine bottoms. In ridges, the pore-water pressure measurements often
indicate that the ground water level is several metres below the surface, and that there are
hydrostatic conditions further down. This is probably a reason why some steep clay slopes
do not fail (NGI 2008). At greater depths, and often in the lower parts of the slopes, the
pore pressure may be higher than hydrostatic due to large height differences (e.g. NGI
2008).

A general summary of the landscape and ground conditions in the six parts of the study
area is presented in the following, see also Figs. 1, 4 and 5, and Tables 1 and 2.

In Trondheim North (TN), the western part of the terrain is gently sloping towards the
sea and has very few ravines and landslide scars. However, the submarine areas north of
TN show traces of many slides (Lysé et al. 2008). The eastern part has a large moraine
ridge and more relief made by ravines and landslides. The area lacks a large and domi-
nating river or stream system, and was less exposed to high sedimentation rates such
as in the Nidelv valley. The clay in TN is generally leached, probably downwards from
the surface, but also upwards from below due to the relatively shallow bedrock (depth
often less than 10 m). However, most quick clay is detected in the eastern part, where
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-_— / ) TRONDHEIM
Low-lying  High-lying ‘ 7
areas areas

The largest landslide scars
Le - Leirfossen (3.4 km?)

Sj - Sjetnmarka (1.0 km?)
Fo - Fossegrenda (0.8 km?)
Sv - Svartdalen (0.8 km?)
Ol - Olderdalen (0.7 km?)
La - Langgrjan (0.5 km?)

Je - Jesmo (0.5 km?)

Fig.4 DEM height plot showing the morphology/terrain of parts of the study area. Laser data from Kart-
verket (2024)

the gradients are somewhat steeper. Here also, more coarse material is present, in con-
nection to the moraine ridge and in some small glaciofluvial deposits. There is one large
landslide in the area: Olderdalen (0.7 km?).

In Nidelv Valley (NV), very little of the old seabed is preserved. The Nidelv river has,
together with some large ravine systems, eroded the valley and probably triggered most
of the 140 mapped landslides. This area has four of the largest landslides in the entire
study area. Most of the clay is probably leached, due to the presence of large glacioflu-
vial deposits in the southern part. The large landslides are all distal to these deposits,
and bedrock is also close in nearby hills or as buried, but relatively shallow, thresholds.
In Trondheimsfjorden, in the present day Nidelv delta, distinct, clay-rich beds are com-
mon in the fjord-marine deposits (Hansen et al. 2011). These beds are interpreted as
originating from at least eight large quick-clay landslides along the Nidelva.

Tiller Klebu (TK) is the area with the highest number of landslides and ravines, but
most of the landslides are less than 30,000 m2. Almost all terrain below ML is influ-
enced by erosion and landsliding. The Tiller part is proximal to a large glaciofluvial
deposit and is called “the Tiller bay” in Sveian et al. (2007). Here, a delta was deposited
early in the Holocene, with sand and gravel layers in the clay. The area is today thor-
oughly leached and has a large amount of quick clay. Also the Klabu part has sources of
coarse material interfingering the clay, and is surrounded by high bedrock hills.

In Byneset (B), there is a glacially eroded trough in the bedrock up to 120 m deep,
probably due to soft slates in central parts of the area, and hard, quartz-rich bedrock
along the shore (Solberg et al. 2016). In some parts the old seabed is preserved, but

@ Springer



6720 Natural Hazards (2024) 120:6705-6736

T TRONDHEIM
; d > NORTH
b= (TN)

>z

BYNESET

NIDELV
VALLEY

) I
Fig.6 ~
/¢
B
FAE
()
TILLER
KLAEBU
GAULDAL (TK)
NORTH
(GN) Ie

The largest landslide scars
Le - Leirfossen (3.4 km?)

Ot - Othilienborg (1.4 km?)
GAULDAL Gi - Gimse (1.3 km?)
SOUTH Sj - Sjetnmarka (1.0 km?)
(GS) Fo - Fossegrenda (0.8 km?)
Sv - Svartdalen (0.8 km?)
Ol - Olderdalen (0.7 km?)
La - Langgrjan (0.5 km?)

Je - Jesmo (0.5 km?)

