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Introduction

Fjords have long been known for the occurrence of a 
wide variety of mass wasting processes and have been 
designated as one of the major submarine landslide areas 
(Hampton et al. 1996). The near-shore areas of fjords are 
often populated places and there are several cases where 
a relatively small initial submarine landslide has cut back 
across the shoreline resulting in loss of lives and large 
damage (e.g. Kitimat landslide; Prior et al. 1982; Bals-
fjord landslide; Rygg & Oset 1996, Finneidfjord landslide; 
Longva et al. 2003). Gravitational slope failures in fjord 
settings occur due to a variety of natural factors such as 
erosion, rapid sedimentation, gas release or migration, 
earthquake shaking, tidal loading or wave action (Hamp-
ton et al. 1996; Locat & Lee 2002), but also due to human 
activities (e.g. Bjerrum 1971; Prior et al. 1982; Emdal et 
al. 1996; Rygg & Oset 1996; Longva et al. 2003). 

The shoreline along the bay of Trondheim in central 
Norway (Fig. 1) has been the site of intense land reclama-
tion during the last century. During this period at least 
three major shoreline landslides have occurred, resulting 

in material damage, generation of tsunami waves and the 
loss of life (Skaven-Haug 1955; Bjerrum 1971; Emdal et 
al. 1996; L’Heureux et al. 2007). These submarine land-
slides have, up to now, been considered to result from 
collapse and liquefaction of sandy material (Bjerrum 
1971; Emdal et al. 1996). Whereas the landslide events 
and damage to coastal infrastructures are well described, 
no detailed geological/geotechnical investigations have 
been performed on the sediments in the fjord. Also the 
fjord bed morphology and stability were not investigated. 
Consequently, it was impossible to identify the actual 
factors which caused slope failure as well as establishing 
the development of these landslides.

It is the objective of this study to improve the under-
standing of mass wasting processes in the bay of Trond-
heim by integrating geological, geotechnical, geophysical 
and morphological data from land and fjord. Such an 
interdisciplinary approach on a regional scale has shown 
to be fruitful in deep sea areas (e.g. Storegga landslide; 
Bryn et al. 2005, BIG’95; Urgeles et al. 2006), but has not 
commonly been adopted in the study of near-shore land-
slides, despite the sociological consequences. 
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landslide events are subsequently discussed in relation 
to the particular geological setting of this area. Fail-
ure mechanisms are further validated by slope stabil-
ity back-analyses. The work presents a novel approach 
and sheds new light on landslide development (i.e. 

The paper summarizes the sediment stratigraphy in 
the bay of Trondheim on the basis of cores, drillings, 
seismic data and exposures (i.e. trenches), as well as  
the geotechnical characteristics of each stratigraphic 
unit. The morphology and failure mechanisms of four 

Figure 1: Location of the study area and map of the bay of Trondheim with bathymetric contours every 5 m. The location 
of landslide event, cores/drillings, excavation sites, figures and names mentioned in the text are shown.
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glacio-marine clays. The glacio-marine and marine sedi-
ments were deposited during and after the end of the last 
glaciation (Reite 1995; Rise et al. 2006; Lyså et al. 2007). 
The marine limit in the region lies at ~175 m.a.s.l. (Reite 
1994). Following deglaciation, the area was subject to 
glacio-isostatic rebound causing a rapid fall of the rela-
tive sea-level. As a consequence, the river outlet into the 
fjord moved continuously northwards in phase with 
Holocene delta progradation (Fig. 2) (Reite et al. 1999; 
L’Heureux et al. 2009a).

pre-failure, onset of failure and post-failure behaviour) 
along the shorelines of fjords. Implications for landslide 
hazard  assessment along the bay of Trondheim are also 
discussed. 

Setting
The sea-floor in the bay consists of an up to 125 m thick 
succession of fjord-deltaic sediments draping marine and 

Figure 2: Regional 
perspective of the 
bay of Trondheim 
coupling land and 
fjord data and 
showing the appro-
ximate location of 
the Nidelva river 
outlet in the bay 
during relative 
sea-level fall in the 
Holocene. Appro-
ximate positions 
of sea-level are 
drawn after Reite 
et al. (1999).  I-IV: 
Generalized model 
of fjord-deltaic 
sedimentation in 
the bay of Trond-
heim during fall of 
relative sea-level 
and changing river 
mouth location. 
Units A to D are 
described in the 
text.
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Material and methods

Data from the fjord

Bathymetric data from the bay were acquired from 2003 
onwards by means of multibeam echo sounders and 125 
and 250 kHz interferometric sonar from GeoAcoustics. 
A stabilizer system (TSS DM) was used to compensate 
and adjust for the pitch and roll of the vessel. This also 
allowed heel and trim adjustment of the ship in real-time. 
Sound velocity in the water adjacent to the transmit-
ters was measured with the help of a Valport 650 Sound 
Velocity Profiler (SVP). These measurements were per-
formed systematically before each survey line to obtain 
optimal velocity profiles for calculation of water depths. 
During the cruise, positioning was performed by means 
of differential GPS positioning system with an accuracy 
of +/- 1 meter. The bathymetric data were processed with 
the GeoSwath software to correct for artifacts and errors 
introduced during data collection. Tidal variations were 
measured during surveying and the tidal correction was 
merged into the survey file during processing.

In addition to the bathymetric data, a dense network 
of high-frequency (3.5 kHz) seismic data was acquired 
using a parametric sub-bottom profiler (TOPAS system) 
between 2003 and 2008. Processing of the data included 
the application of a band-pass filter and corrections for 
sea-level variations. The range of resolution for the para-
metric sub-bottom profiler is typically 10 cm or better 
(Kongsberg Defense & Aerospace 2004).

Gravity cores with penetration up to 4 m were retrieved 
by R/V Seisma and R/V Gunnerus, and a 14.5 m long 

The bay of Trondheim can be divided into eastern and 
western parts separated by a shallow area with low relief 
(Fig. 1). To the east lies the present mouth of the river 
Nidelva, whereas a deeply incised submarine channel 
(i.e. Nidelva Channel) is present in the western part (Fig. 
1). The head of the Nidelva Channel is located near the 
shoreline, north of Brattøra, and the channel terminates 
in a marked topographic depression (i.e. plunge pool) 
at a depth of 450 m in the central part of the fjord basin 
(L’Heureux et al. 2009a). 

