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Background 

Landslides are one of the most commonly occurring natural disasters. They claim hundreds of 
human lives and cost billions of dollars every year. In order to provide geophysical tools and 
techniques to better characterize sites prone to sliding, we carried out and evaluated the potential of 
several geophysical methods over a quick-clay landslide site in southwest Sweden during 2011-
2013. Sponsored by the Society of Exploration Geophysicists (SEG) through its Geoscientists 
Without Borders (GWB) program, our project aimed to study clay-related landslides in the Nordic 
countries. The project resulted in several peer-reviewed publications and helped to better 
understand the way quick clays are formed and possible trigger mechanisms. This is important not 
only to reduce the risk associated with these slides but also to seek for suitable tools and methods to 
better characterize areas that are prone to these types of slides. The project is continuing through 
other projects and provides material for a newly employed PhD student based at Uppsala 
University. In total, six PhD students and four MSc students worked on the project and used (or will 
be using) the data from the site in their theses. In this short report, we present various geophysical 
methods and activities carried out at the site by our multidisciplinary group. The report is kept short 
but supplementary information can be found in conference abstracts, journal publications as well as 
popular scientific articles some of which are attached to this report. 

  

Geophysical investigations 

Geophysical investigations began in September 2011 over a known landslide scar near the Göta 
river in southwest Sweden, an area known to contain quick clays. The investigations involved 2D 
and 3D P- and S-wave source and receiver surveys, geoelectrics, controlled-source and radio-
magnetotellurics, ground gravity, GPR and magnetic surveys (Figure 1). These data in combination 
with existing geotechnical information and hydrogeological investigations were processed or 
modeled to provide better insights into the mechanism(s) governing clay-related landslides in the 
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Nordic countries and to provide high-resolution images of the subsurface structures down to the 
bedrock.  

 
Further geophysical investigations were carried out in 2013. Based on the results from the 2011 

investigations three holes were drilled during February 2013 using the Sonic drilling technology to 
obtain undisturbed samples from normally consolidated sediments. The holes were then cased with 
PVC tubes and downhole geophysical logging was performed, which included natural gamma, fluid 
temperature, fluid conductivity, formation resistivity, full-waveform sonic. Samples from the 
drilling were measured for their magnetic susceptibility, pore-content conductivity, pH, grain size, 
element concentrations using X-ray fluorescence (XRF) and mass. Several interesting observations 
from the drilling led us to continue the project using other funding sources. In particular, we were 
motivated by the observation that quick clays are often spatially linked to immediately underlying 
coarse-grained sequences that are often detectable by surface geophysical methods. In one of the 
holes at ca. 30-40 m depth, a large quantity of gas, probably methane, leaked out to the surface 
during the drilling; sea-shells and well sorted sands (indicating a beach environment) were also 
observed.  

 
In May 2013, a new geophysical campaign was carried out that involved more seismic data 
acquisition at both sides of the river and also in the western side of the study area (Figure 2). 3C-
seismic data using wireless sensors in the northern side of the river were acquired as well as RMT 
data. Data from this campaign are currently being processed and modeled by two PhD (Silvia Salas-
Romero and Shunguo Wang) and one MSc (Sara Andersson) students who also took part in the 
survey and now pursuing their degree topic in this project. 
 

More than 40 students and senior geoscientists from five universities and three 
governmental institutions participated in both field surveys. The field surveys took place for 
ca. 7 weeks in total. Several meetings with various organizations prior to the fieldworks helped us 
to organize the fieldworks in a successful manner. Students worked and learned from each together 
and enjoyed these several weeks. Alireza Malehmir gave a short presentation about the first 
fieldwork to the GWB committee during the SEG 2011 Annual Meeting, San Antonio. Results from 
the project have also been published in various conferences and peer-reviewed scientific journals. 
The project has so far received two awards, one to Krawczyk et al. (2013) for a presentation at Near 
Surface Geoscience, Bochum-Germany and another one to Malehmir et al. (2013) for a presentation 
at the SEG Annual Meeting, Houston-USA. 

 
The P-wave and particularly S-wave reflection seismic data show a high-resolution image of 

bedrock morphology and the overlying stratigraphy of an approximately 80 m thick sequence of 
sediments, which contains lightly to normally consolidated quick clays. Particularly interesting was 
the identification of a layer of relatively coarse-grained materials between 10–20 m below the 
ground surface. Geotechnical investigations indicate that most, but not all, quick clays at the site are 
located above this layer. Geoelectrical and electromagnetic methods provide high-resolution images 
of the unconsolidated subsurface and particularly the normal and leached clays. Radio-
magnetotelluric methods demonstrate their value especially near the river where traditional 
geoelectrical methods (e.g., ERT) suffer depth coverage. The level of detail revealed by these 
geophysical data demonstrates that the project was able to image fine structures associated with 
quick-clay landslides, which are important and valuable for any site assessment and 
characterization.  

 
Table 1 shows a summary of acquisition parameters used to acquire the seismic data. The 

survey parameters were also partly the same for the ERT and RMT surveys.  
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Figure 1. (a) Surface geological map and (b) Lidar (light detection and ranging) elevation map overlaid on 
an aerial photograph of the study area. Locations of the 2011 geophysical lines (lines 1 to 5), 3D survey 
area, available geotechnical boreholes (blue circles), and the landslide scar are also shown (see the labeled 
region in (a)). Lines S1a, S1b and S2 were surveyed using horizontal source and receivers. For details see 
Malehmir et al. (2013a and 2013b). 
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Table 1. Main reflection seismic data acquisition parameters, September 2011. Other geophysical methods 
and parameters can be found in their respective publications (see the presentations and publications 
section). 

 

Geotechnical investigations 

Fortunately, a wealth of geotechnical data was available at our site, thus most of our focus in 
the project was on the geophysical applications and measurements. The Swedish Geotechnical 
Institute (SGI) made the geotechnical data available to the project. For quick clay identifications, 
CPT, CPTU, CPTU-R (cone penetration test with resistivity measurements) and laboratory 
measurements were done by SGI. Unfortunately, most of these measurements provide point 
information only so that no geological profile (cross section) is available from the site. These 
studies, especially CPTU and some laboratory measurements (at some selected depths) suggested 
the presence of coarse-grained material at varying depths, in average ca. 20–30 m below the current 
surface topography. Interestingly, in most places quick clays were found to overlie coarse-grained 
material. Due to the limitations of CPT methods, only a very few boreholes could penetrate through 
the coarse-grained material. Geotechnical boreholes (CPT and CPTU) indirectly suggest that the 
coarse-grained material varies in thickness from 0.5 m to more than 10 m. We later found, from our 
drilling observations, that at one location their thickness reaches about 10 m. A detailed description 
of the geotechnical data can be found in Löfroth et al. (2011).  
 

Downhole and geochemical investigations 

SGI measurements did not involve downhole geophysical measurements and only a few 
physical property measurements. In February 2013, we drilled three holes (BH1-BH3) at the site to 
better constrain the geophysical data interpretations (Figure 2). Immediately after, we logged the 
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holes for natural gamma, fluid conductivity, formation resistivity, full waveform triple sonic and 
fluid temperature. Interestingly, in all the locations, a good correspondence between the geophysical 
observations and logging data was observed. In particular, natural gamma was useful to identify 
zones of coarse-grained materials (sharp decrease in gamma). Figure 3 shows an example of the 
logging data against surface reflection seismic results. The reflections are associated with coarse-
grained layers also visually observed during the core sampling and also by grain-size analysis.  

 

 
Figure 2. The 2013 geophysical surveys included reflection seismic and RMT data acquisition along lines 6 
and 7 but also an extension of lines 5 and 2. Line 5 extended towards both south and north (in the other side 
of the rivers). Wireless sensors (MEMs and 5 Hz) were used in the other side of the river. BH1, BH2 and 
BH3 show the locations of the boreholes drilled using the Sonic technique and where downhole logging and 
core sampling were carried out. Examples of these data are shown in Figure 3.  
 

Drill cores recovered using the Sonic technique provided samples also for paleontological 
information, as well as laboratory measurements of physical and chemical properties of the 
subsurface material to a maximum subsurface depth of approximately 60 m. The laboratory 
measurements included grain size analysis, mineral magnetic properties, electric conductivity, pH, 
salinity, total dissolved solids, XRF and a reconnaissance study of the fossil content. 

 
Although the PVC casing of the boreholes interferes with the sonic and formation resistivity 

measurements, the perforated parts of the PVC casing (put on average at every 20 m depth) show 
significant changes. For instance a sharp decrease of velocity from clay to coarse-grained material 
was observed. The most important variations in magnetic susceptibility and pore-content 
conductivity (measured in the lab on core samples) mostly coincide with these coarse-grained 
layers, supporting the seismic data. Coarse-grained layers are characterized by enhanced magnetic 
susceptibility and conductivity. This also supports the ERT data at locations where they indicate 
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sharp increases in the conductivity but also suggests that conductive zones are not necessarily 
indicative of marine clays. The reason that the coarse-grained layers are more conductive than the 
overlying clays could be due to the way they act in the area. Our interpretation is that the coarse-
grained layers act as a drainage and conduit and direct salty fluids that leached from the clays 
towards the river and that maybe the reason they are sometimes more electrically conductive than 
the overlying clays. The coarse-grained layer may also direct infiltrated fresh water towards the 
river or deeper levels at where the overlying clays can also be leached by fresh and confined water. 
Future studies should aim at monitoring this effect using 4D geophysical methods or using tracers. 
 

 
Figure 3. Migrated and time-to-depth converted seismic data (vertical component) along (a) lines 4 and (c) 
5 (Figure 1) superimposed by full-waveform tomography results and some of the downhole logging and 
sample property measurements (gamma, susceptibility, conductivity) from BH2 and BH3 (Figure 2). ERT 
data along line 5 are shown in (b). Note the correlation between the seismic and ERT data especially for the 
bedrock at the shallow depths and why a seismic survey is important to provide information at depths that 
cannot be resolved by ERT methods. ERT data, however, indicate leached clay (resistive) above the coarse-
grained layer (conductive) as also indicated by the CPT data. A low velocity zone (500-1000 m/s) at ca. 35 
m below sea level in line 4 coincides with the area where the gas leakage was observed during the drilling 
(see pictures from the SEG Annual Meeting presentation by Malehmir et al., 2013).  
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Grain size analysis results on subsamples from the deepest borehole (the one closer to the river, 

BH2) correlate with changes in the natural gamma measurements (Figure 3a). Overall, the fine 
sediments (clayey-silty) dominate over the coarser ones (sandy-gravely), and clay and fine silt are 
found to be the most abundant. The preliminary paleontological observations indicate that most of 
the sediments were formed in a glacio-marine environment. Additionally, XRF measurements were 
performed on subsamples from the deepest borehole (BH2), indicating high Cl/V values (a good 
high salinity indicator) in the thickest coarse-grained layer.  

 
 

Conclusions 

In summary, all the collected data give a comprehensive description of the subsurface in the 
study area. The characteristics of the observed quick clays offer new and more information about 
such sequences in Sweden. With this expanded knowledge an adapted risk assessments can be done 
here and in similar areas worldwide where similar geohazards are present. 

 
Future work will be geared towards processing of the data collected in 2013, including the 

seismic line across the river, which will complement and extend the study area. New fieldwork 
campaigns and inversion of surface wave data will improve the interpretation of the shallow 
subsurface.  

 

Outlook 

Geophysical data collected in 2013 are now being processed/modeled and will be integrated 
with the available geotechnical data and also the 2011 geophysical data. We will, this year, aim to 
also acquire VSP and multi-component seismic data to check their capability for quick-clay 
landslide studies and characterizations. We therefore expect more scientific and popular science 
publications to come out from the project.  

 

Presentations and publications 

In addition to methodological developments, several interesting results were obtained, 
therefore, the group realized the potential of presenting their work at international conferences and 
also scientific journals. Here, a collection of these contributions is presented and some are attached 
to this report (available also upon request): 
 
Conference publications 

• Salas-Romero et al. (Downhole and property measurements, submitted to EGU2014) 
• Krawczyk et al. (SH experiment and comparisons, Near Surface Geoscience 2013) 
• Adamczyk et al. (Waveform tomography, SEG2013) 
• Malehmir et al. (2D seismics and drilling results, project overview, SEG2013) 
• Salas-Romero et al. (New surface and downhole geophysical data, SEG2013) 
• Shan et al. (3D RMT inversion, SEG2013) 
• Adamczyk et al. (Waveform tomography, EGU2013) 
• Krawczyk et al. (SH experiment, EGU2013) 
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• Adamczyk et al. (2D traveltime & waveform tomography, SEG/EAGE velocity model 
building workshop 2012)  

• Lundberg et al. (3D P-wave seismics- SEG2012) 
• Krawczyk et al. (SH experiment, Seismix2012, Beijing) 
• Adamczyk et al. (Full-waveform inversion, Seismix2012, Beijing) 
• Bastani et al. (Joint RMT, ERT and seismics-Near surface Geoscience 2012) 
• Malehmir (2D P-wave seismics, EAGE2012) 
• Adamczyk et al. (2D traveltime & waveform tomography, EAGE2012) 
• Sauvin et al. (Quick clays, geophysics in Norway and Sweden, EAGE2012)   
• Malehmir et al. (SEG-GWB project and progress, EGU2012) 
• Lundberg et al. (3D P-wave survey, EGU2012) 
• Polom et al. (SH 2D survey, EGU2012). 

 
Popular science publications 

• Andersson (Berggrund och kvicklera mäts med vibrationer, in Swedish in Husbyggaren 
2011) 

 
Outreach 

• MyNewsDesk (March 2013) by the Geological Survey of Sweden about the project and the 
2013 geophysical campaign 

• Geological Survey of Sweden, geophysics open house (March 2013) by Bastani et al. 
• Invited oral presentation-Public policies for landslides prediction and disasters prevention, 

Rio de Janeiro-Brazil. 
 
Scientific journal publications 

• Malehmir, A., Bastani, M., Krawczyk, C., Gurk, M., Nazli, I., Polom, U., and Persson, L., 2013. 
Geophysical assessment and geotechnical investigation of quick-clay landslides - a Swedish 
case study. Near Surface Geophysics, 11, 341-350. 

• Malehmir, A., Saleem, U.M., and Bastani, M., 2013. High-resolution reflection seismic 
investigations of quick-clay and associated formations at a landslide scar in southwest 
Sweden. Journal of Applied Geophysics, 92, 84-102. 

• Adamczyk, A., Malinowski, M., and Malehmir, A., 2013. Application of first-arrival 
tomography to characterize a quick-clay landslide site in southwest Sweden. Acta 
Geophysica, 61, 1057-1073.  

• Kamm, J., Becken, M., Pedersen, L.B., 2013. Inversion of slingram electromagnetic induction 
data using a Born approximation. Geophysics, 78, E201-E212. 