LEGEND

L Ravine

Landslide scar (number)

Il less than 30 0000 m? (7790)

Il between 30 0000 and 99 999 m? (141)

[ between 100 000 and 499 999 m? (47)
larger than 500 0000 m? (9)

Fig.5 Distribution of landslide scars and ravines below the marine limit in the study area
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Table 3 Number of landslide scars and ravines in the different parts of the study area (total number in ital-
ics). The highest number of landslide scars (of different sizes) and ravines in bold

Trondheim Nidelv Tiller Byneset  Gauldal Gauldal

North Valley Klabu North South

Number of landslide scars

Larger than 500,000 m? 1 4 0 1 3 0

100,000—499,999 m? 3 7 13 5 10 9

30,000-99,999 m? 2 11 33 27 40 28

Less than 30,000 m> 10 118 420 70 263 309
Total number of landslide scars 16 140 466 103 316 346
Total number of 78 571 1198 414 611 854

ravines/ravine parts

Table 4 Number of landslides per km? in the in the different parts of the study area. Note that the extension
of the areas includes some sea and/or some areas above ML (see Fig. 1)

Trond- Nidelv Valley Tiller Kl&bu Byneset Gauldal North Gauldal South
heim North
Area (km?) 39 51 57 56 72 124
Number of land- 16 140 466 103 316 346
slides
Number of land- 0.4 2.7 8.2 1.8 4.4 2.8

slides / km?

centrally the area is dominated by ravines and landslide scars, revealed as a dendritic
pattern (Figs. 4 and 5). The outlet of the main stream is on bedrock, which acts as the
erosional basis. This controls the depth of the ravines and the landslides, which are rela-
tively shallow. The sediments are mainly marine clay deposits, with very few coarse
layers.

In Gauldal (GS, GN), the river Gaula has eroded more or less the whole valley floor.
Large parts of the valley bottom are flat with old river terraces. However, some localities
are left with undulating clay terrain. A large number of ravines and landslide scars are
mapped in these areas and in the valley sides. Coarse layers in the clay are located close
to glaciofluvial deltas. In general, the bedrock lies deep in the middle of the valley, and is
very steep in the valley sides. The northern part has three of the largest landslides in the
entire study area.

6.2 Landslide scars and ravines

Almost 1400 landslide scars and 800 km of ravines are mapped in the study area. 86%
of the landslides have an area of less than 30,000 m?, and nine landslides are larger than
500,000 m> (Fig. 5, Table 3). Table 4 shows the number of landslides per km? in the differ-
ent parts of the study area.

Table 5 gives the number of general landslide shapes in the different parts of the study
area, and Fig. 3 shows examples of the shapes in the study area. The group “roughly
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Table 5 Number of landslide shapes in the different parts of the study area, based on classification in Quinn
et al. (2011b). The highest number of landslide scars of different shapes in bold

Shape of crater Trondheim Nidelv Tiller Byneset Gauldal Gauldal Sum
North Valley Klebu North South
Short, wide 7 33 87 18 57 45 247
Roughly circularor 4 67 206 43 146 159 625
equidimensional
Elongate 4 17 76 22 46 71 236
Bottle-neck 1 23 97 20 67 71 279

circular or equidimensional” dominates, and about half of the landslides less than 30,000
m? have this shape. These are likely formed by rotational slides, but may also be retrogres-
sive slides. The latter is the main landslide mechanism for the bottle-neck-shaped scars,
and possibly also for the elongate craters. For the landslides larger than 100,000 m?, a com-
bination of retrogressive and flake sliding is likely. Flake sliding may have formed the short
and wide scars. This also applies to lateral spreads, but there are few, if any, traces of this
landslide mechanism in the area. However, traces of lateral spreads may have been partly
erased due to area development or agricultural levelling.

The age of most scars are unknown. In the study area about 60 clay landslides are
included in NSDB (NSDB 2024). In addition, about 70 landslides below ML are classified
as “unspecified landslides in soil”. A tentative age estimate may be based on the scars posi-
tion in the terrain, comparing with the shoreline displacement and the level of close-lying
river/stream. This was done for some of the largest landslides, see below and Table 6.