Fluid escape features are present throughout Trond-
heimsfjorden (Hansen et al. 2005; Lyså et al. 2007), 
including the bay of Trondheim (L’Heureux et al. 2009a). 
Here, pockmarks have been identified to the west in the 
bay and along the flanks of the Nidelva Channel. The 
pockmarks are described as being similar in size, with 
diameter around 10 to 15 m and less than a meter deep.
Harbour development and land reclamation along the 
delta of the river Nidelva started in ~1875 by filling of 
large near-shore areas. Since then at least three major 
landslide events have been recorded along the shoreline 
of the bay (Fig. 1) (Skaven-Haug 1955; Emdal et al. 1996; 
L’Heureux et al. 2007). The 1888 landslide occurred in 
the central part of the bay at Brattøra, whereas the land-
slides in 1950 and 1990 occurred in the west and east of 
the bay, respectively (Fig. 1). Another distinct landslide 
scarp is present along the flank of the Nidelva Channel 
at water depths of 80-160 m (see "W"; Fig. 1) (L’Heureux 
et al. 2009a; 2009b). In general, landslide range in area 
from 1.0 to 6.0 x 105 m2 and the approximate volume of 
disturbed sediment varies from 1.3 to 6.0 x 106 m3 (Table 
1). A more detailed description of landslide morphology 
and failure mechanisms is given later in this paper.

Table 1: Characteristics of historical and newly discovered landslides in the bay of Trondheim. 
The 1888 and 1950 slides have previously been described by Skaven-Haug (1955) and 
Bjerrum (1971), while the 1990 slide is described by Emdal et al. (1996) and L’Heureux 
et al. (2007).

Landslide Avg. slope (º) Trigger(s) Volume (x 106 m3) Pre-condition Comments

1888 11 - 12 Construction at shore-
line (followed by 
creep?)

~ 3.0 Steep local slopes, 
weak layer, intense 
snow melting and low 
tide

A 7m-high fill was constructed 
at shoreline in 1880. A tsunami 
wave surmounted the 7m-high 
embankment

1950 13 - 16 12 m high filling at 
shoreline

2.0 - 3.0 Weak layer, channel 
erosion

Movement 5 days prior to sliding 
during construction of fill

1990 11 - 13 Possibly blasting and 
small filling at shore-
line

5.0 – 6.0 Erosion, weak layer, 
intense rainfall

River relocation in 1952 changed 
the sedimentation pattern at the 
outlet, large initial slide inferred 
by the simultaneous cable breaks 
at several locations

“W” 5 – 6 Toe erosion 1.3 Erosion led to a steep 
toe angle (~26º), weak 
layer

Is ~ 100 years old and could have 
been triggered in association with 
the flow of sediments following 
the 1888 event (L’Heureux et al. 
2009b)
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Stratigraphy: Correlation of fjord and 
land data

L’Heureux et al. (2009a) presented a stratigraphic model 
based on seismic facies and radiocarbon dating of gravity 
cores. In the present study this stratigraphy is extended 
and slightly modified. Correlation to land data is estab-
lished through the identification of lithological changes 
in cores and CPTu tests and four 14C dates from excava-
tions on land. Correlation is based on proximal to distal 
genetic relationships and previously established models 
of fjord-valley fill sedimentation (e.g. Corner 2006).

In the present study, the land-fjord stratigraphy is 
divided into four major units. These are from bottom to 
top: glacio-marine deposits (Unit A), marine and pro-
delta deposits (Unit B), delta foresets (Unit C) and flu-
vial, littoral and sub-littoral deposits (Unit D). Sediment-
ation in relation to sea-level change and to variations in 
the position of the river mouth is presented in Figure 2 
(see I-IV), for a profile taken across the central part of 
the embayment.

Unit A – Glacio-marine deposits

From piezocone tests and rotary pressure drillings on 
land, it is known that the deposits of unit A consist of 
clay and silt, with occasional thin sandy intervals.  Unit 
A reposes directly on bedrock and/or possibly till and 
is approximately 28 m thick at Brattøra (from 58 to 86 
m.b.s.l. in B-01, Friis (1898), Fig. 1), and up to 43 m thick 
in the eastern portion of the bay (from 17 to 60 m.b.s.l in 
UD359-03-711, Statens Vegvesen 2007, Fig. 1). Gravi ty 
cores from the fjord show that unit A contains scat-
tered gravel size clasts. On the high resolution seismic 
data, Unit A is represented by a thick seismic sequence 
with continuous, low to medium amplitude, sub-parallel 
reflections with locally chaotic zones (Figs. 3 and 4). 

Interpretation 
Unit A is interpreted as glacio-marine sediments with 
drop stones from fjord ice and/or icebergs. Similar 
deposits dated to Allerød and Younger Dryas time are 
found in the central part of  Trondheimsfjorden (Rise et 
al., 2006; Lyså et al. 2007). The chaotic zones probably 
reflect mass transport deposits.

Unit B – Prodelta deposits

 Unit B is up to 25 m thick on land and consists of silt 
to silty sand with shell fragments and occasional deci-
metre to 5 m thick clay-rich layers (Fig. 5). Similar and 
distinct light grey clay-rich intervals are found in gravity 
cores from unit B in the fjord. Here, the clay-rich layers  
alternate with beds of brownish bioturbated clayey silt 
to fine silty sand. In general, the clay-rich beds consist of 
more than 60 % silt-sized particles and up to 40 % of clay 
with very thin sandy laminae (1-5 mm thick) (Fig. 6A). 

piston core (GS08; Fig. 1) was obtained in 2008 from R/V 
G. O. Sars. Some of the cores were collected within slide 
scar areas, thus providing material for detailed character-
ization of sediment near to the slide planes. In the labora-
tory, the cores were X-rayed and split to describe lithol-
ogy and sedimentary structures. Consistency limits were 
measured and intact and remoulded undrained shear 
strength were determined using the Swedish Fall cone. 
Samples were collected for the assessment of water con-
tent and grain size measurements. Mollusc shells were 
collected and 14C dated by the  accelerator mass spec-
trometry (AMS) method at the National Laboratory for 
Radiocarbon Dating at NTNU, Norway.