• Polom, U., et al., 2013. Surveying near-surface depocentres by means of shear wave seismics. 
First Break, August 2013, 67-79. 

• Lundberg, E., et al., 2014. High-resolution 3D reflection seismic investigation over a quick-
clay landslide scar in southwest Sweden. In press in Geophysics. 

• Shan, C., et al., 2014. Integrated 2D interpretation of geophysical and geotechnical data to 
image quick-clays at a landslide site in southwest Sweden. In revision in Geophysics. 

• Adamczyk, A., et al., 2014. High resolution near surface velocity model building using full 
waveform tomography-a case study from southwest Sweden. In revision in Geophysical 
Journal International. 

• Kamm, J., et al., 2014. Joint refracted arrivals and ERT inversion. Submitted to Geophysics. 
• Shan, C., et al., 2014. 3D RMT results. To be submitted. 
• Salas-Romero et al., 2014. Downhole logging and property measurements and their 
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correlation with surface geophysical data. In preparation. 
• Malehmir et al., 2014. A multidisciplinary geophysical, geotechnical and property 

investigation of quick clay landslides in Sweden. Planned for a special issue of the 
Geological Society of America (GSA). 

 

Project workshops 

The group had a 2-day workshop at Uppsala University in May 2012 and discussed various 
geophysical results obtained in the project and also discussed strategies how to proceed in the next 
stage. This resulted in the 2013 surveys and downhole measurements. More SH-seismic 
measurements were also planned but have not yet been performed.  

 
The group presented the project at various occasions and conferences (see above) and 

particularly at a workshop organized by the city of Rio de Janeiro, Brazil entitled “Public policies 
for landslides prediction and disasters prevention”. Malehmir presented the SEG-GWB project and 
participated in a two-day excursion to the December 2011 devastated landslide areas near the Rio 
city. MIT students and researchers who are also organizing a similar SEG-GWB project in the area 
made the arrangement for this visit which are thanked here. 

 

Project funding 

We have attracted additional funds from the Geological Survey of Sweden, Uppsala University, 
Lund University, Swedish Research Council FORMAS and LIAG, which were critical for the 
project to be successful. The project is now continuing with funding provided by Uppsala 
University to employ Silvia Salas-Romero to carry out her PhD study on this project and its 
continuation. Without these additional funds, we would not have been where we are today. Thanks 
to the SEG-GWB project funding which helped us to illustrate the value of geophysical methods for 
landslide studies and helped us to attract additional funds for its continuation and completeness. 

 

Project partners 

In addition to the people who initiated the project, we attracted students and geoscientists from: 
Polish Academy of Sciences (Michal Malinowski and PhD student Anna Adamczyk) who are 
currently working on waveform tomography of the seismic data, NORSAR, University of Oslo, 
and International Center for Geohazards from Norway (Isabelle Lecomte and PhD student 
Guillaume Sauvin) who acquired GPR data from the site and joined our activities both during the 
data acquisition and the meeting at Uppsala and are going to help us with surface-wave analysis of 
the seismic data, Vibrometric company who has shown their interest to support the project by 
various means. Bryan Lougheed (Lund University) carried out mineral magnetic, grain-size 
analysis and XRF measurements on the core subsamples. 

 

Student activities 

Apart from the member of the SEG Student Chapter of Uppsala University who participated 
actively during the two field campaigns, these students are taking parts of their MSc or PhD 
projects on this project (see Presentations and publications section): 
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• Emil Lundeberg (PhD student, Uppsala University, 3D seismic, defended January 
2014), 

• Chunling Shan (PhD student, Uppsala University, joint ERT, RMT and seismic), 
• Mohammed Saleem Umar (MSc student, Uppsala University, 2D seismics, defended 

November 2012), 
• David Ossen (MSc student, Cologne University, RMT inversion, 2013), 
• Anna Adamczyk (PhD student, Polish Academy of Sciences, first-arrival and 

waveform tomography), 
• Silvia Salas-Romero (PhD student, Uppsala University, seismics and downhole 

logging and property measurements), 
• Jochem Kamm (PhD student, Uppsala University, joint ERT, EM34 and seismic, 

Defending February 2014), 
• Guillaume Sauvin (PhD student, NORDAR, University f Oslo and International Center 

for Geohazards, defending April 2014), 
• Shunguo Wang (PhD student, Uppsala University, joint RMT and seismic), 
• Sara Andersson (MSc student, Uppsala University, 2D seismic). 

 

Awards and distinctions 

• Krawczyk, C.M., Polom, U., Malehmir, A., Bastani, M., 2013. Reflection seismic 
mapping of quick-clay landslides in Sweden - new insights from shear-wave surveying 
and geotechnical integration. Near Surface Geoscience 2013, Bochum. Awarded one of 
the four best paper presentations. 

• Alireza Malehmir, Silvia Salas-Romero, Chunling Shan, Emil Lundberg, Christopher 
Juhlin, Mehrdad Bastani, Lena Persson, Charlotte Krawczyk, Ulrich Polom, Anna 
Adamczyk, Michal Malinowski, Marcus Gurk, and Nazli Ismail, 2013. A 
multidisciplinary geophysical and geotechnical investigation of quick clay landslides in. 
SEG Annual Meeting 2103, Houston. Awarded one of the 30 top paper presentations. 
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A multidisciplinary geophysical, geotechnical and hydrogeological
investigation of quick-clay landslides in Sweden
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christopher.juhlin@geo.uu.se), (2) Leibniz Institute for Applied Geophysics, Hannover, Germany
(charlotte.krawczyk@liag-hannover.de; ulrich.polom@liag-hannover.de), (3) Institute of Geophysics, Polish Academy of
Sciences, Warsaw, Poland (michalm@igf.edu.pl; adamczyk@igf.edu.pl), (4) Geological Survey of Sweden, Uppsala, Sweden
(mehrdad.bastani@sgu.se; lena.persson@sgu.se), (5) University of Cologne, Institute of Geophysics and Meteorology,
Cologne, Germany (gurk@geo.Uni-Koeln.DE), (6) Syiah Kuala University, Banda Aceh, Indonesia
(nazli.ismail@unsyiah.ac.id)

In Spring 2011, the Society of Exploration Geophysicists (SEG) through its Geoscientists Without Borders
(GWB) program sponsored our project to study clay-related landslides in the Nordic countries. This project will
study quick clay or rapid earth flow landslides in Sweden. Undisturbed quick clay resembles a water-saturated gel.
When a mass of quick clay undergoes sufficient stress, it instantly turns into a flowing ooze, a process known as
liquefaction. A small block of quick clay can liquefy from a stress change due to as little as a modest blow from
a human hand, while a larger deposit is mainly vulnerable to greater stress changes, such as increased saturation
by excess rainwater. Despite their abundance, our geophysical understanding of clay behavior in terms of both
changes in the geometrical shape (clay formations) and changes in the physical properties are limited and require
a better understanding. Quick clay landslides are not particularly constrained to steep slopes and have been known
to slide even in low-to-moderate angle slopes.

Geophysical investigations began in September 2011 over a known landslide scar near the Göta river in
southwest Sweden, an area known to contain quick clays in parts of it. The investigations involved 2D and
3D P- and S-wave source and receiver surveys, geoelectrics, controlled-source and radio-magnetotellurics,
ground gravity and magnetic surveys. These data in combination with existing geotechnical information and
hydrogeological investigations should allow better insight into the mechanism(s) governing clay-related landslides
in the Nordic countries and to provide high-resolution images of subsurface structures down to the bedrock.

We will present preliminary results from the seismic investigations, including the 2D and 3D reflection and
refraction surveys. The reflection seismic data show excellent quality and image the bedrock topography and
internal layering above it down to about 100 m. Tomography results suggest the presence of low-velocity zones
associated with some of the reflections, making the integration of the two methods interesting. A shear-wave
survey also shows excellent data quality and very high resolution. It helps to image fine structures above
the bedrock, as well as the bedrock topography. The level of the detail already revealed by the seismic data
demonstrates that the project will be able to image fine structures associated with quick-clay landslides that are
important and valuable for any site assessment.
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Investigating a clay landslide site using 3D P-wave reflection seismics in
Lilla Edet, Sweden
E. Lundberg (1), A. Malehmir (1), C. Juhlin (1), and M. Bastani (2)
(1) Uppsala University, Department of Earth Sciences, Uppsala, Sweden (emil.lundberg@geo.uu.se), (2) Geological Survey of
Sweden, Uppsala, Sweden (mehrdad.bastani@sgu.se)

Landslides are one of the most commonly occurring natural disasters. Global damages range in the billions
of dollars and cost hundreds of lives each year; Sweden is not an exception. The main objectives of this
geohazard-related project are (1) to improve the understanding of the geometrical shape and structure of clay
areas, (2) to develop tools for monitoring changes in their geometry and physical properties as critical factors
for landslide triggering, and (3) to provide robust analytical methods for assessing risks associated with clay
landslides both in short and long terms. The project is sponsored by the Geoscientists Without Borders (GWB)
Program of the Society of Exploration Geophysicists and is multidisciplinary, involving several geophysical
methods such as ground gravity and magnetics, geoelectrics, controlled source/radio magnetotellurics, as well as
reflection/refraction seismic methods (both P- and S-wave source and receivers).

The test site is located on the shoreline of the Göta river that runs from lake Vänern to Göteborg on the
southwest coast. The Göta river is the largest river in Sweden and follows the Götaälv Zone, which is an
approximately 4 km wide fault zone dipping towards the west. The 3D seismic survey covers a large landslide scar
that occurred about 30-40 years ago. The main objective of the 3D seismic is to image the bedrock topography in
detail and possibly define layering in the sediments above.

The 3D seismic data were acquired in September 2011 using a weight-drop source, 4 m geophone spacing
and 20 m line spacing with the source activated at most geophone positions. Ten lines with 60 geophones on
each line were shot in two overlapping patches. The preliminary results are encouraging and depict the bedrock
topography at 100–150 ms or about 70-100 m. The central line in the 3D seismic survey is overlapped by a longer
2D reflection seismic profile, acquired using a dynamite source. The 2D reflection stack, as well as a travel-time
tomography image from the 2D line, can, therefore, be correlated with the central part of the 3D image.

Reflections from within the bedrock unit have also been detected in shot-gathers and may be related to
fracture zones. Defining local fracture zones in the bedrock can be an important secondary target for the 3D
reflection seismic survey.
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Reflection seismic mapping of shallow quick-clay landslides in Sweden -
new insights from shear-wave surveying
U. Polom, C.M. Krawczyk, and the GWB-Quick Clays Research Team
Leibniz Institute for Applied Geophysics (LIAG), Hannover, Germany

As part of a joint project studying clay-related landslides in Nordic countries, we successfully tested the use of
shear wave reflection seismics to survey shallow structures that are known to be related to quick-clay landslide pro-
cesses. Co-sponsored via the Society of Exploration Geophysicists (SEG) program ‘Geoscientists Without Borders
(GWB)’, several international groups apply a suite of applied geophysical and geotechnical methods to understand
structural and physical conditions and the conditioning of this type of liquefaction.
For this purpose, three 2D profiles were recorded in Frastadt, southern Sweden, above the main slide plane area.
Using a 120 m long streamer of 120 SH-geophones at 1 m spacing, and the ELVIS micro-vibrator as source,
shear-wave data of very high quality were gathered. The longest profile along a paved road shows clear internal
structuring of the up to 50 m thick marine sediments as well as strong undulations of top basement underneath. The
sedimentary shear wave velocities suggest extremely low values of 100-120 m/s, which geotechnically prohibits
building areas. In addition, test measurements on a stubble field showed the first time that the suppression of Love
waves is not only restricted to paved surfaces and may also be achieved if reflection contrasts and low dispersion
allow a suitable data processing. This opens new possibilities for a wide range of applications and specialized
equipment adaptions.
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 S
eismik är en geofysisk mät-

metod som kan vara användbar 

för att skaffa information om 

berggrundens egenskaper, men 

också för att ta reda på djup till berggrun-

den och för att få information om jorden 

ovanpå berget.

Seismik är en oumbärlig geofysisk me-

tod vid prospektering för olja och gas, 

men används också i viss utsträckning 

inom gruvprospektering. Vidare används 

seismik vid större infrastrukturprojekt 

för att skaffa information om djup till 

 bergytan och bergkvalitet.

Mäter med vibrationer 
Det fi nns fl era metoder; refl ektions-, re-

fraktions-, borrhåls- och ytvågsseismik. 

Gemensamt för metoderna är att man 

sänder ut seismiska vågor (signaler) från 

en källa på en känd punkt. De seismiska 

vågorna sprider sig åt alla håll i marken. 

Man placerar ut geofoner nerstuckna i 

marken utefter en eller fl era profi ler. 

Geofonerna registrerar vibrationer i mar-

ken och dessa sparas i en datafi l i form av 

ett seismogram. I marken fi nns vibratio-

ner från andra källor också, de kan till 

exempel skapas av vind som sätter gräs 

och träd i rörelse eller från trafi k. Detta 

kallas brus.

Mätningarna stackas
Geofonen kan inte skilja på vad som är 

önskade vibrationer som kommer från 

källan (signal) och vad som kommer från 

andra källor (brus). En del brus kan fi ltre-

ras bort eftersom det har en annan frek-

vens än signalen. En annan metod är att 

skapa den seismiska signalen fl era gånger 

på samma plats. 

Efter mätningen lägger man ihop alla 

mätningar, man ”stackar dem”, vilket ger 

ett högre signal/brus-förhållande. För att 

ytterligare förbättra signal/brus-förhål-

landet och för att kunna bygga upp en bild 

av berggrunden så fl yttar man källan till 

fl era platser längs den seismiska profi len.

Olika sätt att skapa vibrationer
Den seismiska signalen kan skapas med 

olika källor, till exempel genom en 

sprängladdning eller med hjälp av en 

hyd raulhammare. Man kan också låta en 

vikt falla mot marken. 

Om man bara är intresserad av väldigt 

ytnära information kan man använda en 

vanlig slägga som man slår mot till exem-

pel en stålplatta placerad på marken. 

Sprängning ger en kraftigare signal, men 

på vissa platser får man inte använda 

sprängladdningar, då kan en hydraul-

hammare vara ett bra alternativ.

Var blir det bra med borrhål
Geofysikavdelningen vid Uppsala uni-

versitet har nyligen utfört refl exionsseis-

mik i området Dannemora–Forsmark. 

Man gjorde en profi l i nord-sydlig och en 

i öst-västlig riktning. Profi lerna var cirka 

två mil vardera. Mätningarna har gjorts 

GEOTEKNIK & GRUNDLÄGGNING För att veta var man bäst placerar ett borrhål 

vid exempelvis ett vägbygge behövs information om berggrunden. Även kvicklera kan undersökas 

genom seismiska mätningar med geofoner som registrerar vibrationer som skickats ner i marken.