6.3 The largest landslides

The largest landslides, larger than 500,000 m?, are located in four of the study area parts.
The landslide mechanism was retrogression, most likely in combination with translational
sliding. It is possible that some of the landslides, such as Othilienborg, Sjetnmarka and
Leirfossen, occurred in more than one step, based on different levels in, and the shape of,
the scars. The large landslides are all prehistoric, except for Jesmo that potentially is from
around 1650 (Table 6).

Sjetnmarka (NV) has two distinct levels in the scar bottom (ca 93 m a.s.l. and ca 106
m a.s.l.). The back-slopes are up to 40 m high. In the outlet gate of the landslides there is a
hill, Storhaugen (Figs. 6 and 7). The top is relatively flat with a weak gradient towards the
north, and is 10-11 m lower than the Tiller area to the south and west. Based on drillings,
most of this hill consists of sediments, i.e. layered clay and sand/gravel (Rambgll 2012).
Bedrock in the river just north of Storhaugen continues with a peak underneath the hill
(Hillestad 1974). There is also shallow bedrock (0—6 m depth) in parts of the landslide scar,
and the bedrock reaches gradually higher elevation towards the south (NADAG 2024). The
deposits of Storhaugen were probably part of the Tiller-Ekle glaciofluvial delta before the
landsliding. Field inspection shows that there are groundwater springs in the slope foot
of the scar, and one of them has acted as a well for several households. In a drilling Sand
(1999) discovered peat at ca 3 m depth, just above bedrock. This was in the foot slope of
the upper western part of the scar (Fig. 6). '*C-dating of the humus gave the age 3640 + 85
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99 Height above
sea level
D Radiocarbon
dating:
3640185
years BP
Photo view
~ of Fig. 7

@vre Leirfoss (dam,

bedrock at 66 m a.s.l.)

NL Nedre Leirfoss (dam,
bedrock at 30 m a.s.l.)

S Storhaugen

Fo Fossegrenda

oL

Fig.6 DEM height plot showing the morphology/terrain of the landslide scars around @vre Leirfoss (L)
and Nedre Leirfoss (NL) in Nidelv Valley. The edges of the scars are drawn, with open landslide outlet
gates. Dashed lines indicate landslide parts that may have occurred separately. Laser data from Kartverket
(2024)

 Leirfossen—:

S

Fig.7 View northwards from the southern backscarp of Sjetnmarka landslide (see Fig. 6 for photo view).
The Leirfossen landslide scar is on the other side of the Nidelva. @vre Leirfoss (bedrock threshold) is on
the other side of Storhaugen. Note the sandy sediments in the foreground, which is part of the Tiller-Ekle
glaciofluvial deposit (Fig. 1). Photo: IL Solberg
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years BP (cal. 2130-1895 BC). Above the peat there was silty clay, probably deposits from
surficial slides in the slope and/or a filling.

The Leirfossen (NV) landslide is the largest preserved scar in the Nidelv river system,
and it is over twice as big as the second largest (Othilienborg) (Figs. 5, 6 and 7). It has up
to 40 m high back-slopes. The lowest and central parts of the scar bottom are, respectively,
ca 86 m and ca 99 m a.s.l. The volume of the scar is about 75 million m® (L’ Heureux
2012). The scar lies opposite the Sjetnmarka landslide, and both landslides lie close to the
Tiller-Ekle glaciofluvial deposit (Fig. 1) and have outlets towards the Nidelva.

The Gimse (GN) landslide is the largest preserved scar in Gauldal (Fig. 5). It has quite
a flat bottom with up to 50-60 m high back-slopes. The volume of the scar is about 55 mil-
lion m>. The outlet gate of the scar is located about 55-56 m above the present level of the
Gaula. If the Gaula triggered the landslide, it may be younger than 6500 years BP, taking
into account some landslide deposits in the scar, the river gradient today, and the shoreline
displacement curve (Fig. 2).

The Jesmo (GN) landslide is located close to and west of the Tiller-Ekle glacioflu-
vial deposit. Below the coarse sediments there is clay, and in this sediment boundary in
the eastern slope of the scar there is a groundwater spring with relatively high discharge
(Grgnlie 1953). An excavation in deposits close to the Gaula showed landslide deposits
from at least two events that are younger than 1000 years, and the one from AD 1650 may
be the Jesmo landslide (Reite et al. 1999; Grgnlie 1953).

