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A b s t r a c t  

First-arrival traveltime tomography was applied to high-resolution 
seismic data acquired over a known quick-clay landslide scar near the 
Göta River in southwest Sweden in order to reveal the geometry and 
physical properties of clay-related normally consolidated sediments. In-
vestigated area proved to be a challenging environment for tomographic 
imaging because of large P-wave velocity variations, ranging from 500 
to 6000 m/s, and relatively steeply-dipping bedrock. Despite these chal-
lenges, P-wave velocity models were obtained down to ca. 150 m for 
two key 2D seismic profiles (each about 500-m long) intersecting over 
the landslide scar. The models portrait the sandwich-like structure of ma-
rine clays and coarse-grained consolidated sediments, but the estimated 
resolution (20 m) is too small to distinguish thin layers within this struc-
ture. Modelled velocity structures match well the results of reflection 
seismic processing and resistivity tomography available along the same 
profiles. 

Key words: seismic tomography, near-surface, seismic imaging, land-
slides. 

1. INTRODUCTION 
Traveltime tomography is commonly used for deriving seismic velocity 
models in a range of configurations – from surface surveys to cross-hole ex-
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periments. The depth of its application is ranging from near-surface (e.g., 
Zelt et al. 2006) to deep crust (see overview by Rawlinson and Sambridge 
2003). Modelling of the near-surface is especially challenging, since the 
changes in elastic parameters (e.g., seismic velocity) could be extreme, 
which increases the non-linearity of the tomographic inversion and requires 
proper selection of a forward-modelling technique. 

There is a significant number of successful applications of high-
resolution traveltime tomography to near-surface problems. Lanz et al. 
(1998) managed to identify base of a landfill containing industrial and do-
mestic waste dumped in gravel pits. Marti et al. (2008) used traveltime in-
version to characterize shallow subsurface providing important insight for 
drilling subway tunnels in Barcelona. Yordkayhun et al. (2009) showed 
a near-surface 3D traveltime tomography modelling at a carbon dioxide pilot 
geological-storage site, which was carried out because an earlier 3D reflec-
tion survey proved insufficient to describe the structures shallower than 
150 m. 

Here, we demonstrate the application of first-arrival tomography to de-
lineate a quick-clay landslide site located in the south-western part of Swe-
den. Quick clay could be defined as a clay whose structure collapses 
completely at remoulding and whose shear strength is thereby reduced al-
most to zero (see, e.g., Rankka et al. 2004). Quick-clay formations can be 
found in Nordic countries as well as in northern Russia and Canada. They 
have been formed in the sediments deposited in the sea-water during the last 
deglaciation. As the ice retreated and the land was heaved, the clay deposits 
were uplifted above the sea level. The exposed clay deposits have subse-
quently been subjected to leaching, caused by infiltration of rainwater, arte-
sian water pressure in their underlying permeable soil or rock, and by 
diffusion. Leaching of the salt content in the marine clays leads to their ex-
treme instability – “quickness”. Quick clays form in a slow process and are 
often found in deposits of moderate thickness (5-10 m) in the vicinity of 
permeable layers (Lundström et al. 2009). The rheological properties of 
quick-clays were examined in the “laboratory landslide” experiments de-
scribed by Khaldoun et al. (2009). They showed that where the gravitational 
stress exceeded the value of critical yield stress, usually in the thin bottom 
layer, a rapid decrease in clays’ viscosity and liquefaction occurred and the 
“landslide” was initiated. During their experiments, the upper mass of the 
clay remained intact. This mechanism can be observed in the real-life full-
scale landslides. The liquefied clay flows easily even at low slope angles and 
usually the slope of the bedrock under the clay deposits is more important 
than the actual slope of the local terrain. This kind of landslide can occur in 
an unpredictable manner and could affect large areas. Quick-clay landslide 
that happened in Rissa, Norway, in 1978 devastated an area of about 
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330 000 m2. Five to six million cubic meters of clay collapsed into a lake, 
destroying 13 farms and killing one person. The landslide was initiated by an 
excavation work in one of the farms. Some hundred cubic meters of soil 
placed at the bank of the lake (by the farmer) caused enough stress in the 
clay formations to start a landslide (Norwegian Geotechnical Institute docu-
mentary film on the Rissa landslide - http://www.youtube.com/watch?v=3q-
qfNlEP4A). 