Data from land and shore

Along the shore and on land, 54 mm geotechnical cores, 
rotary pressure drilling and CPTu piezocone tests were 
earlier carried out by consultants in connection with 
construction work (Statens Vegvesen 2004a; b; 2007; 
2008; Multiconsult 2006). A wide range of geotechnical 
tests were performed, including: water content, liquid 
and plastic limits, intact and remoulded undrained shear 
strength using the Swedish Fall cone, undrained strength 
determined by unconfined compression tests (UU tests) 
and grain size analysis. Undrained triaxial tests (CIU 
tests) are also available (Statens Vegvesen 2007, 2008). 
In case of the CPTu tests, the combination of the three 
sensors (tip resistance [qc], pore pressure [u2] and sleeve 
friction [fs]) was used for sediment classification, after 
applying the necessary corrections and conversions (see, 
for instance, Campanella et al. 1983; Robertson et al. 
1986; Robertson 1990; Lunne et al. 1997; among others). 
The CPTu tests also allow for the determination of shear 
strength and soil stiffness.

Slope stability calculations

The commercially available software package Slide (Roc-
science Inc.) was used to perform 2D limit equilibrium 
back-analyses in order to validate the geotechnical prop-
erties of the sediment slopes. The software uses equal 
width vertical slices and allows for the input of a slope 
profile, sub-bottom geometry of layers, their geotechni-
cal properties, a predefined failure surface geometry and 
search for circular and non-circular slip surfaces. In the 
analyses, the slopes are modelled under the effect of grav-
itational stresses (i.e. static forces) and the output factor 
of safety (FOS; i.e. the ratio between the average resist-
ing shear strength of the soil and the average shear stress 
mobilized along a potential failure surface) is calculated 
using the General Limit Equilibrium (GLE) method 
(Morgenstern & Price 1965; Fredlund & Krahn 1977). 
The deterministic back-analyses approach assumes a 
FOS = 1 at failure and tries to constrain a soil parameter 
combination that can lead to failure of the slope. 
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Figure 3: Shaded relief image and morphological interpretation of the 1888 landslide in the middle portion of the bay of 
Trondheim (see location in Fig. 1). Notice the two erosional remnants (marked 1 and 2) within the 1888 slide scar.  Profile 
B-B’ (part of high resolution seismic section NGU-0608011) shows the stratigraphic units A, B and D. Notice the transpa-
rent acoustic facies associated to weak layers in a 10 m-long CPTu test (Ud359B-613). Profile C-C’ is part of high resolu-
tion seismic section NGU-0608002 and shows the potentially weak layer on both sides of erosional remnants 1 and 2. A 
thin cover of slide debris is also indicated. The bathymetric map displays several slide scars outside those marked for the 
1888 event.
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quick clay landslides along the river Nidelva (L’Heureux 
et al. 2009a, Hansen et al. in press). In response to a 
change in the river mouth configuration dated around 
~ 3,000-2,000 cal. yrs BP (Reite et al. 1999; L’Heureux et 
al. 2009a) delta progradation gradually shifted to a more 
easterly direction. This may have contributed to the for-
mation of the sharp erosive boundary at the interface of 
sub-units B1 and B2 (Fig. 4).

Unit C – Delta foresets

Unit C, which is only present on land and along the shore, 
consists of well-graded silty sand to coarse sands, with 
gravel clasts and fragmented mollusc shells. An exca-
vation for road construction at Ila and Skansen shows 
oblique and parallel beds dipping at 12-20° towards the 
fjord (Fig. 7). Radiocarbon dating of mollusc shells in the 
Ila section indicates deposition prior to 4,630 cal. yrs BP 
(Fig. 7A). Lithological information from cores and drill-
ings indicates that unit C reaches 15-20 m in thickness in 

The lower part of several of these beds is generally more 
clay-rich and the upper part contains a few more nor-
mally graded sandy intervals. On seismic sections per-
pendicular to the shore, unit B consists of a ~ 25 m thick 
sediment package dipping at 2-7° towards the fjord basin 
(Fig. 3). Based on its seismic signature, unit B can be sub-
divided into sub-units B1 and B2 separated by a planar 
and erosional boundary (Fig. 4). Sub-unit B1 is essen-
tially conformable to the underlying unit A, and is ~15 
m thick. It is characterized by medium to strong seismic 
reflections with a few transparent zones, of which some 
are lens-shaped (Fig. 4). In sub-unit B2, seismic reflec-
tions are strong and thicken towards the east. Transpar-
ent zones are associated with some laminated clay-rich 
beds described above.
 
Interpretation 
Unit B was deposited in a prodeltaic environment inter-
rupted by periods with relatively fast deposition of clay-
rich beds from turbiditic flows originating from large 

Figure 4: High 
resolution seis-
mic section 
GS08-059 with 
inter pretation 
sub parallel to 
the shoreline 
in the middle 
part of the bay 
of Trondheim 
(see location in 
Fig. 1). The base 
Holocene and 
the ca. 3,500 cal. 
yrs BP reflectors 
are inferred from 
dating of gravity 
cores and cor-
relation withto 
other high resolu-
tion seismic pro-
files in the study 
area (L’Heureux 
et al. 2009a).
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Figure 5: Data from 54 mm cores and CPTu test UD359D-01 (Multiconsult, 2006). Data are summarizing the sedimento-
logical and geotechnical properties of the undisturbed units B, C and D upslope of the 1888 slide (location in Fig. 1). Note 
the soft clay-rich layers (grey colour). γ (unit weight), w (water content), su (undrained shear strength), qc (measured tip 
resistance), u2 (measured pore-pressure upon penetration), u0 (simplified hydrostatic pore-pressure) and fs (sleeve friction).