The Langgrjan (B) and Olderdalen (TN) landslides have outlet gates towards the
sea. The height of the landslide gates may be used to estimate a maximum age for the
landslides. They were likely terrestrial, since they do not seem to have been reworked by
wave processes during the postglacial regression (Lysa et al. 2008). The Langgrjan gate
is ca 60 m a.s.l. and the Olderdalen gate is ca 50 m a.s.l. This gives the maximum ages of
8500 years BP and 7000 years BP, respectively.

For Svartdalen, Langgrjan, Olderdalen and Leirfossen, bedrock hills nearby may have
been important to increase the leaching and quick-clay development. Underneath the Slup-
pen and Othilienborg areas there is a buried bedrock threshold (Tgnnesen 1996) that may
have increased the leaching of the clay above. In the Gimse, Leirfossen, Sjetnmarka and
Jesmo scars, with their locations distal to ice-marginal deltas at Holem (Gi) and Tiller-Ekle
(Le, Sj, Je), marine clay can be found interfingered with coarse layers facilitating quick-
clay development (Fig. 1, Table 6).

For four of the large landslides, erosion in the main river was the likely trigger (Table 6).
However, high pore-water pressure may have influenced the stability for most of the large
landslides. In addition, some events may have been triggered by earthquakes (Hansen et al.
2011).

7 Discussion

7.1 Importance of stratigraphy and bedrock topography for quick-clay
development

There are large variations in the stratigraphy of the study area. One important factor is a
location’s proximity to past sources of coarse material, such as glaciofluvial or fluvial del-
tas. Such areas have several coarse layers that interfinger clay, often below a top layer of
more homogeneous clay. Distal to a delta, the coarse layers get thinner and less frequent.
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The amount of and/or the thicknesses of silt/sand/gravel layers within the clay will influ-
ence the local groundwater movement. Coarse layers pinching out in the clay often lead
to an increased pore-water pressure and enhanced leaching of the clay. On the other hand,
thick and frequent layers of sand and gravel drain the slope effectively if the layers reach
surface contact in both ends (i.e. upslope and downslope, see Fig. 8). A number of the
landslides in the NV, TK, GN and GS areas are located close or very close to glaciofluvial
or fluvial deltas.

In clay deposits with very thin and few silt or sand layers, the quick-clay development
can be slow. For such deposits, quick clay may constitute thin layers. In Buvika, such thin
quick-clay layers were the failure planes of large flake-type landslides, dated to be maxi-
mum 1.5-2.5 thousand calendar years BP (west of GN, Fig. 1) (Solberg et al. 2008a, b).
Here, continued leaching resulted in a thicker quick-clay layer, and scars from younger
events are present in the flake-slide deposits. A similar situation was revealed in large road
cuttings in the Klett area (GN, Fig. 1) (Solberg and Hansen 2017). Here, thick, not com-
pletely remoulded deposits from several landslide events were detected, and newer land-
slides have occurred in these deposits.

Figure 8 summarizes potential preconditions for quick-clay development with regard to
coarse layers interbedded with clay. The figure is only a guideline, and there are exceptions
and transitional forms.

Areas without coarse deposits nearby have very few sand/gravel layers in the clay, as
shown in Byneset. Here, studies showed an increase in salt content with depth, potentially
caused by enrichment of ions due to leaching downwards (Solberg et al. 2016). There is
much less leaching below the ravine bottom, probably due to the relatively impermeable
sediments and large depths to bedrock in central Byneset. According to Carson and Geert-
sema (2002), a thick clay deposit will take some time to leach, even when buried aquifers
exist. Also, the massive clay deposit should be more prone to flow-sliding where the under-
lying bedrock or aquifer is not too far below the valley floor level. However, the landslides

Dominating | Relative rate . Possm(lie larlndsllde .
Stratigraphy and geometry groundwater | Of quick-clay ype or § e‘t’: opmen
or other
development
process P landscape elements
) . Flake landslide if
Thin/thick co.arse Slowly with thin layer of
layers that pinch Pore pressure thin/few quick clay
out in clay, build-up. coarse layers, is remoulded.
fed by Leaching faster with . .
T of clay. thick/many Retrf.:gre'sswe landslide
(surface coarse layers if thl&;kl:ayl/er of
quick clay
contact layers) is remoulded.
Draining i
Thin/thick of siope. dovetopment.
coarse layers Degree of Moderate sized
with leaching Moderate landslides occur
surface contact depending to fast between ravines.
in both ends on number of Often large landslides
Iay:rskand their close to deltaic deposits.
thicknesses.