The Society of Exploration Geophysics (SEG) through its Geoscientists 
Without Borders (GWB) program decided to sponsor a multidisciplinary ge-
ophysical survey devoted to quick-clay characterization. The study was led 
by Uppsala University and took place over a known landslide scar near the 
Göta River in southwest Sweden (Fig. 1). The area of the landslide scar (see 
red dashed line in Fig. 1) is about 30 000 m2. In the velocity models shown 
later in the paper, the slide is indicated by a ca. 10-15 m deep depression 
zone. The landslide is a typical fan-shaped quick-clay slide but it has not 
been serious enough to be well documented; it occurred most likely about 30  
 

Fig. 1. Satellite map of Sweden (source: Google Earth) with the survey site marked 
with a white circle. The inset map shows location of seismic lines 4 and 5 and their 
crossing point at the quick-clay landslide scar. White dots indicate shot points  
(4-12 m spacing) along the receiver lines (4 m spacing). The shots described with 
numbers are presented in Fig. 2. Yellow squares indicate the positions of cone pene-
tration tests (CPTU-R). The red dashed line indicates the extent of the 30-40-years-
old quick-clay landslide scar. Colour version of this figure is available in electronic 
edition only. 
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to 40 years ago. The main goal of the project is to imagine the geometry of 
the quick-clays and associated layers above and below and possibly its evo-
lution in time. A description of the clay layers geometry and recognition of 
their physical properties is necessary to understand the mechanisms govern-
ing quick-clay landslides. The investigations consisted of 2D and 3D P- and 
S-wave seismic surveys, geoelectrics, controlled-source and radio-
magnetotellurics, ground gravity, and magnetic surveys. An overview of the 
geophysical methods implemented in the site was recently presented by 
Malehmir et al. (2013a). 

In this paper, we present results from the tomographic inversion per-
formed along two perpendicular high resolution 2D profiles, two of the 
longest seismic lines (lines 4 and 5) acquired in the study area (Fig. 1). We 
use first-arrival tomography to obtain P-wave velocity model along each 
profile. Model robustness is estimated through checkerboard tests. The 
tomographic models are then compared with the results of reflection data 
processing (Malehmir et al. 2013b) applied to the same data and the resis-
tivity models obtained from the electrical resistivity tomography (ERT). For 
example, we show that in areas where the bedrock does not generate strong 
reflection, tomographic modelling is able to provide insight about the depth 
to the bedrock especially at the landslide scar. ERT, while providing higher 
resolution images of the shallow clay/coarse-grained layers, is unable to map 
the deeper part of the bedrock.  

2. DATA  ACQUSITION  AND  PROCESSING 
Lines 4 (EW oriented) and 5 (NS oriented) were acquired in September 2011 
near the Göta river, over a 30-40 years-old landslide scar. The lines cross 
each other perpendicularly at the location of the landslide scar (Fig. 1). Line 
4 is 572 m long, consisting of 144 vertical-component 28-Hz geophones. 
The geophones were placed every 4 m forming a high-resolution 2D profile. 
Explosives were used to generate seismic signal. Small charges of dynamite 
(11-20 gr) were fired in 0.5-1 m deep boreholes. The shot spacing was 
4-12 m. Line 5 is 475 m long, with 120 geophones, and similar receiver and 
source spacing as line 4. The data were recorded using 0.5 ms sampling rate 
and the record length of 6 s. 