Berggrund och kvicklera
mäts med vibrationer
Av magnus andersson, doktorand, Uppsala universitet

Profi l med refl ektionsseismik i Dannemora-Forsmark. Illustration: Malehmir med fl era, 2011.

Magnus Andersson är doktorand i 

geofysik på institutionen för geovetenska-

per vid Uppsala universitet. Han studerar 

Alnö Ringkomplex med hjälp av geofysiska 

mätningar, bland annat refl exionsseismik.
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som en del i forskningen som syftar till att 
öka kunskaperna om storskaliga struktu-
rer, bland annat förkastnings- och kross-
zoner.

Den öst-västliga profi len passerar rakt 
över gruvområdet i Dannemora och på 
denna kan man se intressanta refl ektio-
ner på djupet. En refl ektion (S1) har tol-
kats som Österbybruk–Dannemora skjuv-

zon. Två andra, R1 och R2, kan vara rela-
terade till järnmalm. 

Refl ektionerna kan användas för att 
bestämma var man ska placera borrhål. 
Först när man borrat vet man om refl ek-
tionerna kommer från en järnmalmsfyn-
dighet.

Mätningarna i Dannemora–Forsmark 
har gjorts för att se storskaliga strukturer, 

och då placeras geofonerna med ett rela-
tivt långt avstånd, 20 meter. 

Studerar kvicklera

Om man letar efter mer ytnära strukturer 
så kan man ha ett mycket mindre geofon-
avstånd, för att få en bättre upplösning. 
Vid ett nu pågående projekt utanför Lilla 
Edet så använder man fyra meters geo-
fonavstånd. 

Målet med det projektet är att öka för-
ståelsen om kvicklera och för att bättre 
kunna förutsätta var det är stor risk för 
jordskred. I detta projekt är fl era svenska 
och utländska universitet och institut in-
volverade. 

Seismik är bara en av metoderna som 
används utanför Lilla Edet. Ofta kan man 
få ut mer av att kombinera seismik med 
andra metoder, till exempel resistivitets-
mätningar av marken. D

Fotnot:

Seismikmätningarna i Dannemora–Fors-

mark fi nansierades av Sveriges geologiska 

undersökning, SGU. Mätningarna utanför 

Lilla Edet utfördes under september 2011 

i samarbete med Geovetare utan gränser/

Society of Exploration Geophysicists. 

Se www.seg.org/web/foundation/misc/

geoscientists-without-borders/projects/

current#SW

Referens:

Malehmir, A., Dahlin, P., Lundberg, E., 

 Juhlin, C., Sjöström, H., Högdahl, K., 2011. 

Refl ection seismic investigations in the 

Danne mora area, central Sweden: insights 

into the geometry of poly-phase deforma-

tion zones and magnetite-skarn deposits. 

www.agu.org/journals/jb/papersinpress.shtml
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Med hydraulhammare kan man skapa seismiska vågor som är kraftfulla nog att registrera 

seismiska refl ektioner ner till fem kilometers djup. Hur djupt man når beror på berggrundens 

egenskaper. Foto: Alireza Malehmir

En geofon är en sensor som registrerar 

 vibrationerna i marken. Här placerad direkt 

i berget för att få bästa möjliga signal. 

Foto: Alireza Malehmir

http://www.koljern.se
http://www.seg.org/web/foundation/misc/geoscientists-without-borders/projects/current#SW
http://www.agu.org/journals/jb/papersinpress.shtml
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Quick-clay landslide-prone grounds in Norway and Sweden: a complex 
problem requiring a combined geophysical and geotechnical approach. 
 
Guillaume Sauvin (Oslo Univ./ICG/NORSAR), Isabelle Lecomte (ICG/NORSAR/Oslo 
Univ.), Sara Bazin (NGI), Jean-Sébastien l’Heureux (ICG/NGU) & Alireza Malehmir 
(Uppsala Univ.). 
 
 
 
 

SUMMARY 
__________________________________________________ 
 
Quick-clay sliding occurs in formerly glaciated coastal areas in, e.g., Norway, Sweden and Canada. 
The soil was originally deposited in shallow marine environments which emerged following isostatic 
rebound and fall of the relative sea level since the last glacial maximum. Long-term leaching of salt, 
due to groundwater flow and percolating surface water, affects clay-particles bonding and makes the 
soil highly susceptible to failure when disturbed. We review the properties of quick-clays in order to 
define a suitable, integrated and multi-disciplinary approach to improve identification and mapping of 
quick-clay areas. Though electrical resistivity tomography is actually the geophysical method of 
choice, it is paramount to combine a range of geophysical and geotechnical approaches for a better 
assessment of a given quick-clay site. The discussed integrated approach is here presented for 2 
Norwegian and 1 Swedish quick-clay sites. The collected data and preliminary site characterization 
will illustrate the high diversity of quick-clay grounds as well as the complexity related to an 
integrated approach. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Workshop 04 
Integrated Geosciences for Subsurface Instabilities, Offshore and Onshore. 
Convenors: Isabelle Lecomte (ICG / NORSAR), Stéphane Garambois (LGIT / University of 
Grenoble) & Maarten Vanneste (ICG / NGI). 
Sunday 3 June, 09:00 – 17:00 hrs 
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Introduction 

Quick-clay sliding occurs in formerly glaciated areas in, e.g., Norway, Sweden and Canada. Quick-
clays are characterized by very high sensitivity and low un-drained remoulded shear strength. The soil 
was originally deposited in marine environments which emerged following isostatic rebound and fall 
of the relative sea level since the last glacial maximum. Long-term leaching of salt, due to 
groundwater flow and percolating surface water, affects clay-particles bonding and makes the soil 
highly susceptible to failure when disturbed (e.g., human activity, erosion). Due to the presence of 
extensive quick-clays in populated areas, particular hazard management schemes are a necessity. 
 
We review the properties of quick-clays in order to define a suitable, integrated and multi-disciplinary 
approach to improve identification and mapping of quick-clay areas. Though ERT is actually the 
geophysical method of choice (due to conductivity being mostly related to salt content; Solberg et al., 
2011), it is paramount to combine a range of approaches (e.g., adding refraction tomography, MASW, 
GPR, etc), as well as geotechnical data (in-situ measurements using CPTu, SCPTu and RCPT; 
laboratory tests) for a better assessment of a given site. Geophysics is needed to both judiciously 
locate geotechnical boreholes for ground truth and fill the gaps between them, moving towards 2D, 
pseudo-3D or 3D site characterization for quick-clays, and possibly to 4D, i.e., monitoring. The 
discussed integrated approach is here presented for 2 Norwegian and 1 Swedish quick-clay sites. The 
collected data and preliminary site characterization illustrate the high diversity of quick-clay grounds 
as well as the complexity related to an integrated approach. 

Quick clays 

Quick clays are found in areas which were once glaciated during the Pleistocene epoch (165000 to 
10000 years ago). These areas are characterized by isostatic uplift which took place after the retreat of 
ice. The actual Norwegian definition of quick clay is that the sensitivity (st, i.e, ratio of undrained 
shear strength su and un-drained remoulded shear strength sur) must exceed 30 and that the remoulded 
shear strength must be less than 0.5 kPa. The Swedish definition is slightly different; sensitivity has to 
be over 50 and remoulded shear strength below 0.4 kPa (Rankka et al., 2004). The development of 
very high sensitivity is usually the result of processes that have taken place after the deposition of the 
clay. 
 
For the development of quick clay it is generally agreed that the sediment must have a flocculated 
structure with a high void ratio. This structure is the normal state in fine-grained post-glacial 
sediments which have accumulated in marine or brackish water where silt and clay-sized particles 
settle rapidly together to form flocculated high void ratio sediments. A similar - though not as random 
- flocculated structure develops under lacustrine conditions if the cation-exchange sites are dominated 
by divalent rather than monovalent cations. These freshwater sediments alternate silt-rich and clay-
rich layers with a high degree of flocculation in the clay-rich layers. Under both salt and freshwater 
conditions, high concentration of suspended particles entering the water body encourages flocculation. 
Sediments composed of low-activity minerals and having a flocculated structure have a higher void 
ratio and hence higher water content than would similar sediments having an oriented structure. They 
also have a greater degree of resistance to change in water content if environmental conditions 
change. 
 
The leaching of flocculated marine clays will only induce a minor decrease in void ratio compared 
with the one that occurs when the structure is completely broken down to allow particle orientation. 
This flocculated, high void ratio structure is essential for the development of quick-clay because it 
provides for the maintenance of an essentially constant undisturbed strength and constant water 
content while other changes which decrease the remoulded strength are occurring. Leaching of the salt 
by soft water (higher amount of monovalent ions relatively to divalent ions) induce large diffuse 
double layers which imply larger repulsive forces between the particles. After remoulding, these 
forces will prevent flocculation of the clay particles. This reduces the remoulded shear strength and 
increases the sensitivity of the clay. If the sediment can consolidate in response to change, and thereby 
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decreases its water content and increases its remoulded strength, quick-clay behaviour cannot 
develop. Models for explaining the development of quick clays must therefore invoke mechanisms 
which will both increase the ratio between the undisturbed and remoulded strengths, and provide for a 
remoulded strength less than 0.5 kPa. Proposed mechanisms include leaching, dispersing agents, 
cementation, and the special characteristics of finely ground primary minerals (Rosenqvist, 1978). 

Test site investigations 

Two Norwegian sites and a Swedish one will be presented, but the latter site (near Göta river, south-
West Sweden) is not detailed in the present abstract and can be found instead in Malehmir (2012; this 
conference), who especially emphasizes the use of reflection seismic in that case (Figure 1). Among 
the 2 Norwegian sites, Hvittingfoss is located 80 km south-west of Oslo and Rissa 40 km north-east of 
Trondheim (Figure 2). Hvittingfoss has been mitigated for quick-clay risk by removing part of the 
sediments in the upper part of the area and adding it onto the slope. Various geotechnical 
measurements (cone penetration testing undrained – CPTu; core sampling with laboratory testing, 
pore-pressure measurements, etc) are available for both sites and provide point-wise indication of 
sensitive clays. In order to fill in the gap between wells, to gain information on the quick-clay spatial 
extent, and to better constrain the whole geological setting, electrical resistivity tomography (ERT; 
electrode-based DC) and seismic measurements (Multichannel Analysis of Surface Waves – MASW - 
and refraction seismic tomography) were performed summer 2011. The expected quick-clay layers are 
targeted to check their geophysical/geotechnical responses to the different selected measurement 
techniques. 
 

a)   b)  
Figure 1 Swedish site: a) Location near Göta river. b) P- reflection seismic (Malehmir, 2012). 

 
Figure 2 Norwegian sites: a) Location map. Rissa b) and Hvittingfoss c) site maps with topography 
and location of vertical soundings, ERT profiles, MASW- and refraction-seismic profiles. 

Methods 

2D resistivity measurements were carried out (Terrameter LS; ABEM). Roll-along Gradient 
configuration with electrode spacing ranging from 2- to 5-m was used. The apparent resistivity data 
was inverted (Res2Dinv) using L1-norm inversion optimization. Inversions performed converged 
generally to RMS errors of less than 5 % within 7 iterations. The 2D ERT profiles were then 
combined to generate pseudo-3D displays (Figures 3 and 4). 
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Two types of seismic measurements were carried out: MASW to retrieve S-wave velocities and P-
wave refraction tomography to retrieve P-wave velocities. Seismic data were recorded with a 5-kg 
sledge-hammer as seismic source, 24 4.5-Hz vertical geophones, a sampling interval of 0.25 ms, and a 
record length of 2 s for both surface-wave and refracted-wave investigations. The surface-wave 
survey was carried out in roll-along mode. The offset between the source and the nearest geophone 
were 5 and 9 m, with a geophone spacing of 1 m. For each of the configurations, the dispersion curves 
were picked and inverted to 1-D shear-wave profiles using commercial software (SurfSeis). 
Refraction seismic was also acquired in roll-along mode. The geophones were set every 4 m along 
each profile and seismic shots were fired every 4 m. Data processing, picking of first-arrival 
traveltimes and their inversion were performed using commercial software (VISTA and REFLEXW). 
 
As EM energy is rapidly attenuated in clayey sediments, GPR is usually not considered of much use 
in quick-clay sites. However, GPR was used in Hvittingfoss and Rissa to map the coarse-grained 
sediment (sand/gravel) deposits on top of the clay and/or shallow embedded layers. Presence of such 
permeable layers, within and/or on top of the clay greatly influences the groundwater flow, and 
therefore the potential leaching of the salt from the clay. A non-shielded 50-MHz rough-terrain 
antenna (RTA; Malå) was used for profiling, while a standard 50-MHz non-shielded antenna was used 
for CMPs. Several positions were chosen for CMP acquisition in order to better constrain velocity. 

Results and discussion 

Resistivity measurements allow first for structural interpretation. Evaluation of bedrock depth and 
dry-crust thickness, detection of underlying coarse-grained sediment and thickness of clay layers can 
be interpreted. All these structural information help localising potential zones of leaching. But the 
main advantage of resistivity in quick-clay studies is its ability to potentially discriminate leached 
clays from un-leached clays. Indeed, as the salt concentration is lower in leached clays, the resistivity 
is then higher than in the corresponding un-leached clays. According to Solberg et al. (2011), a first-
order classification of resistivity is as follow:  un-leached clay deposits: 1–10 Ωm; leached clay 
deposits, possibly quick: 10–100 Ωm; dry-crust clay deposits and coarse sediments: >100 Ωm. 

 
Figure 3 Hvittingfoss: 3D plots of resistivity (left) and P-wave velocity (right) profiles, together with 
depth converted GPR profiles. The green horizon corresponds to the topography prior to remediation. 

 
P-wave and S-wave velocity profiles derived from seismic refraction tomography and MASW, 
respectively, also provide structural information that may be used to evaluate leaching in the clay 
layers. As the clay fabric of highly sensitive clay does not differ from normal clay, P-wave velocities 
cannot help discriminate between normal and quick-clay. Nonetheless, P-wave velocity fluctuations 
within a clay layers could indicate variation in consolidation, which, if too high, prevent the 
development of quick-clay. As the main difference between normal clay and high-sensitive clay lies 
in the clay particles bonding difference (weak bonds in case of sensitive clays), slight variation of S-
wave velocities is to be expected (lower S-wave velocity for sensitive clays). This weak clay particle 
bonding could also potentially imply higher S-wave attenuation. Moreover, structural information 
derived from seismic investigations should help constraining ERT inversions, in order to retrieve 
resistivity variations within the clay layers alone and therefore, better constrain the resistivity 
response to salt concentration fluctuation. 
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Figure 4 Rissa site: 3D plot of resistivity profiles and example of one depth-converted GPR profile. 