Fig.8 Conceptual diagram of a slope profile showing possible preconditions for development of quick clay
in areas with coarse-grained layers and resulting landscape elements. There will be transitional forms and
exceptions. Figure modified from Solberg (2007)
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in the study areas occur both in areas of thick overburden, and where bedrock is shallow.
The leaching, therefore, seems to be linked to both geological prerequisites, such as depth
to bedrock and stratigraphy, and the landscape development, governed by base level of ero-
sion and river migration. In the study area, the quick clay is generally located somewhat
closer to the surface in Trondheim (5-10 m) (TN, NV, B, Tiller) than in Gauldal (GN, GS)
and Klabu (15-20 m). This is probably connected to the sediment thicknesses and erosion
depth of ravines and rivers.

The topography of the bedrock, both covered and uncovered by sediments, will influ-
ence the quick-clay development. A steep, high hill of fractured bedrock will supply the
clay deposits in lower terrain with water and give high artesian pressure. The present study
is in accordance with a study in Quebec, Canada that shows that strong hydraulic gradients
associated with high pore pressure accelerate the leaching of salt, and also directly trigger
mass movement (Carson 1981).

Several localities in the study area have during the last 20 years been investigated using
resistivity measurements (e.g. Solberg et al. (2008a, b, Buvika), (2012, Rgdde), (2014,
Melhus), (2016, Byneset); Sandven and Solberg (2014, Kaldvella valley)). The resistivity
data indicate the distribution of leached and unleached clay, coarse sediments and bedrock.
The clay properties are verified by borehole data. A general result from these investigations
is that in clay terrain with multiple landslide scars and ravines, almost all the clay above
the river level is leached, and that intact, salt marine clay often occurs as pockets or layers
below the stream/ravine level. The distribution of quick clay is linked to the groundwater
drainage patterns and gradients. Shallow depths to bedrock may lead to upward ground-
water flow and significant leaching, which locally can explain the presence of quick clay
below stream/ravine levels. This is also documented in other studies (e.g. Lebuis et al.
1983; Janbu et al. 1993; Rankka et al. 2004). In areas where the bedrock is at greater depths
and/or the clay is relatively homogenous, leaching and quick-clay development mainly take
place downwards and laterally, e.g. in and between river/ravine slopes (Fig. 9).

7.2 Landslides in marine clay deposits

The maximum size of large landslides in the study area is not uniquely positively corre-
lated with the size of the drainage feature, as was the case in the study by Quinn (2009).
Five of the largest landslides probably had outlets in the main rivers, two in small streams
and two in the sea. The topography in the study area, with the narrow bedrock-confined
valleys, is quite different from the large and in general gentle clay plains of the Champlain
sea area in Canada. Quinn et al. (2011a) stated that landslides terminate before reaching

N —
2" %

PRV >

[7] Bedrock, with a [[] Relatively homogenous, Leached clay,

degree of fracturing marine clay potentially quick water conditions, i.e. bedrock fractures and
topography, till between bedrock and clay

Fig.9 Principle drawing of leaching of relatively homogenous marine clay, with regard to bedrock’s depth,
fracturing and topography
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a reverse break in slope, such as a ravine or an adjacent, older landslide scar. This seems
to be the case in the study area. However, some landslides had sliding plane below older
scars, as also shown in Canada by Geertsema et al. (2006). There is a tendency for scars to
occur in clusters, as also documented in Penna and Solberg (2022).