The overall data quality is good; however, line 4 contains significantly 
nosier data than line 5 (see Fig. 2). Line 4 is parallel to the river and this 
might be the reason for lower data quality as compared to line 5. Data at the 
northern end of line 5, closer to the river (higher shot numbers) show similar 
noisier character to the data along line 4. In general, picking first-arrivals 
was more difficult for large offsets (i.e., beyond 300-400 m). There is a dif-
ference in the dominant frequency of the first-arrivals with offset. Short-
offset first arrivals  have significantly  higher frequencies  than offsets longer 
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Fig. 2. Examples of raw shot gathers: (a) and (b) from line 5, (c) and (d) from line 4. 
In general, the quality of data is good, but it gets worse at larger offsets (over 300-
400 m), making picking first arrivals difficult. Hand-picked first breaks are marked 
with red line and traveltimes calculated in the final velocity model with a blue line. 
In (a) and (b) a significant difference between the apparent velocities of first arrivals 
can be noticed. It is generated by a dipping bedrock and it was the reason to use 
a 2D starting velocity model as shown in Fig. 3. Colour version of this figure is 
available in electronic edition only. 

than 200 m (Fig. 2).The short-offset arrivals correspond to the rays penetrat-
ing only in the clay layers. Lower-frequency characteristics of the long-
offset arrivals (bedrock refraction) could be attributed to the attenuation in 
the overburden. Furthermore, a large difference in the apparent velocities of 
the first arrivals (compare Fig. 2a and 2b) suggests that the bedrock has 
a significant dip component. 

We manually picked 4358 and 4374 first-arrival times for lines 4 and 5, 
respectively, with an estimated uncertainty of about 2 ms. The picking un-
certainty was established by examining the reciprocal points. Mean recipro-
cal error was 1.35 ms for line 5 and 2.14 ms for line 4. The values of 
reciprocal errors reflect the quality of the data and the accuracy of the 
traveltime picking. 

3. MODELLING 
We used the non-linear traveltime tomography code developed by Ravaut et 
al. (2004) and Operto (2005). It is based on the damped regularized inver-
sion formulated by Toomey et al. (1994): 
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where Sh, Sv are horizontal and vertical Gaussian smoothing matrices, Λh, Λv 
control the balance between the smoothing constraints and the data fitting, 
Cd is the covariance matrix of data uncertainties, F is the partial derivatives 
(Frechet) matrix, Δm is the model perturbation vector, Δt is the vector of 
traveltime residuals, and k is the iteration index; ε denotes damping, and I is 
the identity matrix.  

First-arrival traveltimes are calculated by the finite-difference eikonal 
solver of Podvin and Lecomte (1991). The Eq. (1) is solved with a LSQR al-
gorithm of Paige and Saunders (1982). 

The receiver spacing and the significant difference in the velocities be-
tween the glacial clay sediments and the granitic basement require dense 
model parameterization. Hence, the forward problem is solved on a 1-m 
grid. For the reasons of computational efficiency, the grid for the inverse 
problem is coarser – 2 m in the vertical direction and 5 m in the horizontal 
direction. 

The choice of the initial model is also an important issue. We made sev-
eral attempts to use 1D gradient models for both profiles, but we failed to 
achieve good convergence of the solution; after 20 iterations we were not 
able to reduce the traveltime residuals to the values comparable to the pick-
ing error, or the obtained velocity models had unacceptable artefacts. The 
difficulty lies in the presence of the dipping bedrock, indicated by difference 
of the apparent velocities of first arrivals (Fig. 2a, b). We solved the problem 
using 2D starting models with slopes at different angles (Fig. 3a, e). The ve-
locities in the final models range from 500 to 6000 m/s. To avoid the edge 
effect problems, we padded the model in each direction by 10 m.  