Conclusions 

The study of the genesis of quick clays should allow evaluating the potential of various geophysical 
methods for their mapping and characterisation. Clays deposited in marine environment exhibit a 
flocculated structure with high void ratio, which is a pre-requisite for the development of high 
sensitivity as it allows for high un-remoulded shear strength. As this flocculated structure is necessary 
but not sufficient for quick-clay formation, we need to discriminate normal-flocculated clays from 
high-sensitive ones. The extension of the electrical double layers around clay particles should be high 
enough to prevent the particles to re-flocculate at remoulding. Extension of the double layer is 
dependent on the ion composition and concentration in the pore water. Therefore, marine clay that has 
been leached from their salt could potentially become “quick”. As shown in the site investigations 
described above, structural information retrieved from geophysical measurement may help locating 
preferential leaching paths, depending on bedrock topography, presence of underlying and/or 
embedded coarse-grained sediments and thickness of the clay layers. Resistivity variations within clay 
layers could also reflect the variation of salt concentration in the pore water. Moreover, high zeta-
potential induces weak bonding of clay particles that could potentially lead to S-wave velocity 
decrease in leached clays. This study is on-going. 
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Application of full-waveform inversion to characterize quick-clay
landslide site in southwest Sweden.
Anna Adamczyk (1), Michal Malinowski (1), and Alireza Malehmir (2)
(1) Institute of Geophysics PAS, Department of the Lithospheric Research, Warsaw, Poland, (2) Uppsala University,
Department of Earth Sciences, Uppsala, Sweden

Landslides are one of the most commonly occurring natural disasters. Society of Exploration Geophysics (SEG)
through its Geoscientists Without Borders (GWB) program sponsored a multidisciplinary project to study quick
clay landslides in Sweden. Extensive geophysical survey was conducted over a landslide scar near the river Göta
in southwest Sweden. Here, we present the application of full-waveform inversion/tomography (FWT) to seismic
profiles that cross the scar.
Quick clay could be defined as a clay whose structure collapses completely at remoulding and whose shear
strength is thereby reduced almost to zero. Quick clay landslides occur in an unpredictable manner and can affect
large areas. A mass of quick clay undergoing sufficient stress (i.e. from excessive rainfall) rapidly liquefies and
flows easily even at low slope angles - usually the slope of the bedrock under the clay deposits is more important
than the actual slope of the local terrain.
Recognition of the geometry and physical properties of clay layers and the underlying bedrock is crucial to
understanding the mechanism of a landslide. The sediments in the area have formed thin (∼10m) layers of clays
and coarse-grain materials. In order to correctly identify them, we need a method that provides high-resolution
models, that is why we decided to use FWT. It offers an unprecedented improvement in seismic imaging and thus
allows delineating the layering within the sediments. However, FWT not only is demanding in terms of input data,
but also offers a challenge when applied in near-surface environment, e.g because of large velocity contrasts.
The lines presented here are several hundred meters long, according to the standard checkerboard tests the imaging
is accurate up to 40-60 m below the surface. Data was acquired using vertical-component 28-Hz geophones,
placed every 2-4 m. The seismic signal is generated either with small amounts of explosives fired in 0.5-1 m deep
boreholes, or an accelerated weight-drop, depending on the line. The shot spacing was 2-12 m.
We run early-arrival frequency-domain FWT using implementation of Sourbier et al. (2009). Data preprocessing
consisted of: trace editing, spectral equalisation, trace muting, 3D-2D correction and time damping. Inversion
was performed for frequencies between 27.5 Hz and 43.1 Hz. The starting frequency is relatively high, but little
consistent signal was detected below (attributed to the effect of damping of the geophones).
The FWT results were validated with a series of extensive procedures: (1) examination of the data fit in the
frequency domain; (2) a posteriori source signature estimation; (3) time domain finite difference synthetic
modelling; (4) comparison of 1D velocity profiles at the intersection of the seismic lines; (5) comparison with
data from other surveys: electrical resistivity tomography, cone penetration tests. We have also performed the
pre-stack depth migration (PSDM) of the reflection seismic data using velocity models obtained from FWT. The
resulting images show good correspondence with our velocity models, especially in the area of the layering within
the sediments and at the boundary with the high velocity granitic bedrock. Flatness of the common-image gathers
from PSDM indicates that FWT-derived velocity models are superior to those derived by first-arrival tomography.
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Shear-wave reflection seismics as bridge between georadar and deeper
subsurface surveying - a case study for quick-clay landslides in Sweden
Charlotte M. Krawczyk (1), Ulrich Polom (1), Alireza Malehmir (2), and Mehrdad Bastani (3)
(1) Leibniz Institute for Applied Geophysics (LIAG), Hannover, Germany (lotte@liag-hannover.de), (2) Uppsala University,
Sweden, (3) Geological Survey of Sweden

As part of a joint project studying clay-related landslides in Nordic countries, we successfully tested the use of
shear-wave reflection seismics to survey shallow structures that are known to be related to quick-clay landslide pro-
cesses. Co-sponsored via the Society of Exploration Geophysicists (SEG) program ‘Geoscientists Without Borders
(GWB)’, several international groups apply a suite of applied geophysical and geotechnical methods to understand
structural and physical conditions and the conditioning of this type of liquefaction.
For this purpose, three 2D profiles were recorded in Frastad, southern Sweden, above the main slide plane area.
Using a 120 m long streamer of 120 SH-geophones at 1 m spacing, and the ELVIS micro-vibrator as source, shear-
wave data of very high quality were gathered, allowing a vertical resolution of 1 m and less. The longest profile
along a paved road shows clear internal structuring of the up to 50 m thick marine sediments as well as strong
undulations of top basement underneath. Different sedimentary sequences can be distinguished, and the quick clay
sequence is interpreted in 15-20 m depth, which correlates well with the height of the most recent scarp. The
sedimentary shear wave velocities suggest extremely low values of 100-120 m/s, which geotechnically prohibits
building areas. In addition, test measurements on a stubble field showed the first time that the suppression of Love
waves is not only restricted to paved surfaces and may also be achieved if reflection contrasts and low dispersion
allow a suitable data processing. This opens new possibilities for a wide range of applications and specialized
equipment adaptions with respect to reflection seismic surveying. In addition, the gap between structural data from
georadar and P-wave seismic can be closed.



3D reflection seismic investigation over a quick-clay landslide scar in Lilla Edet, south-western 

Sweden 
Emil Lundberg*, Alireza Malehmir, Christopher Juhlin (Uppsala University) and Mehrdad Bastani (Geological 

Survey of Sweden) 
 

Summary 

 

This project is part of a multidisciplinary research project 

sponsored by the Society of Exploration Geophysicists 

through the Geoscientists Without Borders (GWB) 

program. The 3D P-wave seismic data were acquired over a 

landslide scar close to Lilla Edet in south-west Sweden. 

The survey area is located on the shoreline of a major river 

that follows a 4 km wide fault zone. The area is known for 

hosting unstable quick-clays that could potentially cause 

landslides. The main objective of the 3D seismic was to 

define the bedrock topography and layering within the clay 

formation. The 3D seismic data will form a base model that 

will assist the interpretations of the other geophysical data, 

which were collected at the same location. The quality of 

the data is good and the top of the crystalline bedrock and a 

coarse layer within the clay formation were detected. The 

depth to the coarse layer could be correlated using existing 

geotechnical boreholes. A similar north-northeast extending 

ridge shaped structure was found in the coarser layer and in 

the bedrock topography. The top of the bedrock is, 

however, dipping about 15° towards north while the coarse 

layer in the clay formation is fairly flat. The coarse layer is 

located approximately 20 m below the surface and the top 

of the bedrock reaches a maximum depth of about 120 m. 

The geometry of the coarse layer may be important for the 

direction of fresh water flow, which can leach salt from the 

clays, creating unstable quick-clays, at the location of the 

landslide area.  

 

 
Figure 1.  Elevation map on top of an airphoto of the study area showing the 3D survey area on the shoreline of the Göta River. The 

landslide scar is clearly seen as a depression in the northeastern corner of the survey area. LIDAR data were kindly provided by the 

Geological Survey of Sweden. 
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3D seismics over a landslide scar 

Introduction 

 

Worldwide, landslides are one of the most common natural 

disasters, killing hundreds of people each year and 

damaging buildings and roads worth billions of dollars. 

One kind of landslide that can occur in low angle to 

moderate slopes are quick-clay or rapid earth flow 

landslides (Rankka et al. 2004). The geometrical controls 

for in which these landslides occur is not well known. This 

project is sponsored by the Society of Exploration 

Geophysicists through the Geoscientists Without Borders 

(GWB) program. The objective of this study is to increase 

the understanding of the geometrical controls on the 

landslide area, including bedrock topography and layering 

in the sediments, as well as developing tools for monitoring 

changes in physical properties critical for landslide 

triggering. Although the project area in itself is located in a 

developed country our goal is to produce knowledge that is 

transferable to areas with larger humanitarian impact. The 

project is multidisciplinary and includes ground gravity, 

magnetics, controlled source magnetotellurics and 

reflection and refraction seismics using both P- and S-wave 

source and receivers. 

 

The project area is located on the shoreline of the Göta 

River (Figure 1) that follows a 4 km wide fault zone 

between Lake Vänern and Göteborg, in southwest Sweden. 

The 3D P-wave reflection seismic data, presented here, 

cover a 150 m by 150 m large landslide scar. The data were 

used to define the bedrock topography and the geometry of 

the coarse layer within the clay formation and will form the 

basis for a 3D model that will assist in the interpretations of 

the other geophysical data. The coarse layer was defined in 

eight existing geotechnical boreholes (Löfroth et al. 2011) 

and these were used to convert the picked reflection times 

to depth. None of the boreholes, however, reached the 

bedrock. Therefore the depth to bedrock could not be 

determined with the same accuracy. Reflections with later 

arrival times, between 0.4 and 0.7 s were also visible in raw 

shot-gathers. These reflections originate from within the 

bedrock or possibly from a boundary between the sediment 

and bedrock at a large distance away from the survey area. 

 

Acquisition and processing 

 

The seismic data acquisition was carried out in September 

2011 using a SERCEL 428 recording system. Geophone 

spacing was 4 m and receiver line spacing was 20 m. Each 

receiver line consisted of 36 to 78 stations. The 3D data 

were acquired in two patches each with six receiver lines 

and one line overlapping between the two patches. Source 

records were acquired 0.5 m east of most geophone 

positions. The 3D data therefore covered a 240 m by 200 m 

large area, with the landslide scar in the north-eastern 

corner. The maximum fold is approximately 240 and 

located in the centers of each patch (Figure 2). A 22 kg 

accelerated weight drop source was used as a source. In 

some source locations, where access with the weight-drop 

was impossible, a 15 kg sledge-hammer was used instead. 

The main processing steps included: elevation (25 m datum 

level) and refraction static corrections, spectral 

equalization, bandpass filter (30-70-225-300 Hz), airwave 

attenuation, FK filter (prestack), AGC (200 ms window), 

residual static corrections, 3D dip moveout, normal 

moveout, stack, lowpass filter, FK filter (poststack), 

coherency filter and 3D phase shift migration. First arrivals 

were picked in order to perform a refraction static 

correction. The first arrivals indicated a direct arrival with 

low velocity (240 to 340 m/s) in the near offsets. The 

refraction static calculation derived a near surface model 

from the first arrival picks. This model delineates the 

uppermost low velocity layer. Reflections from the coarse 

layer and from the bedrock are clearly visible in the 

 
Figure 2. a) Receiver positions (black dots), source positions (red dots) 
and borehole positions (blue diamonds) shown on the elevation map. 

Inlines 12 and 14 are also marked. b) CDP fold coverage of the 3D 

seismic survey. Maximum fold is located in the center of each patch. 

 
Figure 3. An example shot-gather (one receiver line included) before (a) 

and after (b) processing. Two reflections are clearly visible in the 

processed shot-gather. The upper reflection originates from the coarse 
layer in the sediments and the later reflection originates from the 

sediment/bedrock boundary. 
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3D seismics over a landslide scar 

processed shot-gathers (Figure 3). These stacked reflections 

could then be picked in the 3D stacked cube. To convert the 

picked horizons from time to depth, data from the eight 

boreholes were used. The coarse layer was clearly defined 

in these boreholes and the depth in the borehole locations 

was used to estimate the optimum velocity to use for the 

time to depth conversion. None of the boreholes reached 

the bedrock and therefore a constant velocity was used 

throughout the whole section for the time to depth 

conversion. The data were also stacked down to 1 s and 

using a wider frequency range to investigate the origin of 

the deeper reflections between 0.4 and 0.7 s (Figure 4). The 

same processing was done except for migration. Since the 

reflections appear at late times and the offset range is small 

the stacking was not very sensitive to the velocity model. A 

constant stacking velocity of 3300 m/s, however, produced 

slightly better coherency for the reflections. The 

unmigrated 3D cube was used to estimate strike and dip for 

these reflections. 

 

Results and interpretations 

 

The uppermost low velocity layer is an unsaturated clay 

layer. It was found that the boundary more or less follows 

the topography and that the unsaturated clay layer is 

between 2 m and 4 m thick. The thickness of the clay (both 

saturated and unsaturated) above the coarse layer is 

approximately 20 m outside of the landslide scar. Two 

inlines (12 & 14 in Figure 2) cross locations with existing 

borehole information and the landslide scar. The borehole 

depth to the coarse layer was used to calculate the optimum 

velocity for the time to depth conversion. The picked 

reflection from the coarse layer correlates well with the 

depth from boreholes when a constant conversion velocity 

of 1765 m/s is used (Figure 5). 

 

By mapping the picked horizon from the coarse layer 

reflection and comparing it with the borehole depth map 

(Figure 6) the horizon picks can be evaluated. The two 

maps are very similar except in the north-western corner 

where the picked horizon seems to be shallower than the 

depth indicated by the boreholes. An upward bend of 

reflectivity at the ends of most inlines can be seen (see for 

example the southern ends of inlines 12 and 14 in Figure 

5). This is interpreted to be an artifact produced by 

processing. The picked horizon (Figure 6) therefore most 

likely shows a too shallow level in the southern and 

northern ends. The most striking feature of the coarse layer 

is the apparent ridge extending from south-southwest to 

north-northeast. This feature can also be seen in the 

borehole data and is therefore a robust interpretation. 

 

 

The interpreted reflection from the boundary between 

sediments and bedrock was also picked and the elevations 

displayed in map view. In general, the bedrock dips 

approximately 15° towards the north. There is, however, 

also a curved feature forming a north-northeast extending 

ridge clearly seen in the 100 ms time slice and in the 

elevation map in Figure 7. 

 

The later reflections between 0.4 and 0.7 s (Figure 4) were 

best imaged on the eastern most inlines (inline 110 to 118). 

A reflection in the southern end dips towards the north but 

 
Figure 4. An example shot-gather before processing. Strong 

reflections are clearly visible between 0.5 and 07 s. 