The length of the retrogression, or the size of the detachment area, is, in addition to
restrictive topographical conditions, limited by the presence of thick deposits of sand/
gravel or non-sensitive clay that act as local subsurface barriers. A barrier must however be
large enough to remain stable, even if the support disappears during a landslide. Mapping
of thick coarse-grained deposits or bedrock will help to classify areas as relatively stable.
Geophysical and geotechnical investigations are tools for evaluation of such barriers (e.g.
Solberg et al. 2008a, b; Solberg et al. 2016). In the study area, six of the largest landslides
and at least half of the second largest landslides occurred close to bedrock or coarse sedi-
ments that limited retrogression.

In the Nidelv Valley study area, some of the levels of the landslide scars are clearly
connected to the erosional bases. For instance, the Leirfossen and Sjetnmarka landslides
are located upstream of a bedrock threshold (Fig. 6). According to the location and height
in the terrain, the first step(s) of the landslides probably occurred very early in the Holo-
cene (Fig. 6, Table 6). The main river eroded through the Tiller-Ekle glaciofluvial deposit,
which led to high and steep slopes with a lowered groundwater level. These were probably
favourable preconditions for the landslides. Sand (1999) discusses these conditions, and
if it is possible that the clay became quick so early after the rebound of the sediments.
Despite the consolidating load of glaciofluvial deposits, the underlying clay may have been
soft and with little shear strength. This made it vulnerable to sliding when the river cut the
deposit and steepened the slopes. Some of the other scars in the vicinity have landslide
gates at similar heights as Sjetnmarka and Leirfossen, and may have been triggered in the
same period of time (Fig. 6).

Large parts of the valley fill deposits in the Gauldal valley have been removed since
deglaciation and the river has meandered and/or changed its course many times. Together
with landslide activity, the river has deposited and eroded sediments more or less over the
whole valley width. Numerous landslides and flood events have added to the complexity.
It is probable that traces of landslides have been removed by erosion and landsliding to a
large degree.

Most of the landslides in the study area have an outlet towards existing or abandoned
watercourses. Some of the landslides have one or more ravines in the scar bottom, a few
of these continue behind the backscarp. Usually, landslides occur between ravines and do
not remove them (e.g. Lebuis et al. 1983; Geertsema and L’Heureux 2014). However, this
depends on the depth of the sliding plane compared to the depth of the ravine. In the 2020
Gjerdrum landslide event, five small ravines were part of the detachment area (Ryan et al.
2021). Ravines often form during the draining of scars after an event, but may also be an
indicator of the groundwater and draining conditions in the surrounding sediments.

7.3 Triggering of landslides

The rapid glacio-isostatic rebound, especially during the first part of the Holocene, can
be seen as an important underlying cause of landslides, as also emphasized in Lysa et al.
(2008). As the sea level fell, excess pore pressure, in combination with gravitational pro-
cesses and groundwater flow, led to river and ravine downcutting of the terrain.
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River and stream erosion that leads to undercutting and slope failure is the most com-
mon natural landslide trigger in marine clays in Norway. Erosion in the slope foot in
ravines, streams and rivers is the likely trigger of most of the landslides in the study area.
E.g. almost all the mapped landslide scars in Byneset have outlets towards a ravine. These
landslides are not very deep and are controlled by the ravine/stream level, i.e. the erosion
base level. This may be a reason for the few landslides in TN, since there are few streams
in this area.

The landslides Sjetnmarka and Jesmo have strong groundwater springs in their back-
scarps, indicating high pore-water pressures in the deposits. This probably intensified the
quick-clay development, but may also have been a triggering factor in combination with
erosion.

Potential triggering factors for landslides close to the shore are wave erosion and/or sub-
marine landslides that propagate landwards. This may have been the case for the Langgrjan
and Olderdalen landslides.

Landslide records from several localities in Trondheimsfjorden indicate that landslide
events at ca 8000, 3500, 1700 and 400 calendar years BP could have been triggered by
earthquake activity (Bge et al. 2003; Hansen et al. 2011). In Canada, Demers et al. (2017)
document that the largest landslides in the Quebec area are associated with historical and
prehistorical earthquakes.