We tested two inversion strategies differing by the type of the smoothing 
applied to model parameters. The results of these tests are shown in Fig. 3. 
In both cases smoothing with a Gaussian filter with a correlation length con-
trolled by the decay parameters τ was used. In the first case, we used con-
stant smoothing with the decay parameters for horizontal and vertical 
directions both equal to 5 (Fig. 3b, f). In the second strategy, we used 
smoothing decay parameters adapted to the predicted Fresnel zone width and 
offset (Fig. 3c, g). In this case, the decay parameter is equal to the radius of 
the first Fresnel zone:  
 ,i ic oτ λ=  (2) 

where c is a regularization factor, o – the offset estimated as: 
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Fig. 3. Velocity models along lines 5 and 4, on the left- and right-hand side, respec-
tively. The black vertical line marks profiles intersection. The white line on the 
models indicates surface topography: (a) and (e) are the starting models along lines 5 
and 4, respectively; (b) and (f) are the models obtained using the inversion strategy 
with uniform smoothing; ray-path footprints are clearly visible in the deeper parts of 
models; (c) and (g) are the models obtained using the depth-dependent smoothing 
based on Fresnel zone width; no ray-path footprints are present and the resolution in 
the near-surface seems to be better; (d) and (h) are the final velocity models with 
ray-coverage based masks presenting normalized density of seismic rays – the high-
er the number of rays, the brighter the colour. Colour version of this figure is availa-
ble in electronic edition only. 
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where ν0 is the reference velocity at the surface, ϕ is the reference velocity 
gradient and the wavelength, λ is defined as: 
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Fig. 4. Final traveltime residuals (tcalc – tobs) for line 5 (a) and line 4 (b). The mean 
value of residuals for lines 5 and 4 are 2.4 and 3.1 ms, respectively. The residuals 
are largest for short offsets, because no static corrections to account for shallow low-
velocity zone were applied. Values of residuals are larger for line 4, which is ex-
pected, concerning the worse quality of data along this line. 
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where f0 is the reference frequency. 
Such adaptive smoothing could be considered as a realization of a fat-ray 

or wave-path tomography (see, e.g., Husen and Kissling 2001, Grandjean 
and Sage 2004). We concluded that the second strategy provides a qualita-
tively better model since it removes the footprint of the ray-paths. In addi-
tion, this depth-dependent smoothing gives a model with higher resolution in 
the near surface, which follows the ray-path density.  

What is also important, a better convergence was achieved for the adap-
tive smoothing: final traveltime residuals were 3.12 and 2.41 ms for lines 4 
and 5, respectively (see Fig. 4). This is a satisfying result, concerning the un-
certainty of first-arrival picks estimated to be about 2 ms. For comparison, 
final traveltime residuals achieved for the uniform smoothing were 3.28 ms 
for line 4 and 2.64 ms for line 5. Velocities at the intersection of the two 
lines are shown in Fig. 5. The 1D velocity profiles for lines 4 and 5 at the 
cross-section match well, despite the fact that the intersection is in the place 
where the ray coverage is rather poor and the data is noisier. 
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Fig. 5. 1D velocity profile taken at the intersection of lines 5 and 4 (marked with 
black vertical line in Fig. 3) compared with a simplified stratigraphical section from 
the survey area (Malehmir et al. 2013b). A good match between the velocities at the 
intersection between the two lines is an indication of the model robustness. Compar-
ison with the lithological section allows to interpret the velocities. 