 
Figure 5. Inlines 12 (a) and 14 (b) with horizon picks (red dots), 

from seismic data and depth to coarser layer (yellow bar), from 

borehole data. The picked horizon (for the coarser layer) 
correlates well with the borehole depth when time to depth 

conversion velocity of 1765 m/s is used. 
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3D seismics over a landslide scar 

its strike could not be determined since the reflection is 

only visible in two inlines. Reflections between 0.5 and 0.7 

s dip to the south and are imaged almost in the dip 

direction. A time slice at 542.5 ms shows an east – west 

strike for these reflections. The higher optimum stacking 

velocity of 3300 m/s can partly be related to the dip of the 

reflections, but it also indicates an increased medium 

velocity at depth north of the survey area. It suggests that 

the reflected waves have entered either into the bedrock or 

into high velocity sediment such as a compact till. The 

origins of these reflections are at this point uncertain. 

 

 

 

Conclusions 

 

A 3D seismic investigation over a quick-clay landslide scar 

images a coarse sediment layer at a shallow depth of 

around 20 m. The bedrock topography is also clearly 

imaged. The top of the bedrock is dipping approximately 

15° towards north and a ridge shaped feature is found both 

on the coarse layer and on the bedrock topography. The 

geometry of the coarse layer may be important for the 

direction of fresh water flow, which could leach salt from 

the clays creating unstable quick-clays, at the location of 

the landslide area. Reflections between 0.4 and 0.7 s were 

also found. To unravel the origin of these reflections further 

investigations are required. 
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Figure 6. a) Elevation map, for the coarse layer, from seismic horizon 

picks converted to depth using 1765 m/s, compared with b) elevation 
map using borehole depth. A north-northeast ridge shaped feature is seen 

on both maps. 

 
Figure 7. a) Elevation map, for the bedrock, from seismic horizon picks 
converted to depth using 1765 m/s (a) and a time slice from the seismic 

cube at 100 ms (b). A north-northeast ridge shaped feature is seen and 

show similarities to the ridge seen on the coarse layer in Figure 6. 
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A multidisciplinary geophysical and geotechnical investigation of quick clay landslides in 
Sweden 
Alireza Malehmir*, Silvia Salas Romero, Chunling Shan, Emil Lundberg and Christopher Juhlin, Uppsala 
University; Mehrdad Bastani and Lena Persson, Geological Survey of Sweden; Charlotte Krawczyk and Ulrich 
Polom, Leibniz Institute for Applied Geophysics; Anna Adamczyk and Michal Malinowski, Polish Academy of 
Sciences; Marcus Gurk, University of Cologne; Nazli Ismail, Syiah Kuala University 
 
Summary 
 
Landslides are one of the most commonly occurring natural 
disasters. They claim hundreds of human lives and cost 
billions of dollars every year. In order to provide 
geophysical tools and techniques to better characterize sites 
prone to slide, we have been carrying out and evaluating 
potential utility of several geophysical surveys over a quick 
clay landslide site in southwest Sweden since 2011. The 
measurements include 2D and 3D P- and S-wave high 
resolution surface seismics, radio- and controlled-source 
electromagnetics, geoelectrics, ground gravity and 
magnetic surveys. A particular focus here is given to the 
seismic studies in the site. Combined with downhole 
geophysical and geotechnical measurements, we show that 
majority of reflections correlate well with sandy-silty 
formations in the site. Quick clays often occur above these 
formations, which may be an indication of the role of 
coarse-grained formations to not only partly form quick 
clays but also triggering them when pore-water pressure is 
significantly increased.  
 
Introduction 
 
This study is about one particular kind of rapid earth flow 
that is caused by quick clays, which mainly exist in Nordic 
countries. Undisturbed quick clay resembles a water-
saturated gel that accumulated as flocculated silty-clay to 
clayey-silt sediment in a marine to brackish environment 
(see Lundström et al., 2009; Solberg et al., 2012); uplifted 
above sea level, and has been leached to low salinity by 
fresh water flow. The quick clay liquefies at its natural 
water content; the flocculated structure collapses if its 
strength is exceeded, which results in landslides of variable 
magnitude. Considering the nature of quick-clay 
formations, application of geoelectrical methods alone to 
delineate them is a challenge, although they are often used. 
The presence of thick and conductive marine clay does not 
allow deep current penetration. This is particularly 
important if quick clays extend to greater depths (e.g., >20 
m), such as in our study area.  A better understanding of the 
geophysical properties of quick clays and their associated 
lower-sensitivity sediments is needed, which also requires 
an integration with geotechnical, geochemical and 
hydrogeological methods. 
 
In Spring 2011, the Society of Exploration Geophysicists 

(SEG) through its Geoscientists Without Borders (GWB) 
program sponsored a study of the geophysical properties 
associated with quick-clay landslides in order to provide 
tools and techniques to mitigate risks associated with them. 
An area near the Göta River in southwest Sweden, which 
was the scene of a quick clay landslide about 40 years ago, 
was chosen as the experimental site (Malehmir et al., 
2013a,b). Göta River (Fig. 1) is the source of drinking 
water for about 700,000 people and is used extensively for  
industrial transportation. Therefore, areas near the river are 
highly industrialized and populated.  
 

 
Figure 1:  (a) Geological and (b) LIDAR maps of the study area. 
Locations of 2D and 3D surveys from 2011 are shown. BH1 to 
BH3 (a) were recently drilled and used for downhole surveys. Blue 
dots are the locations of geotechnical data (CPT) avaialble in the 
site (Löfroth et al., 2011). 
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Geophysical investigation of quick clay landslides 

Geophysical measurements 
 
The geophysical investigations involved 2D and 3D P- and 
S-wave source and receiver seismic surveys, geoelectrics, 
controlled-source and radio-magnetotellurics, Slingram, 
ground gravity and magnetic surveys as well as passive 
seismic monitoring (Fig. 1). Prior to our investigations, the 
Swedish Geotechnical Institute (SGI) studied the site using 
various geotechnical and hydrogeological methods (Löfroth 
et al., 2011). Therefore, a wealth of geotechnical borehole 
data, mainly CPT (cone penetration test with tip friction 
generated by the rod string), CPTU (cone penetration test 
with friction sleeve measuring pore pressure) and 
laboratory measurements are available from the site. 
Among geophysical methods, only surface electrical 
resistivity tomography (ERT) and induced polarization (IP) 
methods had been carried out by SGI (Löfroth et al., 2011). 
P-wave seismic data acquisitions were carried out during 
two field campaigns in September 2011 and March 2013.  
 
In 2011, we used 2-4 m seismic source and receiver 
spacing and both 2D and 3D acquisition set-ups. The 3D 
survey covers the landslide scar area and was collected 
using two overlapping swaths (each swath consisted of 6 
active receiver lines with 60 live stations). Several seismic 
sources were tested and used such as weight-drop, 
sledgehammer, and explosive. Five 2D lines (1-5) were 
collected with a total length of about 2.3 km (Fig. 1). We 
also used horizontal component reflection seismic methods 
to further investigate structural and physical conditions 
using three 2D profiles (lines S1a, S1b and S2 in Fig. 1). 
S1a and S1b are parallel to each other, about 5 m apart. S1a 
was acquired along a compacted gravel road and S1b on the 
soft farm surface of sediments. Line S2 was also acquired 
on the soft sediments. A 120 m long streamer consisting of 
120 SH-geophones spaced at every 1 m was deployed and 
an ELVIS micro-vibrator (Krawczyk et al., 2011) was fired 
every 2 m to generate the seismic signal. S-wave data of 
high quality were, therefore, acquired to resolve the gaps 
between the P-wave data and the electrical and surface-
wave based methods that have lower resolution. Roll-on 
array geometry was used during the data acquisition.  A 
short summary of these surveys is presented in Malehmir et 
al. (2013a). 
 
In 2013, we acquired additional seismic lines (also RMT 
data) in the western and northern sides of the study area to 
better link the large-scale structures with quick-clay 
formations. Of particular, an about 1.7 km long seismic line 
was acquired to cross the Göta River. 50 to 150 g dynamite 
was used to generate seismic signal. While more than 360 
cabled-receivers were placed (every 4 m) in the southern 
part of the river, about 70 single (28 Hz) and 3C digital 
wireless sensors were placed (every 10 m) in the other side 
of the river. The line should not only provide a high-

resolution seismic image of subsurface structures within the 
Göta valley but also ideal data for refraction and full-
waveform tomography (Adamczyk et al., 2013). In this 
paper, we only present 2D P- and S-wave seismic data from 
the 2011 experiment. A summary about all the 2011 
measurements can also be found in Malehmir et al. 
(2013a). 2D P-wave profiles are presented in details in 
Malehmir et al. (2013b). 
 
Results 
 
Figure 2 shows a comparison between P- and S-wave 
images along line 1 (Fig. 1) and correlation with a recent 
borehole (BH1) drilled to check the origin of the reflections 
(S1 and S2). Bedrock was reached at about 36 m depth. As 
evident, the S-wave section shows much higher resolution 
than the P-wave section. We attribute this to both higher 
contrast between the S-wave velocities of the contact layers 
and their much lower S-wave velocities than P-wave 
velocities. Reflections are originated from the contact 
between clay and coarse-grained formations.  

 
Figure 2:  (a) SH- and (b) vertical-component seismic sections 
along line 1. Note the higher resolution image of the SH section 
and the correlations with the borehole data. Quick clays are found 
above and in some cases below the coarse-garined formations. 
 
Figure 3 shows ERT and P-wave seismic sections along 
line 5. This line crosses the landslide scar (Fig. 1). Ten to 
twenty grams of dynamite were used to generate seismic 
signal along this line. Both ERT and seismic data clearly 
image the bedrock in the southern part of the line; however, 
in the central and northern parts of the line, ERT data are 
unable to image the bedrock. A strong reflection at about 
20 m depth (S1) well correlates a coarse-grained layer at 
this depth. ERT data also suggest resistivity changes at this 
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Geophysical investigation of quick clay landslides 

depth. The ERT section also shows a good correlation with 
the CPT-R measurements and highly resolves the changes 
observed in the CPT-R data.  

 
Figure 3: (a) ERT model and correlation with CPT-R data along 
line 5. The high-resistivity zone in the southern portion of the line 
indicates crystalline bedrock. Towards the north, the very low 
resistivity at depths greater than 20 m (or at about sea level) is due 
to the presence of marine or water-saturated clays. The low 
resistivity (light blue color) at a depth of about 10–20 m, resolved 
almost along the entire line, may indicate presence of quick clay. 
(b) P-wave migrated and time-to-depth converted seismic section 
along line 5 suggesting a depression zone with its deepest point at 
the landslide scar (Fig. 1). Note the disturbed character of the S1 
reflection at the landslide scar.  
 
Figure 4 shows 3D visualization of all the P-wave (vertical 
component) seismic profiles with the available CPT data 
from the site. Bedrock is well imaged in all the profiles 
expect line 4 mainly because this line is parallel to the 
structural geometry of the bedrock topography. A coarse-
grained layer, although heterogeneous, is imaged almost in 
all the profiles and correlates well with the available CPT 
data. Bedrock in the central part of line 2 is as shallow as 
only a few meters and suggests a bowl-shaped structure in 
the southern portion of the line. 
 
Source comparison 
 
Figure 5 shows the power spectra of reflection seismic data 
using sledgehammer, weight-drop and dynamite sources. 
We used every fifth shot and then averaged all the power 
spectra for that specific source type. Our analysis of the 
power spectra suggests that the weight-drop source (solid 
black line) shows the highest frequency content with 
broader bandwidth spectra as compared with the 
sledgehammer (solid grey line). The notably broader 
frequency band of the weight-drop indicates better 
resolution than the sledgehammer. All sources contain 
dominant signal frequencies around 30–150 Hz. The high 
frequency portions of the power spectra are different for 
weight-drop and dynamite. In summary, the explosive 

source produces the highest frequency band and best 
signal-to-noise ratio; because it contains higher energy 
related to higher burn/blast velocity and source 
containment than the others. If the power spectra are 
described in terms of bandwidth, the weight-drop source is 
strongest in the intermediate frequency range compared 
with dynamite and the sledgehammer. Therefore, the 
weight-drop source might be better suited if for example a 
combination of shallow and deeper targets were considered. 
Moreover, it is cheaper and involves less permitting issues 
and is safer than dynamite. In this study no quantitative 
comparison between the P-wave seismic sources and SH 
source is provided but hopefully will be carried out in the 
near future. 

 
Figure 4: 3D visualization of the seismic lines 2, 3, 4 and 5, 
showing the correlations of the reflectors in different lines. 
Bedrock (red lines) is clearly imaged in lines 2, 3 and 5 but not in 
line 4. Line 2 shows rather a different image than all the other lines 
and no indication of S1 and S2 reflections as observed in the other 
lines. 

 
Figure 5: Comparisons of power spectra (0–200 ms window) from 
sledgehammer, accelerated weight-drop and dynamite source data. 
The dynamite source produces the highest frequencies and best 
signal-to-noise ratio. On the other hand, the weight-drop shows 
higher amplitude energy at intermediate frequencies than the two 
other sources. Sledgehammer produces the weakest signal of all 
the three sources. Note that an average power spectrum containing 
more than ten shots is shown for every line or source type.  
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Geophysical investigation of quick clay landslides 

Discussion 
 
The most significant feature in the seismic data is the 
reflection that originates from the coarse-grained layer 
(S1). Our own drilling observations (from March 2013) 
suggest that this reflector is originated from a sandy-silty 
layer with higher permeability than the clays above and 
below. The layer then can act as conduit for fresh 
groundwater flowing from the highland areas in the south 
into the landslide scar and eventually into the river. The 
bedrock is closer to the surface in the southern part of the 
study area (Figs. 3 and 4), and the reflector (the coarse-
grained layer) onlaps the bedrock, suggesting that there 
might be stronger water infiltration into the clay from the 
southern part of the study area than the northern part. In 
this scenario, groundwater recharge (infiltration) can take 
place where there are outcrops of bedrock. It is not clear at 
the moment if a change in the water flow (pore pressure) in 
the coarse-grained layer could alone or in combination with 
the water flowing from the river into the formation or 
infiltering from the surface be the main pre-condition of the 
landslide in the site. Therefore, it is necessary to investigate 
this scenario using time-lapse down-hole geophysical and 
hydrogeological measurements in the southern part of the 
line 5. This will hopefully be a topic of near future studies. 
The fact that we are able to image the coarse-grained layer 
is encouraging and demonstrates the value of high-
resolution reflection seismic methods in delineating such 
detailed (thin) structures that may contribute to the sliding 
potential of quick clays and help to improve landslide risk 
assessment in Sweden. The shear-wave reflection seismic 
data also suggest two sets of reflections above the bedrock, 
consistent with the P-wave reflection seismic data. The 
loose character of the coarse-grained layer at the location of 
the landslide scar (Fig. 3) might be an indication that the 
layer was disturbed during the landslide or is an indication 
of large lateral heterogeneity across the layer. A depression 
zone of similar character, but of lesser extent, is also 
observed in the middle of line 4 and this zone can be an 
important factor for future landslides in the study area (Fig. 
4). Geotechnical data suggest the presence of a thick quick-
clay formation at this location and we recommend 
monitoring and detailed studies of this part of the line. 
Recent drillings at this location revealed further surprises at 
greater depths, which will be presented during the SEG 
annual meeting. 
 