7.4 Landslide deposits and mobility

Landslide debris is not always easily recognized in the terrain. As shown above, quick-
clay landslides do not just occur in “untouched” sediments from the ice age or deglacia-
tion, but may also occur in redeposited landslide debris that was not completely quick or
remoulded in the first event. This makes it more difficult to outline the landslide history
and the landscape development. Large, well-exposed sections revealing structures and lay-
ers in the deposits help the interpretation. In addition, geotechnical and geophysical data,
LiDAR data and aerial photos may be useful for the interpretation of landslide deposits.

The mobility, i.e. the escape of debris during a landslide, is partly dependent on the
surrounding terrain, as also discussed by Carson and Lajoie (1981) and Geertsema and
L’Heureux (2014). In narrow ravine valleys, and especially if the landslide occurred per-
pendicular to the ravine, the debris often decelerates quickly. The speed of the deceleration
is influenced by the debris’ viscosity or degree of remoulding, and the amount of quick
clay present in the deposit. If a large amount of debris remains in the scar and is hindered
from escaping, this may prevent further retrogression.

Remoulded landslide debris that escapes into a narrow ravine valley may also flow
upstream in tributary ravines, as was the case for a landslide in Byneset in 2012 (Solberg
et al. 2016). Here, the run-out distance reached 1 km downstream of the landside gate and
dammed the nearby tributary ravines. Damming can lead to changed watercourses and ero-
sion in new parts of the slopes.

Debris from a small landslide or rotational slide may be deposited just outside the land-
slide outlet gate. In some cases, the river or stream erodes these deposits and make the
area vulnerable to new landslides. This was the case in Malselv, Troms, when a 3500 m>
landslide in 2001 removed a ca 600 m? scar from 2000 (Eilertsen et al. 2008). This shows
that the debris from a landslide in clay can be eroded relatively quickly, as also shown from
other events in Norway (L’Heureux 2012).
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A large outlet area, for example, a river, the sea, or a wide valley such as Gauldal, allows
the debris to escape more easily from the scar. This also facilitates further landslide propa-
gation if other necessary conditions are present. In such cases, the run-out distances may
be large, as in the Rissa landslide in 1978 (L’Heureux et al. 2012). However, remoulded
quick clay may follow the river and be deposited many kilometres from the detachment
area, as shown in the Nidelv valley by Hansen et al. (2011).

7.5 Ravine development

In general, ravine development follows the incision of the main rivers in the study areas.
Almost all the main ravines terminate in river valleys, which also control the level of inci-
sion. Groundwater and surface erosion often play an important role in the formation of
ravines. Thick and frequent layers of sand and gravel drain a slope, leading to seepage ero-
sion, especially if many of the layers reach surface contact in both ends (Fig. 8). Seepage
erosion in thick coarse layers also leads to vertical settlements in the ravine head, which
occasionally can be difficult to separate from landslide scars (Solberg et al. 2007). In addi-
tion to landslide scars and slope failures, surficial slides or soil creep in different levels of
the slopes are common in the ravine slopes, due to groundwater, surface and stream ero-
sion. The surface erosion results in overturned trees, and the lack of vegetation cover may
accelerate the erosion.

In Gauldal North, in the slope from Holem towards Buvika, there is extensive ravine
formation in the distal western part of the glaciofluvial deposit (Figs. 1 and 5). The coarse
material interfingering the clay constitutes a stratigraphy that facilitated ravine erosion dur-
ing the glacio-isostatic rebound (Solberg et al. 2007). Most of the landslide scars in this
area seem to be connected to the ravine development, and there are few large landslides
with outlets towards Buvika. The distance between the ravines is small, which reduces the
probability for large slides since landslides often are restricted laterally by deep ravines.
This is in accordance with Geertsema and L’Heureux (2014), who present three ways
ravines act as barriers for extensive retrogression. The first way is the reduced lateral earth
pressure due to the negative shape of the terrain; the second is the thick dry crust clay that
develops between the ravines from several sides; and the third way is the lowering of the
groundwater table.

The Tiller Kleebu area has the highest number of ravines and of landslide scars less than
30,000 m?, and also the highest number of landslides per km?. Both areas are confined,
Klabu by bedrock and Tiller by the “Tiller bay”. There are a large amount of coarse lay-
ers in the clay. The course of the Nidelva has, in this area, not varied much in the Holo-
cene (Sveian et al. 2007), which has preserved the ravines and scars. This is in contrast to
Gauldal where the river has migrated much, and where large amounts of sediments and
traces of landslides and ravines are removed by the meandering and course-changing Gaula
river (Solberg and Hansen subm).