Figure 6: Examples of clay-rich layers from two cores (location in Fig. 1) (for more details see Hansen et al. In press). A) Photo-
graph of a section of core GS08-157-06P showing a massive clay-rich bed with grading of thin sandy laminae towards the top. 
B) Sedimentology and physical properties of the laminated clay-rich beds from core 07. Note the over-consolidation (su/σ’v0 ~ 
0.6) in the clay-rich layer from core 07 most likely due to the removal of overlying sediment during the 1990 landslide.
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Figure 7: (A) Illustration showing the 4 m-high sedimentary succession with a log and results from radiocarbon dating of mol-
lusc shells and wood fragments from an excavation pit at Ila. (B) Beach gravels and steep dipping delta foresets in an excava-
tion pit at Skansen (modified from Vingerhagen 2007) (see location in Fig. 1).
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brownish silty sediments show a shear strength ratio 
(su/σ’v0) which is generally greater than 0.2-0.3 and low 
sensitivity. The undrained shear strength for the clay-rich 
beds increases linearly with depth with su/σ’v0 in the range 
0.10-0.25, being representative for soft, normally consoli-
dated clay material. The sensitivity of the clay-rich beds 
varies between 3 and 17 in the fjord. In sum, the clay-rich 
beds show a higher water content, lower strength, higher 
sensitivity, and greater plasticity than the surrounding 
brownish bioturbated sediments. This can potentially be 
linked to the differences in mode of deposition and their 
source of origin (L’Heureux et al. 2009a; Hansen et al. In 
press). Other studies in the Gulf of Alaska (Piper 1973), 
in the Boso Peninsula of Japan (O’Brien et al., 1980) and 
in the Saguenay Fjord of Canada  (Perret et al. 1995) show 
that differences in strength between slowly deposited 

the western part of the bay. One stratified clay-rich layer 
was also observed in the excavation at Ila (Fig. 7A) and 
several were identified from CPTu tests (Fig. 5).

Interpretation 
Unit C interfingers with the prodeltaic sediments of unit 
B, as indicated by similar radiocarbon ages (Figs. 3, 4 and 
7). The steep inclined beds of mainly sand and gravel are 
interpreted as deltaic foresets beds. Radiocarbon dating 
of foresets beds on land and dating of sediment in the 
fjord (L’Heureux et al. 2009a) suggest that deltaic pro-
gradation in the west of the bay took place around 4000-
5000 cal. yrs BP (Fig. 7).

Unit D – Fluvial, littoral and sub-littoral deposits

Unit D comprises well-sorted sands and gravels with thin 
clayey silt layers, reworked shells and wood fragments. 
These are recorded on land and along the shore. The unit 
is 2-3 m thick on average, as shown in exposures, cores 
and drillings. Unit D has a sheet-like geometry with a 
sharp erosive base at its lower contact with unit C (Fig. 
7B). 

Interpretation 
Unit D is interpreted as beach deposits on a wave 
reworked delta front. The position of the beach gravel at 
5 m.a.s.l. shows that deposition took place within the last 
~1,500 years when compared to local relative sea level 
curves (Reite et al. 1999). Seawards, the littoral deposits 
interfinger with the upper part of unit B2 (i.e. upper part 
of the fjord sediments).

Geotechnical and physical properties of 
sediments

Table 2 presents a summary of the geotechnical and 
physical properties of sediments of units A to D, based on 
geotechnical cores (land), gravity cores (fjord) and CPTu 
tests (land + fjord). Results from CPTu tests may also be 
used to detect whether cohesionless sediments are lique-
fiable or not. Figure 8 compares the tip resistance, mea-
sured from CPTu tests at different locations on land and 
in the fjord, plotted against depth. The penetration resis-
tance profiles show that sedimentary successions in the 
depth range 5-12 m (i.e. part of units B and C) generally 
fall well within the zone for contractive behaviour, based 
on empirical correlations developed by Sladen & Hewitt 
(1989), Robertson et al. (1992), and Ishihara (1993). On 
Figure 8, some low tip resistance measurements are asso-
ciated with clay-rich layers (light grey) and do not corre-
spond to very loose, cohesionless materials. On the other 
hand, the coarser sandy and gravelly sediments of unit D 
seem to be denser. 

The physical and geotechnical properties of sediments in 
core GS08 are presented in Fig. 9. Here, the bio turbated 

Figure 8: Plot of measured cone resistance (qc) versus depth 
for 8 CPTu tests in the study area (location in Fig. 1). For 
comparison, empirical correlations showing the threshold 
boundaries between dilative and contractive soil behaviour 
are shown. Note the approximate thicknesses of units B-C-D. 
Some low tip resistance measurements are associated with 
clay-rich layers (light grey) and do not correspond to very 
loose cohesionless materials.
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Figure 9: Mean 
grain size, 
u n  d r a i n e d 
shear strength 
(su), sensi-
tivity (su/sr) 
and water 
content for 
the sediment 
core GS08 (see 
location in 
Fig. 1).

Table 2: Summary of the geotechnical and physical properties of sediments of units A-D based on  
geotechnical cores (land), gravity cores (fjord) and CPTU tests (land + fjord). Core data allow for 
a distinction between water content (w) measured in laminated layers on land and in the fjord, 
measurement of unit weight (γ) and shear strength ratio (su/σ’v0). Relative density (Dr) is estimated 
from CPTU tests using Kulhawy and Mayne (1990). Estimation of drained friction angle (φ’) and 
cohesion (c) from CPTU tests is based on Senneset et al. (1988).

Unit Type of  
material

Thic kness 
(m) w (%) Dr (%) φ’ (°) c (kPa) γ (kN/m3) su/σ’v0 Comments

A Clay and silt > 20 > 35 - 28 8 18.5 ~ 0.3 φ’and c from 
CIU tests at 
p’=200-400kPa 
(SVV, 2007)