 
Conclusions 
 
The P-wave and particularly S-wave reflection seismic data 
show a high-resolution image of bedrock topography and 
the stratigraphy of an about 80 m thick sequence of sedi-
ments that lies on top, which include lightly consolidated 
quick clays. Of particular interest is the identification of a 

layer of relatively coarse-grained material between 10–20 
m below the ground surface. Geotechnical investigations 
indicate that most but not all quick clays at the site are 
located above this layer. Further studies are required to 
determine the importance of their relationship and whether 
the coarse-grained layer may have had a role in triggering 
quick-clay landslides in the region. Geoelectrical and 
electromagnetic methods provide high-resolution images of 
the unconsolidated subsurface and particularly the normal 
and leached clays. 
 
 
Acknowledgments 
 
The Society of Exploration Geophysicists (SEG) through 
its Geoscientists Without Borders (GWB) program 
sponsored this study. This is also part of a larger joint 
research project involving collaboration among Uppsala 
University, Geological Survey of Sweden (SGU), Leibniz 
Institute for Applied Geophysics (LIAG), University of 
Cologne, Syiah Kuala University, Polish Academy of 
Sciences (PAN), NORSAR, and International Centre for 
Geohazards (ICG) in Norway. We appreciate discussions 
with people from the Geological Survey of Sweden (SGU), 
and the Swedish Geotechnical Institute (SGI) who helped 
us to design our survey and interpret the geophysical data. 
Graduate and undergraduate students from Uppsala 
University and SEG Student Chapter are acknowledged for 
their fieldwork contribution. 

DOI  http://dx.doi.org/10.1190/segam2013-0211.1© 2013 SEG
SEG Houston 2013 Annual Meeting Page 1257

D
ow

nl
oa

de
d 

08
/2

3/
13

 to
 8

1.
23

4.
13

2.
24

8.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SE
G

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 T
er

m
s 

of
 U

se
 a

t h
ttp

://
lib

ra
ry

.s
eg

.o
rg

/



http://dx.doi.org/10.1190/segam2013-0211.1 
 
EDITED REFERENCES  
Note: This reference list is a copy-edited version of the reference list submitted by the author. Reference lists for the 2013 
SEG Technical Program Expanded Abstracts have been copy edited so that references provided with the online metadata for 
each paper will achieve a high degree of linking to cited sources that appear on the Web. 
 
REFERENCES  

Adamczyk, A., M. Malinowski, and A. Malehmir, 2013, Application of first-arrival tomography to 
characterize a quick-clay landslide site in southwest Sweden: Acta Geophysica, 61. 

Löfroth, H., P. Suer, T. Dahlin, V. Leroux, and D. Schälin, 2011, Quick clay mapping by resistivity — 
Surface resistivity, CPTU-R and chemistry to complement other geotechnical sounding and 
sampling: Swedish Geotechnical Institute, GÄU 30.  

Lundström, K., R. Larsson, and T. Dahlin, 2009, Mapping of quick clay form at ions using geotechnical 
and geophysical methods: Landslides, 6, 1–15, http://dx.doi.org/10.1007/s10346-009-0144-9.  

Krawczyk, C. M., U. Polom, S. Trabs, and D. Dahm, 2012, Sinkholes in the city of Hamburg — New 
urban shear-wave reflection seismic system enables high-resolution imaging of suberosion 
structures: Journal of Applied Geophysics, 78, 133–143, 
http://dx.doi.org/10.1016/j.jappgeo.2011.02.003.  

Malehmir , A., M. U. Saleem, and M. Bastani, 2013b, High-resolution reflection seismic investigations of 
quick-clay and associated formations at a landslide scar in southwest Sweden: Journal of Applied 
Geophysics, 92, 84–102, http://dx.doi.org/10.1016/j.jappgeo.2013.02.013.  

Malehmir , A., M. Bastani, C. Krawzyck, M. Gurk, N. Ismail, U. Polom, and L. Persson, 2013a, 
Geophysical assessment and geotechnical investigation of quick-clay landslides — A Swedish case 
study: Near Surface Geophysics, 11, 341–350, http://dx.doi.org/10.3997/1873-0604.2013010. 

Solberg, I. L., L. Hansen, J. S. Ronning, E. D. Haugen, E. Dalsegg, and J. F. Tonnesen, 2012, Combined 
geophysical and geotechnical approach to ground investigations and hazard zonation of a quick clay 
area, mid Norway: Bulletin of Engineering Geology and the Environment, 71, 119–133, 
http://dx.doi.org/10.1007/s10064-011-0363-x.  

DOI  http://dx.doi.org/10.1190/segam2013-0211.1© 2013 SEG
SEG Houston 2013 Annual Meeting Page 1258

D
ow

nl
oa

de
d 

08
/2

3/
13

 to
 8

1.
23

4.
13

2.
24

8.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SE
G

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 T
er

m
s 

of
 U

se
 a

t h
ttp

://
lib

ra
ry

.s
eg

.o
rg

/



 

Near Surface Geoscience 2013 – 19th European Meeting of Environmental and Engineering Geophysics  
Bochum, Germany, 9-11 September 2013 

 

Mo S2b 09
Quick-clay Landslides in Sweden - Insights from
Shear-wave Reflection Seismics and Geotechnical
Integration
C.M. Krawczyk* (Leibniz Institute for Applied Geophysics (LIAG)), U. Polom
(Leibniz Institute for Applied Geophysics (LIAG)), A. Malehmir (Uppsala
University) & M. Bastani (Swedish Geological Survey)

SUMMARY
As part of a joint project studying clay-related landslides in Nordic countries, we successfully tested the
use of high-resolution shear-wave reflection seismics to survey shallow structures that are known to be
related to quick-clay landslide processes.  Three 2-D reflection seismic profiles were recorded in Frastad,
southern Sweden, above the main slide area, using a 120 m long streamer of 120 SH-geophones at 1 m
spacing, and the ELVIS micro-vibrator as source (10 s long sweep ranging from 20 to 160 Hz).
The longest profile along a gravel road shows clear internal structuring of the up to 50 m thick marine
sediments as well as strong undulations of top basement underneath.  Different sedimentary sequences can
be distinguished, and the quick-clay sequence is interpreted in 15-20 m depth, which correlates well with
the height of the most recent scarp.  The shear-wave velocities suggest extremely low values of 100-120
m/s, which geotechnically prohibits building areas.  In addition, test measurements on a stubble field
parallel to the gravel road showed the first time that the suppression of Love waves is not only restricted to
paved surfaces.  In addition, the gap between structural data from ground-penetrating radar and P-wave
seismics can be closed.
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 Introduction

Covering many different sizes of scale, landslides are widespread and pose a severe hazard in many 
areas as soon as humans or infrastructure are affected.  In order to provide geophysical tools and 
techniques to better characterize sites prone to sliding, a geophysical assessment working towards a 
geotechnical understanding of quick-clay landslides is necessary (cf. Malehmir et al., 2013).

As part of a joint project studying clay-related landslides in Nordic countries, we therefore tested the 
use of shear-wave reflection seismics to survey shallow structures that are known to be related to 
quick-clay landslide processes. Co-sponsored via the Society of Exploration Geophysicists (SEG) 
program ‘Geoscientists Without Borders (GWB)’, several international groups executed a suite of 
applied geophysical and geotechnical methods to understand structural and physical conditions and 
the conditioning of this type of liquefaction.

Shear-wave (S-wave) seismic data are generally acquired for two purposes: obtaining higher-
resolution images than P-waves, and to provide information about the shear-wave velocity (or shear 
modulus) of the normally consolidated sediments (e.g., Polom et al., 2008; Pugin et al., 2009).
However, the success of S-wave studies is often restricted to hard surfaces (e.g., paved or asphalted 
roads), with little success over soft sediments.  Here, we used SH-wave reflection seismic methods 
(horizontally polarized shear waves) to further investigate structural and physical conditions in the 
area (Figure 1).

Figure 1 Profile locations of shear-wave seismic surveying and image of the landscape in 
Southwestern Sweden suffering quick-clay landslides.

Data acquisition and processing

High-resolution measurements were undertaken along three 2D profiles (Fig. 1). Profiles S1a and 
S1b are aligned parallel to each other, roughly 5 m apart.  S1a was acquired along a compacted gravel 
road, and S1b on the soft farm surface of sediments. Line S2 was also acquired on the soft sediments
crossing lines S1 in their northern half (Figure 1).

A land streamer consisting of 120 SH-geophones with 1 m spacing was deployed, and an ELVIS 
micro-vibrator was fired every 2 or 4 m to generate the seismic signal (e.g., Polom et al., 2008; 
Krawczyk et al., 2011). SH-wave data of high quality were thereby acquired to resolve the gaps 
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 between the P-wave data and the electrical and surface wave based methods that have lower 
resolution. A roll-along array geometry was used during data acquisition.

After quality control, correlation, subtractive stack, and geometry setup, single shot gathers already 
demonstrate the high data quality gained in the region, especially on the gravel road (Figure 2, top).  
Even in the stubble field shots (Figure 2, bottom) Love waves are weak, and reflection hyperbolas can 
be easily identified.

Figure 2 Raw data (only 20-22-150-155 Hz bandpass filter and AGC applied) of corresponding shots 
illustrate the excellent signal quality gained from acquisition on both compacted (top) and natural 
surfaces (bottom).

The subsequent main processing procedure of the SH-wave seismic data encompassed amplitude 
scaling, bandpass filtering, fk-filter, velocity analysis, NMO-correction, stacking, predictive 
deconvolution, FD migration and time-to-depth conversion.

Structural image

The migrated depth sections of shear-wave profiles S1a and S2 are combined to a perspective view 
looking northwards (Figure 3).  The structural inventory is imaged down to ca. 50 m depth with a very 
high vertical resolution of at least 1 m. Horizontally layered sediments are visible in the upper 40 m
of soft (marine) sediments, followed by top basement with a rough topography varying between ca. 
20-40 m depth. The imaged, bowl-shaped basement morphology centers around the profile crossing,
and basement is exposed at both sides of the profile line.  At larger depth multiples occur.
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 The three distinct sediment sequences (Figure 3; sed1-sed3) are separated by high-amplitude 
unconformities.  The quick-clay layer may be located above the marked reflection set that lies on top 
of the more transparent sequence sed3 that levels out the basement. Pronounced structures can be 
depicted in both profiles, but more detail and continuity occurs if Love waves are omitted by the 
velocity inversion gained from paved surface acquisition.

Although slightly shallower, the upper of the two prominent unconformities appears to exhibit 
characteristics similar to the ones observed on P-wave data gathered in close vicinity (Malehmir et al.,
2013), implying that it may originate from a coarse-grained layer. This unconformity is located 
within a narrow zone at about 20 m depth or approximately 5 m above current sea level. It is possible 
that this zone is associated with a quick-clay layer. The lower boundary of quick-clay at ca. 15–20 m 
is in accordance with the surface elevation of the most recent landslide scar seen in the study area 
(Figure 1). Thus, the data sets suggest two distinct reflections separating three main sedimentary 
sequences above the bedrock.

Figure 3 Spatial view of crossing Profiles S1a (gravel road) and S2 (stubble field) looking 
northwards (cf. profile map in Figure 1).

A coincidently located ground-penetrating radar (GPR) profile could not supplement the data for the 
upper 10s of m depth.  Only the uppermost 3-5 m depth could be penetrated (assuming 0.1 m/ns) and 
no clear diffractions appear.  This strong attenuation is a typical effect and signature of clay layers so 
that even other layout or equipment could not overcome this problem (Sauvin, pers. comm. 2012).  
Thus, the shear-wave reflection seismic image ideally supplements the gap between GPR and P-wave 
seismic.



 

Near Surface Geoscience 2013 – 19th European Meeting of Environmental and Engineering Geophysics  
Bochum, Germany, 9-11 September 2013 

 Since the sedimentary S-wave stacking velocities are extremely low along line S1 (100–120 m/s), 
building construction is not advisable in the region from a geotechnical point of view.

Summary and Conclusions

The shear-wave reflection seismic data along the gravel road shows clear internal structuring of the up 
to 40 m thick marine sediments, with the quick clays at ca. 15-20 m depth, as well as strong 
undulations of top basement underneath. The sedimentary shear-wave velocities suggest extremely 
low values of 100-120 m/s, which prohibits building areas from a geotechnical point of view.

It is evident that the SH-wave data provide better resolved images than the P-wave data. 
Nevertheless, both P- and SH-wave data should be collected if information about the physical 
properties of materials is required.

The test measurements on a stubble field showed the first time that the suppression of Love waves is 
not only restricted to paved surfaces, and can also be achieved if reflection contrasts and low Love 
wave dispersion allow a suitable data processing.  This opens new possibilities for a wide range of 
applications and specialized equipment adaptations.
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Delineating shallow quick-clay structures using acoustic full-waveform inversion – case study 
from southwest Sweden. 
 
Anna Adamczyk* and Michal Malinowski, Institute of Geophysics - Polish Academy of Sciences; Alireza 
Malehmir, University of Uppsala 
 
Summary 
 
Full waveform inversion (FWI) was applied to image 
shallow structures of marine-clay sediments and to provide 
insight on the mechanism of a quick-clay landslide. The 
data was acquired in a high-resolution seismic survey 
conducted over a known landslide scar near the Göta river 
in southwest Sweden. Inversion proved to be challenging 
because of contrasted P-wave velocity structure – the 
velocities ranged from 500 m/s in weathered top layer to 
6000 m/s in the shallow granitic bedrock (up to 30 m below 
the surface). FWI applied to 3 profiles provided high-
resolution 2D P-wave velocity models revealing the 
intercalating layers of clays and coarse-grain material and 
the shape of the bedrock. The multiscale approach was used 
to mitigate the strong nonlinearity of the inverse problem.  
The models were used in pre-stack depth migration and 
proved significant improvement in reflector flattening and 
focusing over the starting first-arrival traveltime 
tomography models. 
 
Introduction 
 
FWI offers an unprecedented improvement in seismic 
imaging as compared to ray-based method (see overview 
by Virieux and Operto, 2009). However, it is more 
demanding in terms of preparation of the input data and 
the computational costs. It is also very challenging in the 
near-surface applications, as the shallow strata are very  
heterogeneous which distorts the seismic waveforms and 
thus increases the nonlinearity of the inverse problem.   
 