Model assessment 
Traditionally, the resolution of the tomographic models is estimated through 
synthetic tests, like the checkerboard or resolution restoration tests (Zhao et 
al. 1992). We added 60 × 20 m and 20 × 20 m checkerboard anomalies with 
the amplitude of 200 m/s (Fig. 6a, c) to the initial, slope-gradient models. 
The recovered anomalies are presented in Fig. 6b, d. For 60-meters-wide 
anomalies, the first three rows are restored, for the 20-meters-wide anoma-
lies the first two rows are well restored, and the third row can be distin-
guished in the central parts of the lines, where the ray coverage is the best. 
The anomalies that lie deeper are smeared in the shape of ray-paths. This 
implies that with the method used here, we can obtain vertical model resolu-
tion of 20 m down to about 60 m below the surface, which is satisfactory 
considering the depth of the structures we are imaging. We also tested if 
10-m thick anomalies could be recovered, but the applied smoothing made it 
impossible to achieve this resolution. 
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Fig. 6. Checkerboard tests results for line 4: (a) and (b) show the test pattern and the 
restored anomalies of ± 200 m/s value and 20 × 60 m size. First three rows (down to 
60 m below the surface) are well restored; deeper anomalies are smeared diagonally 
along the ray-paths; (c) and (d) show the test pattern and the restored anomalies of 
size 20 × 20 m. Such resolution can be achieved only down to 40 m below the sur-
face. However, we are expecting a layered, horizontal structures, so the vertical 
resolution is more important. Results of checkerboard tests for line 5 were similar. 
Colour version of this figure is available in electronic edition only. 

4. RESULTS  AND  DISCUSSION 
The obtained velocity models are constrained by rays down to ca. 150 m for 
line 4 and ca. 120 m for line 5 (Fig. 3d, h). In this relatively thin cross-
section, we observe velocities ranging from 500 to 6000 m/s. In general, we 
can divide our models into the following layers (Fig. 7a, c): 

 Layer 1 – velocities ranging from 500 to 2000 m/s and the thickness 
varying from 5 to 50 m below the surface, showing a general dip towards the 
landslide scar (or the river in the case of line 5); the deepest point is situated 
at the landslide scar; 

 Layer 2 – velocities ranging from 2000 to 4500 m/s with varying 
depth showing again a dip towards the landslide scar; deepest point at the 
landslide scar; 

 Layer 3 – velocities ranging from 4500 to 6000 m/s with varying 
depth which shows a dip towards the landslide scar and the river; the depth 
of the interface between Layer 2 and Layer 3 varies from 40 to 100 m below 
the surface.  

These layers can be correlated with the simplified stratigraphical section 
presented in Fig. 5. Based on this section, we attribute Layer 1 to a mixture 
of dry crust (a layer of dried and weathered clay)  and  saturated clay,  some- 
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Fig. 7. Comparison between the tomographic models, the reflection seismic images 
and the ERT models of lines 4 and 5: (a) and (d) are the ERT models along lines 5 
and 4, respectively; the orange triangles mark the intersection of the two lines; 
(b) and (e) are the obtained velocity models along lines 5 and 4, respectively; the 
layers distinguished in the model are related to the following velocity ranges: Lay-
er 1 (600-2000 m/s), Layer 2 (2000- 4500 m/s), Layer 3 (4500-6000 m/s); (c) and (f) 
show the velocity models superimposed with the post-stack time-migrated reflection 
sections (Malehmir 2012, Malehmir et al. 2013b). C1 and C2 mark the reflection 
layering within the clay sediments; R1 is a reflection associated with a velocity 
change to over 2.5 km/s; R2 represents bedrock reflection; F1 is a possible weak or 
fracture zone below the landslide scar, associated with a vertical disturbance in the 
P-wave velocity model at ca. 350 m distance along line 5. This disturbance is more 
visible in Fig. 8. Colour version of this figure is available in electronic edition only. 

times mixed with coarse-grained materials (e.g., silt and sand). These inter-
pretations are supported by the results of the electrical resistivity tomogra-
phy (ERT) obtained along the same profiles (Bastani et al. 2012, Malehmir 
et al. 2013a) and cone penetration tests with resistivity measurements 
(CPTU-R) (Löfroth et al. 2011). The CPTU-R soundings revealed a sharp 
increase in the resistivity at about 12-22 m depth, interpreted as the top of a 
coarse-grained layer. ERT models suggest an otherwise feature, a highly 
conductive layer at those depths (see Fig. 7a, d). Although this difference be-
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tween the ERT and CPTU-R is not clear yet, we think the smoothing intro-
duced during the tomographic inversion makes it difficult to detect these 
sharp and fine structures in our velocity models. Note that according to the 
hydrogeological investigations carried out by the Swedish Geotechnical In-
stitute, the groundwater-table is at about 2-3 m depth in the site and the sharp 
resistivity contrast is not due to the presence of groundwater-table.  