B Silt (sandy) < 15 32-35 35-70 35 - 20.0 - φ’estimated 
from CPTU 

Stratified 
clay-rich

0.1-5 Fjord: 45-55 
Land: 26-34

- ? ? 19.0 0.1-0.3 3 < Sr <17

C Sand (silty) < 15 15-25 10-50 35 - 20.0 - φ’estimated 
from CPTU

D Sand and 
gravel

2-5 < 20 45-85 38 - 21.0 - φ’estimated 
from CPTU



12 J.-S. L’Heureux et al. NORWEGIAN JOURNAL OF GEOLOGY 

The 1950 landslide
Land reclamation started in 1949 along the waterfront 
at Ilsvika. In 1950, another strip of land was constructed 
and had reached 12 m in height when sliding initiated 
on October 8th 1950 (Skaven-Haug 1955; Bjerrum 1971). 
The recently reclaimed area disappeared over a length of 
150 m. Bathymetry images indicate that the landslide is 
about 600 m wide with a 20 m high head scarp close to 
the shore and an approximate mobilized volume of sedi-
ments of 2-3 x 106 m3 (Fig. 10). Away from the shoreline, 
the height of the scar decreases to 1 m and its base dips 
at 6° in a north-easterly direction. Circular depressions, 
interpreted as pockmarks, are present within the slide 
scar area. The largest of the pockmarks has a diameter of 
15 m and is 1.5 m deep. To the northeast of the slide scar, 
part of the seafloor has a hummocky relief and is incised 
by a distinct channel feature (Ilsvika Channel; Fig. 10). 
The channel has a maximum width of 40-50 m, a depth 
of 3-5 m and extends for nearly 1 km before entering the 
larger Nidelva Channel. The head of this channel corre-
lates with the outlet of a small creek at Ilsvika and could 
originate from undercurrents generated during periods 
of flooding (L’Heureux et al. 2009a).
Soil investigations following the landslide event showed 
that the foot of the slope rested on a clay layer covered by 
1-2m of sand (Skaven-Haug 1955). This is in agreement 
with more recent cores collected in the western part of 
the bay (cf. Fig. 1). The hummocky seafloor outside the 
slide scar is interpreted as a thin accumulation of land-
slide debris.

The 1990 landslide

The latest recorded landslide occurred at the mouth of the 
Nidelva River on April 25th 1990 (Sand 1990; Emdal et al. 
1996; L’Heureux et al. 2007) (Fig. 1). The initial phase of 
landsliding occurred at 16h21, when cables on the fjord 
bed and in the road embankment were simultaneously 
ruptured. Twenty minutes later, the beach east of the ini-
tial landslide slumped into the fjord. Parts of the adjacent 
shoreline also failed later that night. The landslide was 
possibly triggered by a small fill along the shore some 
days before sliding and vibration related to nearby deto-
nations 3 hours and 20 minutes before the event. Heavy 
rainfall on the 4th of April 1990 (65.7 mm) and a relatively 
wet month of March with a total precipitation three times 
the normal conditions (Norwegian Meteorological Insti-
tute 2009) may also have affected slope stability.

The 1990 landslide scar can be followed 800 m to the east 
of the present-day river outlet (Fig. 11A). The head scarp 
has a maximum height of 28 m along the shoreline and a 
dip of 21°, parallel to the underlying bedrock (L’Heureux 
et al. 2007). The landslide can be divided into 4 areas 
north of the head scarp (Fig. 11A). The relatively flat pol-
ished surface in area 1 dips at 2-3º and shows slickenside 
features. The main failure plane is exposed in area 1, and 
corresponds to a thick transparent facies on the seismic 
profile crossing the landslide (Fig. 11B). Gravity cores 07 

muds and turbiditic muds could possibly arise from tur-
bulence during deposition which promotes particle ran-
domness, flocculation and structuration of the clay par-
ticles. 

Landslide morphology and failure 
mecha nisms

In this section we present a detailed morphological 
description and potential failure mechanisms of four 
landslide events in the bay of Trondheim (i.e. 1888, 1950, 
1990 and "W" landslides; Fig. 1) based on high resolution 
bathymetry and seismic data. The terminology of Var-
nes (1978) modified by Hampton et al. (1996) is used to 
describe the mass movement processes.
The 1888 landslide

The most devastating landslide event in the bay of 
Trondheim took place on April 23rd, 1888. The landslide 
occurred at low tide and was followed by a flood wave 
that surmounted  a 5-7 m embankment at the shore-
line near Brattøra (Fig. 1) (Skaven-Haug 1955, Bjerrum 
1971, L’Heureux et al. 2009b). As the wave receded, a 
170 meter long and < 50 m wide portion of the railway 
station, which was filled in 8 years before, slumped into 
the sea. The landslide removed three railway tracks and 
killed one man. Early meteorological observations indi-
cate that the winter of 1888 was abnormal with total pre-
cipitation and snow accumulation twice  the normal val-
ues (Norwegian Meteorological Institute 2009). Intense 
snow melting and rainfall in the early spring of 1888 
might have substantially increased the pore pressure in 
the sediments, thus decreasing the effective stress and the 
stability of the shoreline slope. 

Bathymetry images along the shoreline of the 1888 
landslide area show two headwall scarps reaching up to 
10 m in height and extending laterally for 600 m along 
the shoreline (Fig. 3). The base of the scar area dips at 
6° towards the Nidelva Channel. Between the headwall 
scarps, two parallel ridges occur with intact sediments as 
shown by seismic data (see 1 and 2; Fig. 3). These show 
a distinct transparent reflection underlain by a marked 
reflector. To the west, the marked reflection coincides 
with the base of the slide scar and is covered with a thin 
veneer (< 2 m) of sediment showing a hummocky sur-
face interpreted as landslide debris (Fig. 3). The trans-
parent reflection is interpreted as the slip plane for the 
1888 landslide. This reflection coincides with a 0.75 
m-thick soft clayey layer at a depth of 6 m in CPTu test 
Ud359B-613 (Fig. 3). The morphological signature of the 
1888 slide scar indicates that much of the landslide mass 
disintegrated following failure, producing a flow of sedi-
ments which became funnelled into the Nidelva Channel 
(Fig. 1).
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ized through the deep gully north of the 1990 slide scar 
(Fig. 1). This is supported by the simultaneous registra-
tion of broken cables across the landslide area (Emdal 
et al. 1996). The finding of recent turbidite deposits on 
the seafloor of the fjord basin north of the ravine system 
may originate from this event (Lyså et al. 2007). Areas 2, 
3 and 4 moved retrogressively following the removal of 
sediments in area 1 and slid on a secondary slip plane at a 
shallower stratigraphic level.