We present application of FWI to image the structure of 
the sediments associated with a quick-clay landslide site in 
southwest Sweden. Quick clay is defined by Rankka et al. 
(2004) as a clay whose structure collapses completely at 
remoulding and whose shear strength is thereby reduced 
almost to zero. Practically it means, that the mass of quick 
clays, subjected to excessive stress, such as heavy rainfall 
or construction works, liquefies and starts flowing, thus 
becoming a landslide. While commonly landslides are 
colligated with a significant terrain slope, in case of quick-
clay landslides the slope of the underlying bedrock is 
much more important than the shape of the earth surface. 
The quick-clay deposits were primarily formed in 
sediments immersed in sea water.  
 

Figure 2: (a) raw and (b) preprocessed shot gather  from Line 1 
(weight drop source). The insets show respective frequency 
spectra for each shot gather. Red lines in (b) indicate the time 
window chosen for inversion. 

Figure1: LIDAR map of the survey area. Red lines indicate 
the seismic profiles used for FWI: Lines 1, 4 and 5. The inset 
map presents the location of the survey site in south-east 
Sweden.   
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Delineating shallow quick-clay structures using acoustic full-waveform inversion 

During the last deglaciation, as the ice retreated, the clays 
were uplifted above the sea level and subsequently leached 
of salt by means of infiltration of rainwater, diffusion and 
artesian water pressure in the underlying permeable rocks. 
Leaching of the salt content from the marine deposits is 
crucial for quick-clay formation, as it leads to their extreme 
instability – “quickness”. This process is slow and quick 
clays are usually found in deposits of moderate thickness 
(5-10 m) in the vicinity of permeable layers (Lundström et 
al., 2009). 
 
Recognizing the importance of quick-clay landslides the 
Society of Exploration Geophysics (SEG) through its 
Geoscientists Without Borders (GWB) program sponsored 
a multidisciplinary geophysical study led by University of 
Uppsala and performed over a known landslide scar near 
the Göta river in southwest Sweden. The project aims at 
explaining the mechanism governing quick-clay landslides 
and providing tools for long-term monitoring and risk 
assessment. (Malehmir et al., 2013a). 
 
Data acquisition and preprocessing 
 
Data was acquired in September 2011 near the Göta river. 
We chose to process three lines: Line 1, 4 and 5. For Lines 
4 and 5 small explosive sources (11-20 g of dynamite) were 
used. The source used for Line 1 was an accelerated 
weight-drop. The receivers were vertical-component 28-Hz 
geophones. Line 4 is 572 m long and consists of 144 
receivers, Line 5 has 475 m and 120 receivers. Line 1 is 
shorter (261 m), with denser receiver spacing (132 
geophones), see the map of the survey site in Fig 1. The 
dynamite shots (Lines 4 and 5) were spaced at 4-12 m. 
Weight-drop sources were spaced at 2-4 m for Line 1.  
First-arrival travel-time tomography (FAT) was performed 
in order to provide kinematically correct starting models for 
FWI (Figs 5a, 5c and 5e). The smooth velocity models 
predict the first arrival travel times with good accuracy: the 
mean traveltime residuals for Lines 1, 4 and 5 were 
respectively 2.81 ms, 3.12 ms and 2.41 ms.  
 

Data preprocessing consisted of trace editing, spectral 
equalisation, frequency band-pass filtering (20-60 Hz), 3D-
2D correction, time windowing and time damping. A 
sample raw and preprocessed shot gather is presented in 
Fig. 2 together with the frequency spectra. The amplitudes 
were normalized and hence the original AVO trend was not 
preserved. 
 
The seismic experiment was not optimized for FWI, thus 
the use of 28-Hz geophones that damp the low-frequency 
content of the data. The examination of the frequency maps 
confirms that there is little consistent signal below 28 Hz 
and therefore the FWI started as high as at 27.5 Hz 
frequency. The time window is used to exclude the elastic 
effects, as presented in Fig. 2. Time damping is 
progressively relaxed as a part of multiscale strategy. 
 
Full-waveform inversion 
 
We run early-arrival frequency-domain FWI using 
implementation of Sourbier et al. (2009ab). As mentioned 
before – in order to mitigate the nonlinearity we applied the 
multiscale approach. Frequency-domain inversion gives the 
opportunity to invert the frequencies consecutively, starting 
from the lowest, in order to build the velocity model by 
introducing features of decreasing wavelength and 
improving the resolution of the model at each frequency. 
Using overlapping groups of frequencies (e.g. Brossier et 
al., 2009) stabilises the  inversion as compared to 
monofrequency inversion. The frequency groups are 
summarised in Table 1. The range of frequencies was 
chosen based upon the frequency maps. For Line 1 we 
choose the frequencies from 27.5 Hz to 51.0 Hz, for Lines 
4 and 5 the starting frequency is the same, but we stop the 
inversion at 43.1 Hz. The higher frequency content is 
present in data from Line 1 because of a different source 
used for signal generation.  
The idea of layer-stripping in each frequency group is 
realised in two ways: (1) division in terms of offsets and 
separate inversion of long and short offsets (Takam 

Group Line 1 Lines 4 and 5 

1 27.5 Hz, 31.4 Hz  27.5 Hz 

2 31.4 Hz, 35.3 Hz 27.5 Hz, 31.4 Hz  

3 35.3 Hz, 39.2 Hz 31.4 Hz, 35.3 Hz 

4 39.2 Hz, 43.1 Hz 35.3 Hz, 39.2 Hz 

5 43.1 Hz, 47.1 Hz 39.2 Hz, 43.1 Hz 

6 47.1 Hz, 51.0 Hz --- 

Table 1: Frequency groups. 
 

Figure 3: The realization of layer-stripping within each 
frequency group. 
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Delineating shallow quick-clay structures using acoustic full-waveform inversion 

Figure 4: The comparison of processed field data (a – shot 57 from Line 1, c – 
shot 17 from Line 5) with synthetic data from the resulting FWI models (b – 
shot 57 from Line 1, d – shot 17 from Line 5). Red arrows point to wide-angle 
reflections 

Takougang and Calvert, 2011) and (2) progressively 
opening the aperture by increasing the time damping factor. 
  
Offset division allows to retrieve first the shallow parts of 
the model and the deeper parts afterwards. The progressive 
relaxation of time damping is used in every group of 
offsets. Time damping is realised by the use of complex 
frequencies ω = 2πf + i/τ, where f is the frequency real part 
and τ is the time damping factor. The details of the layer-
stripping strategy are summarised in Fig. 3. 
 
Model validation 
 
We examined the data fit in frequency domain. The 
synthetic data matches field data correctly, in terms of both 
phase and amplitude. We obtained 20-50% cost function 
reduction depending on the frequency and offset group. 
The inversion of shallow data is very sensitive to local 
minima, so generating synthetic data in time domain and 
comparing them with field data is crucial (Smithyman et 
al., 2009). Fig. 4 presents processed shot gathers (4a and 
4c) and synthetic data (4b and 4d). Majority of the arrivals 
is well-reproduced, especially the wide-angle reflections 
marked with red arrows and  long offsets refractions. 
Comparison of source signature estimation in FAT and 
FWI models proved the advantage of FWI models – the 
improvement in consistency was significant.  
 
Finally, we performed pre-stack depth migration (PreSDM) 
of all three profiles using both the starting FAT and the 
final FWI velocity models. Fig. 6 presents the comparison 
of the common image gathers from Line 4, migrated with 

the starting FAT model (Fig. 5c) and the final FWT model 
(Fig. 5d). The area with the significant improvement in the 
focusing and flattening of the reflectors is indicated with 
ellipses. 
 
 Discussion and conclusions 
 
The resolution of the models was estimated using standard 
checkerboard tests. In the shallow parts that are composed 
of the sandwich-like sediment structures, down to 30 m 
below the surface, the resolution is ca. 10 m. 20 m 
resolution can be achieved down to 80 m below the surface. 
This allows distinguishing between the thin sediment 
layers. Fig. 7 shows stacked migrated data together with the 
velocity models and the primary geological interpretation. 
C1, C2 and C3 are the sediment deposits: they consist of 
intercalating layers of varying P-wave velocity, which we 
interpret as marine clays (1.5-2.2 km/s) and coarse-grain 
material (1.2-1.5 km/s). The coarse-grained permeable 
layers are responsible for transporting fresh water – 
whether it is rainwater directed from the highland areas and 
forming and artesian flow or if it comes from the river – is 
still a matter of discussion (Malehmir et al., 2013b). The 
fresh water desalinates marine clays and causes their 
instability. Beneath there is a layer of gravel and weathered 
bedrock correlated with the R1 reflector and fresh, high-
velocity (4500 m/s) granitic bedrock below – reflector R2. 
In some parts of the site the bedrock is extremely shallow, 
which is especially visible in Line 1. Line 5 shows that the 
bedrock is dipping towards the river favouring the 
occurrence of the landslide.  
 

There is also a vertical disturbance in the 
velocity model at about 350 m distance along 
the Line 5 (F1 in Fig. 7c), which correlates 
with the truncation of the reflections in the 
stacked migrated section. We interpret it as a 
weak zone within the unconsolidated 
sediments, maybe connected 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 desalinating the 
marine clays. It might also be a post-slide 
feature, connected with tumbling and mixing 
the layered structures. 
 
Our study is an example that, provided cautious 
choice of inversion strategy, FWI can be used 
to build very detailed models of the near-
surface strata, granting important insight for 
engineering and environmental applications.  
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Figure 6: Sample common image gathers from PreSDM 
for Line 4, migrated with (a) FAT velocity model and (b) 
smoothed FWI final model. The improvement in focusing 
of reflectors can be seen in the red ellipse. Blue ellipse 
shows the area where the improvement in flattening the 
reflectors is visible. 

Figure 7: Velocity models imposed with pre-stack depth 
migrated sections.  C1, C2 and C3 – layering within the 
clay sediments, R1 – reflection associated with velocity 
change to over 2.5 km/s, R2 – bedrock reflection, F1 – a 
possible weak or fracture zone below the landslide scar, 
associated with a vertical disturbance in P-wave velocity 
at ca. 350 m distance along line 5. 

Figure 5: Starting FAT (a, c and e) and final FWI (b,d and f) P-wave velocity models for the three lines: Line 1 (a and b), Line 
4 (c and d) and Line 5 (e and f). The white line indicates the earth surface – the old landslide scar can be identified by the 
trough in the line. The orange triangles show where Lines 4 and 5 intersect. Gray shading indicates area with no ray coverage. 
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3D resistivity models from inversion of Controlled Source- and Radio-Magnetotelluric 

(CSRMT) data at a quick-clay site in southwestern Sweden. 
Chunling Shan (Uppsala University, UU), Mehrdad Bastani* (Geological Survey of Sweden, SGU), Alireza 

Malehmir (UU), Mats Engdahl (SGU) and Emil Lundberg (UU) 
 

Summary 

 

We have collected 3D tensor Controlled Source- and Radio 

Magnetotelluric data at a quick-clay site in southwestern 

Sweden with the aim to image the geological structures that 

have given rise to retrogressive landslides in the area. The 

3D resistivity models show layering within the glacial and 

post-glacial sediments including marine clay, quick-clay 

and coarser grain sands. Because of the smoothing 

regularization used in the inversion, the lateral and depth 

extents of the quick-clays cannot be determined just by 

using the resistivity model. The depth to the top of the 

resistive crystalline bedrock is to some extent uncertain. 

However, the geometry of the sediments and bedrock seen 

in the 3D resistivity model correlates reasonably well with 

the results from the high resolution reflection seismic data 

collected along the same lines in the site. The results show 

that the bedrock deepens towards the river in the northern 

part of the site.     

 

Introduction 

 

Landslides occur frequently all over the world and cause 

significant damages to human lives, natural resources and 

infrastructures. They have a wide range of scales with 

different attributes (e.g. slope instability, specific 

morphology, pore-pressure changes) and triggering 

mechanisms (e.g. heavy rainfall, earthquake, human 

activity). Landslides also happen in the Nordic countries 

including Sweden. Two recent events are: 

 

- Nov. 1977 Tuve landslide triggered by heavy 

rainfall: 9 dead, diminished 65 houses;  

- Dec. 2006 Munkedal in Bohuslän: Reasonably 

high traffic at E6 Highway, in a quick-clay area, 

triggered by construction activities and heavy 

rainfall; No fatalities. (Nadim et al., 2008).   

 

Figure 1: Surface geological map of the area (extracted from the SGU’s database) superimposed by the locations of the 

geophysical lines (black lines) and available geotechnical boreholes (blue circles), and the landslide scar. The black square shows 

the 3D survey.  Two boreholes were used for pore-pressure monitoring by the Swedish Geotechnical Institute (SG1). The small 

map at the bottom-right corner shows the location of the study area in Sweden. Figure is after Malehmir et al. (2013). 
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3D inversion of CSRMT data at a quick clay site 

In a collaboration project between Uppsala University and 

the Geological Survey of Sweden (SGU) we received 

funding from the Society of Exploration Geophysicists 

(SEG) through the Geoscientists Without Borders (GWB) 

program and SGU’s research department to study quick 

clay landslides occurred in an area in Sweden using 

multidisciplinary geophysical measurements (see Fig. 1). 

The main aim was to image and model the lateral and depth 

extent of various geological units, including post-glacial 

and glacial sediments and crystalline bedrock to gain a 

better understanding about the geometrical and geological 

factors controlling landslides caused by quick-clays 

specifically in the study area and generally in similar areas 

in the world.  According to Brand and Brenner (1981) the 

marine sediments including marine clays were exposed 

above the sea level in Scandinavia, North America and 

northern parts of Russia because of isostatic uplift caused 

by retreat of the ice some 10 ka ago. The quick-clays 

formed by heavily leaching of salt from the marine clays 

through infiltration of fresh/rain water and various conduit 

systems during the post-glacial period. The clay particles in 

clayey sediments repel each other in a range controlled by 

the thickness of the double layers (Rankka, 2004). Higher 

concentration of ions in pore water decreases the thickness 

of double layer and form a more stable structure in clay. 

The repelling forces become largest for the particles 

suspended in fresh water (Rankka, 2004). Thicker double 

layer leaves an instable microstructure with low capability 

to re-flocculate if remolded (Johnson et al., 2011). When 

quick clay is remolded, it completely liquefies. Therefore a 

triggering source can cause a small remolded zone in 

quick- clay and when done, the liquefaction develops to a 

much larger areas in a retrogressive manner.  

 

Study area 

 

The investigated area, Fråstad, is situated in the Göta älv 

valley in the south-western part of Sweden (Fig.1). Clay is 

the most common sediment in the valley that is surrounded 

by hilly bedrock areas with a thin cover of till. The 

Quaternary deposit at Fråstad mainly consists of glacial 

clay and postglacial silt (Fig 1). There are some bedrock 

outcrops (crystalline metamorphic granitoid) surrounded by 

small areas of till. Sequences of c. 60 m, mainly with 

glacial clay, are known from the area (Fredén 1984). The 

lowermost part of the sequences consists of varved or 

laminated clay with layers of sand and silt (Fredén 1984). 