In order to image the sharp velocity contrasts, e.g., between the clay and 
coarse-grained layer, we need to go beyond the ray-based tomography and 
perform full-waveform inversion. Good-quality dynamite shot records make 
such an inversion feasible. Our traveltime tomography results provide accu-
rate starting models for waveform tomography. In addition, multi-parameter 
waveform inversion (see, e.g., Malinowski et al. 2011) should provide not 
only the P-wave velocity model but also attenuation model, which is of great 
importance for near-surface characterization. 

Nevertheless, it is interesting to observe a relatively low velocity zone 
(ca. 1000 m/s) within the Layer 1 (e.g., Fig. 7b). We know that this low ve-
locity zone coincides with the coarse-grained layer especially at the landslide 
scar (detected by CPTU-R method). Although the imaging of this low-
velocity zone by traveltime tomography may be questionable, as demon-
strated by Flecha et al. (2004), ray-coverage can be used for tracking low-
velocity zones and providing further insights about their reliability. It is 
a well-known phenomenon that the high-velocity zones tunnel the majority 
of seismic rays, while the density of the rays in the low-velocity zones is 
significantly smaller. This phenomenon is pictured in Fig. 3d, h. We interpret 
the higher density of seismic rays in the topmost 10 m of our models as the 
dry crust and clay (Fig. 3). The density of seismic rays below is significantly 
lower, which can be indicative of a low-velocity zone associated with the 
mixture of coarse-grained materials and marine clays. We believe that the 
presence of coarse-grained materials leads to lower velocities within a clayey 
environment and attribute this to higher porosity (less compacted) in the 
coarse-grained materials than the clays (see also Barton 2007). However, 
this interpretation requires further down-hole investigations. 

The permeable coarse-grained layer (presumably patchy and occurring at 
several depths) sandwiched between layers of clays might explain how the 
marine clays have been leached out the salt and thus had become quick. 
Malehmir et al. (2013b) suggest that the flow of water through the coarse-
grained layer, desalinating the marine clays might have a dual nature: the 
fresh water might be directed from either the highland areas and forming an 
artesian flow, or come from the river. The mechanism triggering the land-
slide (the increase of stress within the desalinated clays) might be connected 
both with the increase in pore-pressure due to excess infiltration of rain and 
snow in the coarse-grained layer and with the riverbank erosion. 
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Layer 2 represents a weathered and fractured part of the bedrock and the 
stable, salty marine clays. It is impossible to distinguish the stable, salty 
clays from the quick, desalinated layers in our velocity models, but the larger 
salt content can be correlated with low resistivity zones in the ERT models 
(Fig. 7a, d). We interpret Layer 3 to represent fresh bedrock of granitic-
gneissic nature as they outcrop in a few locations in the site. The interface 
between Layers 2 and 3 lies just at the edge of the ray-coverage (Fig. 3d, h) 
and at the depth where the resolution of the model is poorer (Fig. 6), but it 
matches well the resistivity models. The resistivity models do not provide in-
formation deeper than 40-50 m depth below the surface and are unable to 
characterize the geometry of the dipping bedrock at depth. Nevertheless, 
a high resistivity zone observed in the southern portion of line 5 and in the 
middle of line 4 correlates well with the high velocity zones interpreted to be 
associated with the bedrock. The tomographic models complement the resis-
tivity models especially at greater depths. Details about the resistivity to-
mography results are given by Bastani et al. (2012) and Malehmir et al. 
(2013a).  