The “W” landslide

Detailed bathymetry reveals a fresh-looking slide scar at 
a depth of 80-160 m along a flank of the Nidelva Chan-
nel (Figs. 1 and 12A). The height of the back scarp var-
ies from 5 to 10 m, is 1,100 m long, and the estimated 
volume of failed sediment is 1.3 x 106 m3. The slope at the 
base of the scar dips at 5-6°, but increases to 26° in the 
Nidelva Channel. Blocks and landslide debris only occur 
in the vicinity of the head scarp. On high-resolution seis-
mic data, a distinct reflection overlain by a transparent 
acoustic layer is found upslope of the main scarp (Fig. 
12B). The main slip plane seems to follow this transpar-
ent layer. The slip plane coincides with a 1.5 m-thick 
laminated clay-rich layer present in cores B-13 and N-03 
(L’Heureux et al. 2009a). On average, 10 cm of biotur-
bated silty sediments occur above the laminated clay-rich 
layer within the slide scar. With an estimated sedimenta-
tion rate of ~ 1 mm/yr in this area (Vingerhagen 2006), 
the landslide is tentatively dated to ~100 years before the 
present.

and 09 showe a thick, clay-rich layer which is associated 
with this reflection (Figs. 6B and 11). The clay-rich bed is 
over-consolidated with a su/σ’v0 ~ 0.6 and shows a sharp 
upper boundary overlain by tilted sediments and thin 
debris flow deposits (Fig. 6B).

Areas 2, 3 and 4 show hummocky surfaces and many 
compression ridges (Fig. 11A). On the seismic profile the 
displaced masses in areas 2, 3 and 4 are recognized by an 
uneven topography and a chaotic seismic pattern (Fig. 
11B). The movement in areas 2, 3 and 4 seems to be asso-
ciated with a distinct reflection, indicated as a “second-
ary” slip plane in Figure 11B. The weak layer previously 
identified in area 1 is partially or entirely absent below 
areas 2, 3 and 4 (Fig. 11B). This could be due to collapse 
of the layer during an earlier landslide event as is also 
supported by the presence of a large, draped scar on the 
swath imagery (Fig. 11A). 

In the early stage of the landslide development, sedi-
ments in area 1 moved along a clay-rich bed in the stra-
tigraphy as evidenced by cores and by the presence of 
slickenside features on the seafloor (Fig. 11). The lower 
water content at the top of the clay-rich layer in core 07 
could be related to shearing and softening of the sedi-
ments close to the slip surface, as is often observed in 
soft clayey material (Lefebvre 1981). The relative high su 
and the light over-consolidation (su/σ’v0 ~ 0.6) in the clay-
rich layer could be explained by the removal of overlying 
sediments (Fig. 6B). Following initiation of failure, sedi-
ments in area 1 most likely disintegrated and channel-

Figure 10: Shaded 
relief image and 10 
m contours showing 
the 1950 slide scars 
and associated 
debris. Note the 
location of the Ils-
vika Channel and 
large pockmarks 
within the 1950 
landslide scar. The 
bathymetric map 
displays several 
slide scars outside 
those for the 1950 
event.
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the island of Munkholmen and Ilsvika (Fig. 1) (Skaven-
Haug, 1955). Slide dynamics and tsunami simulations 
indicate that the volume and acceleration of the "W" 
landslide possibly initiated the flood wave which struck 
the shores of Trondheim on April 23rd 1888 (L’Heureux 
et al. 2009b).

Given the rough age assessment above, the “W”-landslide 
may be related to the 1888 event. Sediment gravity flows 
through the Nidelva Channel during the 1888 landslide 
may have produced sufficient erosion at the base of the 
“W” slope (by undercutting) to trigger the landslide 
(Fig. 12). In 1888, the appearance of a flood wave was 
witnessed in the fjord approximately halfway between 

Figure 11: A) 
Shaded relief 
image and 
morphological 
interpretation 
of the 1990 
slide (see loca-
tion in Fig.1). 
The main 
failure plane is 
exposed in area 
1, while areas 
2-3-4 are com-
posed of retro-
gressive blocks. 
B) Section of 
seismic profile 
NGU-0608001 
showing the 
main strati-
graphic units 
as well as main 
and secondary 
slip planes 
for the 1990 
landslide event 
and a buried 
slide scar 
from an older 
landslide event 
(modified from 
L’Heureux et al. 
2007).
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ure (Fig. 13) (see also Skaven-Haug 1955; Emdal et al. 
1996 and L’Heureux et al. 2007). For the “W” landslide, 
a little more speculation is needed for reconstructing the 
slope profile before failure. From Figure 12A, it is clear 
that erosion at the toe of the slope was important for 
conditioning the instability and possibly triggering the 
landslide. The “W” slope profile is reconstructed with a 
steeper section near the channel flank (i.e. 26º), whereas 
the slope gradient is assumed to be constant upslope 
and parallel to layers in the stratigraphy (Fig. 13). This 
assumption is justified by seismic data that show nearly 
uniform sediment thicknesses in undisturbed sections 
draping the slope adjacent to and upslope of the land-
slide. 

In all four landslides, the slope geometries are recon-
structed using the stratigraphic units presented above. 
The thicknesses of the layers are based on our integrated 

Back-analysis of the landslides

In the following section the geophysical, geological and 
geotechnical data are included in a limit equilibrium 
slope stability model that serves to back-analyze the 
slope failures for the 1888, 1950, 1990 and “W” landslide 
events. A back-analysis of past failure attempts to deter-
mine a representative mobilized sediment strength at 
the onset of failure. Such back-analyses are necessary in 
order to validate the measured geotechnical parameters 
and the interpretation of failure mechanisms.