7.6 Landslide hazard assessment

For the development of landslide hazard assessment, it is important to use all available
data on ground conditions combined with detailed geological knowledge of a region. This
will give a better overview of the landscape and help the interpretation of its further devel-
opment. In addition, landslide inventory maps with statistical analyses of the occurrences
of landslide scars and morphological parameters may help quantify landslide activity and

@ Springer



Natural Hazards (2024) 120:6705-6736 6731

spread potential. This is important information with regard to hazard mapping, as also
emphasized by e.g. Quinn et al. (2011a), Demers et al. (2017), Ryan et al. (2022) and
Penna and Solberg (2022).

8 Conclusions

The possibility for detailed Quaternary geological mapping has increased considerably
after high-resolution terrain models became available. Large data sets of landslide scars
and ravines can be used together with other data sets for better understanding of geology,
ground conditions and landscape development. Also, statistical analyses and interpretation
of large data sets can be used as part of the work to further develop the methodology for
susceptibility and hazard mapping.

The landscape of the study area has experienced dramatic changes since the last degla-
ciation due to the glacio-isostatic rebound and the following quick-clay development, riv-
ers and streams downcutting, ravine development and landsliding. The size, behaviour and
erosional potential of the main river and smaller streams influence the landscape develop-
ment to a high degree.

Quick clay is located in all parts of the study area. The leaching of clay seems to be
linked to geological prerequisites, such as depth to bedrock and stratigraphy, and to the
landscape development, governed by base level of erosion and river migration.

In homogenous clay where the bedrock is at great depths, leaching and quick-clay devel-
opment mainly take place downwards and laterally, down to or just below the ravine/stream
level.

Shallow depths to bedrock may lead to upward groundwater flow. This, together with
downwards and laterally leaching of the clay deposit, can result in large amounts quick
clay.

Clay deposits close to glaciofluvial or fluvial deltas often have lavers of silt, sand and
gravel. This has intensified the leaching process in the clay, and is sometimes connected
with high pore-water pressures.

All the largest landslides in the study area are located close to bedrock and/or to coarse
deposits.

It is important to outline the local conditions of areas prone to quick-clay landslides in
order to understand further landscape development. For this purpose, geological, geomor-
phological, geotechnical, geophysical and hydrogeological data should be combined. For
the study area, some general characteristics are outlined below, which may be transferable
to other areas of similar geological conditions:

8.1 Narrow river valley (Nidelv valley (NV and TK))

Relatively high sedimentation rates during the deglaciation.

Large glaciofluvial deposits.

Thick marine clay deposits, and large amounts of quick clay.

Relatively high relief in the marine deposits.

Relatively stable river course, partly due to several bedrock thresholds.
Landslides: ca 600, almost 90% are less than 30,000 m?. Four large landslides.
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8.2 Wideriver valley (Gauldal valley (GS, GN))

High sedimentation rates during the deglaciation.

Large glaciofluvial deposits.

Thick marine clay deposits, and a lot of quick clay.

Low relief in the central part, somewhat higher in the marine deposits in the valley
sides.

Meandering river.

Few bedrock thresholds.

Landslides: ca 660, ca 86% are less than 30,000 m?2. Three large landslides.

8.3 “Trough-shaped” area (Byneset (B))

Moderate sedimentation rates during the deglaciation.

Thick marine deposits surrounded by bedrock outcrops.

Quick clay in the upper parts of the clay deposits.

Some old seabed preserved.

Relatively low relief in the marine deposits.

Dendritic ravine pattern.

Landslides: ca 100, ca 68% are less than 30,000 m%. One large landslide.

8.4 Coastal area (Trondheim North (TN))

Relatively low sedimentation rates during the deglaciation.

Mainly thin marine deposits over bedrock. Some quick-clay deposits.
Large areas of old seabed preserved.

Low relief in the marine deposits.

Few streams and ravines.

Landslides: 16, ca 63% are less than 30,000 m?. One large landslide.
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