The obtained P-wave velocity models are also compared with the results 
of reflection seismic data processing applied to the same data (see Malehmir 
2012, Malehmir et al. 2013b). In order to properly account for the dipping 
geometry in our comparison, we used post-stack data migrated with our ve-
locity models that were subsequently time-to-depth converted with smoothed 
versions of our velocity models. The results are presented in Figs. 7c, f,  
and 8. 

The clay sediments intercalated with the coarse-grained layer, which we 
associate with the velocities ranging from 500 to 2000 m/s down to about 
40-50 m below the surface, are followed by the reflectivity pattern (C1, C2 
in Fig. 7c, f). The dipping bedrock with velocities larger than 4500 m/s cor-
relates with the reflection R2 and the interface between Layers 2 and 3. 
There is also a vertical disturbance in the velocity model at about 350 m dis-
tance along the line 5 (F1 in Fig. 7b), which correlates with the truncation of 
the reflections in the migrated stacked section. Our analysis of results of mi-
grations using various constant velocities suggests that this disturbance is not 
an artefact introduced by the velocity model. It consistently appears in the 
image at a range of migration velocities from 800 to 1500 m/s. We interpret 
it as a weak zone within the normally consolidated sediments, maybe con-
nected with a fracture zone in the bedrock that projects to the location of the 
landslide scar. It requires further investigations to conclude if this zone was 
responsible for directing the fresh water into the coarse-grained layer and de-
salinating the marine clays. It might also be a post-slide feature, connected 
with tumbling and mixing the layered structures. 
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Fig. 8. 3D visualization of the seismic lines showing a good correspondence be-
tween the velocity models in both lines and the layered reflections observed in the 
seismic data. Colour version of this figure is available in electronic edition only. 

5.  CONCLUSIONS 
We have successfully performed first-arrival traveltime tomography in 
a challenging environment – with velocities ranging from 500 to 6000 m/s 
down to 150 m depth and bedrock dipping with a significant angle towards 
the river. 

With the obtained P-wave velocity models, we were able to estimate the 
thickness of the clay and coarse-grained sediments that are associated with 
the quick-clay layers and provide information about the granitic bedrock and 
possibly a weak zone within the sediments and/or the bedrock. The interpre-
tation of our models agrees well with the independent reflection data inter-
pretation and geoelectrical soundings available in the study area. 

However, the inherent smoothing embedded in our ray-based tomogra-
phy method limits the resolution of the models, which was estimated to be 
approximately 20 m. The method allows us to indicate the location of the 
sandwich-like structure of marine clays and coarse-grained sediments, but 
the resolution may be too low to distinguish thin layers within this structure. 
It is also impossible to precisely image the top-most higher-velocity layer of 
the dry crust and clays – the analysis of seismic ray density is not reliable 
enough to conclude about the thickness of this layer. We believe that im-
proving the resolution using for example waveform inversion method would 
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allow us to compare our models with the location of particular layers that 
was revealed by the resistivity tomography and the CPTU-R soundings. 

The current study combined with other geophysical measurements cur-
rently being conducted in the site have clearly helped us to better understand 
the geological settings at which quick-clay landslides occur. It is clear that 
while the surface topography is gentle or relatively flat, the bedrock topog-
raphy is dipping at higher angles, implying that landslide risk assessments 
based on only topographic information would be unsuccessful for quick-clay 
studies. The seismic data will be used in future to estimate shear-wave veloc-
ities along the seismic profiles using surface-wave inversion methods. 
A combination of our results with the shear-wave velocities would be greatly 
useful to investigate areas at high risk for quick-clay landslides. Combined 
information can also help to provide rough estimation of elastic constants, 
which is also useful for hazard risk analysis. The fact that the tomographic 
models suggest three major layer boundaries is also important as each of the-
se layers could play a different role in the creation and generation of quick-
clay landslides. 
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