Inputs and considerations

The pre-failure slope geometries for all historical cases 
(i.e. 1888, 1950 and 1990) are reconstructed based on 
coarse bathymetric contours for the area prior to fail-

Figure 12: A) Sha-
ded relief image for 
the ~ 100 years old 
“W” slide scar vie-
wed from the north 
(see location in Fig. 
1). Note the steep 
erosional surface at 
the toe of the slope 
along the flank of 
the Nidelva Chan-
nel. Profile (B-B’), 
part of high resolu-
tion seismic profile 
GS-157-58, shows 
a thin veneer of 
slide debris in 
the landslide scar 
whose base gene-
rally follows the 
stratigraphy and 
the inferred weak 
layer upslope of 
the headscarp. The 
weak layer is inter-
preted as represen-
ted by an up to 1.5 
m thick stratified 
clay-rich bed dis-
covered in gravity 
core N-03 and 
B-13.
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mated shear strength ratio from the analyses is slightly 
larger than the average measured strength ratio for the 
clay-rich layers.

data set. Mohr-Coulomb drained strength parameters 
are given to the marine and glacio-marine clays (unit 
A) and to the sandy material (units B, C and D) (Table 
2). For the laminated clay-rich layers, undrained load-
ing is considered given their relatively low-permeability 
and their critical depth in the stratigraphy. This is also 
based on the potential triggering factors (i.e. rapid place-
ment of fill, rapid change in slope geometry (erosion), 
and/or tidal drawdown). A trial value of shear strength 
ratio (su/σ’v0) is assumed for the clay-rich layers, and 
this ratio is modified until a factor of safety of unity is 
achieved (i.e. critical failure conditions). Uncertainties 
in our slope stability analyses arise from lateral variabil-
ity in sediment mechanical properties due to their mode 
of deposition and post-depositional changes. Since pore 
pressure conditions are not well documented in the area, 
hydrostatic conditions are inferred at the time of failure.

Results and interpretation of the 2-D analysis

Results from 2-D limit equilibrium back-analysis show 
that instability initiates within the clay-rich layers for 
strength ratios (su/σ’v) of 0.18, 0.24, 0.23, and 0.26 for the 
1888, 1950, 1990 and “W” landslides, respectively (Fig. 
14). The calculated mobilized shear strength ratios at the 
onset of failure agree with measurements from the core 
samples (cf. Figs. 6 and 9). The critical slip surfaces in 
each back-analysis, suggest that failures most likely result 
from translational shear located within thin laminated 
clay-rich beds (e.g. “weak layer” in Fig. 13). In all cases, 
the observed failure surfaces are in good agreement 
with the slide scar morphology and failure mecha nisms 
described above. Stability analyses reveal that the slopes 
were only marginally stable before failure, as the esti-

Figure 13: Modelled 2D slope stability back-analysis showing the situation prior to and after failure with the location of the 
critical failure surface for A) the 1888 landslide event, B) the 1950 landslide, C) the 1990 landslide, and D) the ”W” landslide. 
Notice that the critical slip surfaces follow the weak layers in the stratigraphy.

Figure 14: Results from 2D slope stability back-analysis 
showing the influence of the undrained shear strength ratio 
su/σ’v0 within the weak layers on the stability of the 1888, 
1950, 1990 and ”W” landslide slopes. Note that su/σ’v0 values 
leading to unstable slope conditions (i.e. FoS ≤ 1) are within 
the range measured in the clay-rich beds. 
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from turbiditic flows with a distinct terrestrial origin. 
These particular clay-rich beds are softer and more sen-
sitive, and their mode of deposition explains the regional 
extent of these slide-prone sediment layers. During del-
taic progradation these beds were gradually buried and 
loaded (Fig. 15A). The great lateral extent and low-per-
meability of the clay-rich beds may allow for the forma-
tion of artesian  groundwater pressure at different strati-
graphic levels  (affected by the general land-fjord ground-
water flow; Fig. 15 A). Artesian groundwater pressures 
(~12% in excess of hydrostatic pressure) have recently 
been measured at Skansen below a 4 m-thick clay-rich 
bed (Statens Vegvesen 2008). Numerous pockmarks 
on the seabed, typically the result of fluid seepage pro-
cesses (Hovland et al. 2002), could also testify to artesian 
groundwater conditions (Hansen et al. 2005; L’Heureux 
et al. 2009a). The data indicate that mass wasting events 
take place in areas with steep local gradients (>10°), 
hence suggesting that over-steepening from erosion and/
or sedimentation are important destabilizing factors (Fig. 
15A). In summary, the pre-conditional factors facilitat-
ing slope failure seem to reflect the interplay between 
the regional occurrence of slide-prone sediment beds, 
steeper dip angles as a result of sedimentation processes, 
and groundwater flow.

Discussion
Stability analyses applied to the shoreline slopes are 
based on a number of simplifying assumptions, as dis-
cussed above. Nonetheless, the use of limit equilibrium 
analyses with the multidisciplinary data set is useful for 
improving our understanding of the mass wasting pro-
cesses along the shoreline of Trondheim, and likely for 
other fjord settings. Results consistently imply that ini-
tiation and development of slope failure occurs along 
slip planes associated with, or proximal to, the location 
of laminated clay-rich beds. Landslide development, 
however, results from a complex interaction of vari-
ables rather than a single  cause. This is discussed below 
through three stages: i) pre-failure; ii) onset of failure 
and; iii) post-failure behaviour.

Pre-failure stage

Pre-landslide conditions are inherited from a complex 
geological development in the bay of Trondheim,  char-
acterized by temporal and spatial variations in sediment 
supply related to relative changes in sea-level and ter-
restrial landslide events. At first, several aspects indicate 
that the clay-rich event beds control the location of fail-
ure as described above. The beds were deposited rapidly 

Figure 15: A) Sche-
matic represen-
tation of the pre-
failure and failure 
conditions in the 
bay of Trondheim 
and B) conceptual 
representation of 
the different sta-
ges of sliding (i.e. 
from initial sliding 
to generation of 
debris flows and 
turbidity currents). 
(Not to scale)
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al. 2003; Lyså et al. 2007). The remoulding of the basal 
clay-rich layer combined with its low permeability may 
ensure water entrapment below the landslide masses and 
the resulting hydroplaning could explain long run outs, 
as proposed in other studies (e.g. Mulder & Cochonat 
1996; Longva et al. 2003; Ilstad et al. 2004; Kvalstad et al. 
2005; De Blasio et al. 2005). The resulting flows may be 
highly erosive downstream and even tsunamigenic when 
combining their acceleration potential and the large vol-
ume of sediment transported (e.g. 1888 tsunami; Skaven-
Haug 1955, L’Heureux et al. 2009b).
Retrogression continues to develop upslope as long as 
favourable soil conditions and layer orientation exists, 
and as long as the morphology of the landslide area 
allows for the evacuation of debris. The weaker clay-rich 
beds are stronger on-shore due to the loss of buoyancy 
and compaction from units C and D. The retrogressive 
behaviour at this stage may result in liquefaction of the 
loose delta front sand and silt. In general however, the 
retrogressive process slows down gradually along the 
shore due to the presence of coarser material and man-
made fills. The mobility of these materials is low and will 
tend to support the sidewalls.

Implications for shoreline stability and 
hazard assessment
Weaker planes controlling the stability of submarine 
slopes may be found in numerous geological environ-
ments and at all scales (e.g. Lykousis et al. 2002; Longva 
et al. 2003; Lastras et al. 2004; Wilson et al. 2004; Bryn et 
al. 2005; Dan et al. 2007). This is also the case in the bay 
of Trondheim. A prerequisite for the occurrence of the 
weak clay-rich beds, like those found in Trondheimsf-
jorden, is the presence of prehistoric clay-slide activity in 
the catchment area and a low to moderately sloping fjord 
margin on which the turbiditic beds are able to accumu-
late (Hansen et al. In press). As sensitive glacio-marine 
sediments and clay-slides are common in uplifted fjord 
valleys of Canada and Scandinavia, and to a lesser extent 
in Alaska, beds with similar origins to those found in 
this study could play an important role for the stability 
of other near-shore areas. Detecting these slide-prone 
beds is of great importance for geohazard assessment. 
The results presented here also illustrate the importance 
of integrating on- and off-shore relationships and warns 
against slope stability evaluation solely based on cores 
collected on land and on low-resolution bathymetric 
data in the fjord.

Conclusions
•	Clay-rich	(event)	beds	with	contrasting	sedimentologi-

cal and physical properties are found on land and in the 
bay of Trondheim in delta and prodelta deposits. These 
beds are shown to be softer and more sensitive than the 
surrounding sediments. 

Onset of failure
The initiation of landslides in the bay of Trondheim may 
in some cases be due to an increase in gravitational (driv-
ing) stresses from a single placement of  fill at shoreline 
(e.g. 1950 landslide). In many cases however, unfavour-
able groundwater conditions caused  by intense rainfall, 
snow melting and/or tidal range, together with rapid 
loading from construction work, appears to have raised 
pore pressures within or close to the location of the clay-
rich beds and contributed to the onset of failure. 
Creep is the tendency of the soil to strain over time under 
the influence of a constant stress. Due to the accumula-
tion of strain, there can be a progressive destructuration 
of a soil and reduction in its shear strength (Leroueil et 
al. 2001). Under a high deviatoric load (e.g. the embank-
ment of the harbour extension), the more sensitive clay-
rich layers may be subjected to creep leading to slope 
failure. This hypothesis should be considered for the 
1888 failure event where i) the slope failed 8 years after 
construction work ceased; ii) thick clay-rich layers are 
observed near the depth of the failure surface (i.e. Figs. 
3 and 5), and; iii) a low FOS was calculated for pre-land-
slide topography (Figs. 13 and 14). A similar hypothesis 
was recently suggested for the 1979 Nice airport slope 
failure (Dan et al. 2007).

Vibrations from construction work may result in a col-
lapse of loose cohesionless sediments present in units 
B and C. Such a mechanism has been suspected for 
the triggering of the 1990 landslide (Emdal et al. 1996; 
L’Heureux et al. 2007). Recent research has shown that 
a local liquefaction may permit accumulation of pore 
water at the base of low permeability layers (e.g. clay-
rich beds) resulting in greatly reduced strength and slope 
instability (Kokusho 1999; Kokusho & Kojima 2002; 
Malvik et al. 2002).

Post-failure stage

The post-failure stage of a landslide includes movement 
of the soil mass from the moment of mobilization or 
failure initiation and until movement stops. The sliding 
development in the bay of Trondheim can generally be 
divided into three stages: i) initial failure with formation 
of blocks and slabs, ii) development into debris flow (e.g. 
Norem et al. 1990) and iii) turbidity currents (Normark 
& Piper 1991) (Fig. 15B).

Detailed bathymetry of the landslide scars and results 
from back-analysis suggest that initial failure occurs by 
translational sliding (basal shear) seated in the thin clay-
rich beds. A slab of sediments starts moving downslope, 
causing unloading of the headwall and sidewalls and 
subsequently retrogression. Landslide material is trans-
ported to the deeper fjord basin as sediment gravity flows 
within either the Nidelva Channel, or the deeply incised 
gully 800 m outside of the present river mouth (Fig. 1). 
This is supported by the finding of recent turbidites and 
debris flow sequences in the deep fjord basin (Bøe et 
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ces in Natural and Technological Hazards Research, vol. 27, 259-267.

L’Heureux, J.-S., Hansen, L. & Longva, O. 2009a: Development of the 
submarine channel at the mouth of the Nidelva River, Trondheims-
fjorden, Norway, Marine Geology 260, 30-44. doi:10.1016/j.mar-
geo.2009.01.005

L’Heureux, J.-S., Longva, O., Sylfest, G., Hansen, L., Harbitz, C.B. 
& Gauer, P. 2009b: Causes for the 1888 shoreline landslide and 

•	Pre-landslide	conditions	result	from	a	complex	interac-
tion of variables including loading of the clay-rich beds 
by deltaic progradation during the Holocene, unfavour-
able groundwater conditions (i.e. artesian pore-pres-
sures) and locally steep seafloor gradients from erosion 
and/or sediment accumulation.

•	Detailed	 morphological	 observations	 of	 slide	 scars	
combined with high resolution seismic data suggest 
that gravitational slope failure initiates by translational 
movement based in the softer and more sensitive clay-
rich beds. These observations are confirmed by limit 
equilibrium slope stability back-analyses. 

•	The	 probability	 of	 large-scale	 failure	 may	 be	 signifi-
cantly greater where steep local gradients (>10°) are 
present and where recent construction activity causes 
localized loading and disturbance of the soft and sen-
sitive clay-rich beds. The landslides show disintegrative 
and retrogressive behaviour and may affect large areas 
in the fjord and on land.

•	Finally,	results	presented	here	illustrate	the	importance	
of on- and off-shore relationships for  understanding 
shoreline mass wasting processes and warns against 
slope stability evaluation simply based on cores from 
land and low resolution bathymetric data in the fjord. 
A proper shoreline slope stability assessment requires 
detailed morphological analyses combined with geolog-
ical understanding of the sediments and their physical 
properties both on- and off-shore. 
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