The sand layers contain artesian water. 

 

The State Geotechnical Institute (SGI) has made 

geotechnical investigations in the area including cone 

penetration test (CPT, CPTU, CPTU-R) and lab 

measurements (Löfroth et al. 2011). The collected data (the 

locations are shown with blue dots in Fig. 1) suggested the 

presence of coarse grain materials (sand) at varying depth 

and thickness. The SGI’s measurements showed a clear 

increase in the frictional resistance and electrical resistivity 

where the coarse grain layer (sand) was intersected 

(Löfroth et al. 2011). Quick-clays were found above the 

coarse grain materials (higher sensitivities) and were not 

found in boreholes towards the west. The coarse grain layer 

deepens from the east towards the west.   

 

Geophysical methods 

 

The geophysical methods utilized along the lines shown in 

Fig. 1 are High Resolution Reflection Seismic, Electrical 

Resistivity Tomography (ERT), Radio Magnetotelluric 

(RMT) and Controlled Source Audio Magnetotelluric 

(CSAMT). Malehmir et al. (2013) present a detailed 

account of the geophysical methods used in the study area. 

Here we focus on the results from 3D inversion of RMT 

and CSAMT data. Similar to the ordinary MT method in 

both RMT and CSAMT three components of the magnetic 

field and two horizontal components of the electric field of 

the EM signals are recorded simultaneously. In the RMT 

method the sources of signal are the distant VLF and LF 

transmitters in the frequency range 10-250 kHz. The 

CSAMT makes use of remotely controlled sources that are 

either a grounded double electric dipole or a double 

magnetic loop. In our study we used the latter (see Fig. 1 

for the CSAMT source location) in the frequency range 2-

12.5 kHz. Hereafter we use the term CSRMT where we 

present the results from the combination of both methods. 

RMT and CSRMT data were acquired by the EnviroMT 

system from Uppsala University (for details about the 

instrument and CSAMT source see Bastani et al., 2009). 

3D RMT and CSRMT data were collected in the 3D area as 

shown in Fig. 1. The RMT data were collected over 11 

profiles with the station spacing of 10 m, totally 259 data 

points. The CSRMT data had a station spacing of 20 m and 

were measured along every second profile. The overall 

quality of collected data was reasonably good. 

 

Results 
 

The 3D inversions of RMT and CSRMT data were carried 

out using WSINV3DMT (Siripunvaraporn et al., 2005) 

which is a full 3-D program for inversion of MT data. It is 

extended and implemented from the 2-D data space 

Occam's inversion (Siripunvaraporn and Egbert, 2000). The 

inversion seeks the smoothest minimum structure model 

subject to an appropriate fit to the data. The block sizes 

used in the model for horizontal x and y are 5 m and the 

vertical block size is increased logarithmically with depth. 

For the inversion every second data point was taken and for 

the single RMT inversion 130 data points were used. The 

lowest RMSs were reached after 3 iterations for both RMT 

(1.45) and CSRMT (1.30) data inversions.  In the version 
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3D inversion of CSRMT data at a quick clay site 

we used a 4% error floor to avoid over-weighting of data 

points with unrealistic low error values. In Fig. 2a we show 

the 3D resistivity model from the 3D inversion of CSRMT 

data. The model generally pictures a layered structure with 

changing thickness and resistivity in all three directions. 

The topmost resistive dry crust has the highest resistivity > 

1000 m. The second layer has a considerably lower 

resistivity around 10 m which might contain marine and 

quick-clays. The third layer represents the coarser grain 

sediments mainly composed of sand and gravel. A very low 

resistivity zone/layer with resistivity of about 1-10 m and 

varying thickness of about 25-40 m represents marine clays 

that is laying below the third layer. The deepest feature in 

the model is more resistive than the overlying marine clay 

that might indicate the crystalline bedrock. The depth to 

this layer is very uncertain because of two reasons: 1- the 

highly low-resistive layer (marine clays) strongly damps 

the EM signal and 2- the resolution of the method is limited 

at this depth range (>70 m). Due to these limitations we 

compare the 3D resistivity model with the results presented 

by Lundberg et al. (2011) from the reflection seismic data 

along the same lines and also use the exiting borehole 

information collected by the SGI. Fig. 2c shows the 

elevation of the coarse grain layer estimated from the 

reflections seen in the reflection seismic data (left panel) 

and the measured depth to the top of the same layer in the 

 

 

 
Figure 2: Results of the geophysical measurements in the study area. a) The resistivity model from 3D inversion of CSRMT data. The dashed 

black line indicates the possible depth to the bedrock. b) Iso-resistivity surfaces for 10, 30 and 300 m to image the approximate boundaries of 

structures. c) Elevation map of the coarser layer estimated from seismic horizon picks converted to depth using velocity of 1765 m/s (left panel) 
compared with elevation map of the same layer using borehole depth (right panel). d) Seismic section at 20 m to the east of central CSRMT 

line with horizon picks (red line) from seismic data and depth to coarser layer (yellow bar), from borehole data. (c) and (d) are after Lundberg 

et al. (2011).     
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3D inversion of CSRMT data at a quick clay site 

geotechnical boreholes (left panel with black dots 

indicating the location of the boreholes). As pointed out by 

Lundberg et al. (2011) this layer becomes shallower with a 

NE direction towards the river. We have found the same 

tendency in the resistivity model where the depth to the top 

of the third layer (with a resistivity of about 30-300 m) is 

smaller in the east with a NE direction. We have also 

compared the geometry of the deepest resistivity structure 

(possibly the crystalline bedrock) with the reflector imaged 

in the seismic section in Fig. 2d (the seismic line is located 

20 m to the east of central CSRMT line). The reflector is 

marked by a red line and is interpreted as the bedrock 

(Lundberg et al., 2011). As mentioned before the depth to 

the bedrock in the resistivity model is very uncertain but its 

geometry correlates well with the one seen in the seismic 

section. That is to say the bedrock deepens towards the 

river and its depth has a considerable increase at about 100 

m distance along the CSRMT line in the easternmost part 

of the 3D survey area.      

 

 

Conclusions 

 

The collected 3D CSRMT data have a reasonably high 

quality to be utilized for imaging details of the structures 

that control the quick-clay landslides in the study area. 

Using a 4% error floor on the impedance elements after 

three iterations reasonably low RMS (1.30) was achieved. 

The predicted 3D resistivity model resolves four relatively 

distinct layers that overlie the resistive crystalline 

granitoidic bedrock. However, the smoothing regularization 

used in the inversion does not allow an accurate estimate of 

the depth to the top and thickness of the layers. We instead 

made use of the existing information such as reflection 

seismic data and geotechnical data collected in the nearby 

boreholes to validate the correctness and accuracy of the 

resistivity models. Our study reveals that the variations in 

the geometry of the coarse grain layer (shallower in the 

east) and the bedrock (deeper in towards the river) reported 

by Lundberg et al. (2011) correlate well with those seen in 

the 3D resistivity model. We would like to emphasize that 

because of the presence of low resistivity marine clay and 

damping of the EM signal, estimation of the depth to the 

top of resistive bedrock might be very uncertain and 

inaccurate.            
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Analysis of seismic data and correlation with downhole geophysical measurements in the 
assessment of a Swedish area prone to quick clay landslides 
Silvia Salas Romero*, Alireza Malehmir, Ian Snowball, Uppsala University 
 
Summary 
 
The use of geophysics in the investigation of quick clay 
landslides in Sweden allows to obtain information about the 
presence, and possibly even the origin of these kinds of 
clays and their physical properties. Geophysical methods 
are non-invasive and non-destructive, and if complemented 
by, for example, geotechnical and hydrological 
investigations, can allow a better and improved 
characterization of the target area. 
 
Downhole geophysical measurements such as natural 
gamma density, fluid conductivity, fluid temperature and a 
preliminary classification of the samples from three 
boreholes are presented here from our Geoscientists 
Without Borders project in southwestern Sweden. The 
measurements allow not only the constraining of the origin 
of reflections in nearby seismic lines, but also improve our 
understanding about the way quick clay landslides function. 
This knowledge contributes significantly to quick clay 
landslide assessments and mitigating the risks associated 
with them. 
 
Introduction 
 
With regards to the risk assessment of landslides, it is 
necessary to know the geological and hydrological 
conditions present in the area and, most importantly, how a 
landslide is triggered. This study aims to obtain 
geophysical information about quick clay landslides in an 
area next to the Göta River in southwestern Sweden. The 
precursors to quick clays are often formed in a 
glaciomarine environment and are, therefore, common in 
Nordic countries. The clays become ‘quick’ when their salt 
content is leached by surface and ground water flows. They 
were formed (and still forming), due to the process of land 
uplift after the last deglaciation and its effect on relative sea 
level. An undisturbed sample of quick clay resembles a 
water-saturated gel, with a flocculated structure, while 
under sufficient stress these flocculated structures lose their 
strength and the quick clay liquefies (Malehmir et al., 
2013a). The nature of this stress at large spatial scales can 
be caused, for example, by earthquake tremors or an excess 
of rainwater. At more local scales, as often observed in 
Sweden, large-scale constructions are the main triggering 
mechanism (see Fig. 1). 
 
In 2011, the Society of Exploration Geophysicists (SEG) 
through its Geoscientists Without Borders (GWB) program 
sponsored this project with the main objectives of (i) 
obtaining information about the subsurface structure 

through geophysical methods, (ii) better understanding the 
behaviour of the quick clays that caused landslides in the 
area, (iii) providing geophysical methods that can be 
helpful in mitigating the risk associated with landslides, 
and (iv) enhancing the knowledge of society with respect to 
these kinds of landslides and the geophysical methods used 
to understand them. 
 
Taking into account these mentioned objectives, several 
geophysical investigations were carried out in 2011. The 
methods used were: 2D and 3D P-wave and S-wave source 
and receiver seismic surveys, geoelectrics, controlled-
source and radio-magnetotellurics, Slingram, ground 

gravity, magnetic surveys, and passive seismic monitoring. 
A summary of the geophysical methods used in the site is 
provided in Malehmir et al. (2013a). 
 
Another source of data is the Swedish Geotechnical 
Institute (SGI) which collected geotechnical and 
hydrogeological data in the study area. The methods 
included cone penetration tests (CPT), cone penetration 
tests with pore water pressure (CPTU), and laboratory 
measurements (Löfroth et al., 2011). In addition, SGI 
obtained geophysical data from surface electrical resistivity 
tomography (ERT) and induced polarization (IP) (Löfroth 
et al., 2011).  
 
Seismic acquisition 
 
In March 2013, new seismic data were acquired in the 
study area using 2D set-ups (see Fig. 2, note that the 
position of the seismic lines is approximated). To 
complement the previous data and better understand the 

 
Figure 1: Helicopter photo from Munkedal quick clay landslide  
(2006), showing the damage to the infrastructure (courtesy of 
Swedish Accident Investigation Authority, SHK). 
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Geophysical survey of a quick clay landslide 
 

role of the river in the process, seismic and RMT data on 
the other side of the river were acquired. Data were 
collected along four lines: lines 2b and 5 are the extensions 
of the earlier seismic lines, and lines 6 and 7 are new lines 
in the southwestern part of the area. The total length of the 
seismic profiles is about 3 km. For lines 2b, 6 and 7, a 4 m 
receiver and source spacing was used. For line 2b, we used 
an accelerated-weight-drop and for lines 6 and 7, a 
combination with sledgehammer was used. Lines 6 and 7 
were both active during data acquisition and while shooting 
in one line, data were recorded simultaneously on both 
lines. This was done in order to gather additional 
information between the two lines, which could be used for 
3D tomography. 
 
Line 5 was the longest seismic line in this survey, only 
interrupted by the Göta River, and it reached a combined 
length of around 1.7 km. We used dynamite to generate 
seismic signals at every 20 m with a charge size ranging 
from 50 to 200 g at distant offsets. In the southern part of 
the river, cabled receivers were deployed at every 4 m, and 
in the northern part wireless stations (70 single and 3C 
digital sensor) were placed at every 10 m. This allowed the 
acquisition of about 1.7 km long high-resolution line for 
various purposes and applications.  
 
This paper only presents the results for line 1 (P-wave and 
S-wave 2D data) obtained in 2011. Additional information 
about the measurements made in 2011 and their processing 
can be found in Malehmir et al. (2013a) and Malehmir et 
al. (2013b). Preliminary results and their implications from 
the 2013 experiments will be presented at the SEG annual 
meeting. 

Downhole geophysical measurements 
 
In February 2013, three boreholes (BH1 to BH3) were 
drilled in the target area (see Fig. 2). The technique used 
was sonic drilling, which penetrated to the top of the 
bedrock in each drill hole. This technique drills with 
vibration and, if necessary, rotation, and it can achieve high 
penetration speeds and a continuous coring with minimal 
disturbance of the recovered core. Borehole BH1 is located 
close to the intersection between lines 1, 2a and 2b, 
borehole BH2 is located on line 4, and borehole BH3 is 
next to line 5 (the last two boreholes are close to the 
landslide scar). In every borehole, sediment core samples 
were recovered for their classification and laboratory 
analysis. These samples will be useful for confirming the 
geophysical data and for obtaining petrophysical and 
geophysical properties. 
 
In order to characterize the subsurface structure in more 
detail, downhole geophysical measurements were 
accomplished in the three boreholes in March 2013. As 
mentioned before, the boreholes have different lengths 
(BH1 has around 35 m, BH2 60 m and BH3 48 m) and all 
of them have PVC casing, necessary to prevent the hole 
collapsing. Each borehole has two 2 m long sections of 
filtered PVC casing that allow fluids to flow through the 
walls. These sections are located in areas of permeable 
materials and at the bottom of the boreholes. 
 
The logging tools used in these boreholes are: fluid 
temperature, -fluid conductivity, -natural gamma radiation, 
borehole temperature, -natural gamma radiation, -
resistivity, and sonic. In this paper, we only present the data 

 
 

Figure 2: Geophysical studies at the Fråstad GWB test site in southwest Sweden showing the locations of geophysical profiles (2D and 3D) 
from 2011 and 2013 experiments, and recent boreholes drilled for sediment sampling and downhole petrophysical and geophysical 
investigations. Petrophysical data from borehole BH1 and seismic data along line 1 are presented in this article. 
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Geophysical survey of a quick clay landslide 
 

from the fluid temperature, -fluid conductivity, -natural 
gamma radiation measurements in borehole BH1. 
 
Results 
 
Figure 3 shows the seismic sections for P- and S-wave data 
obtained along line 1 (Fig. 2). In both images, the same 
reflections are represented: S1, S2 and bedrock. The 
reflections S1 and S2 are generated by the transition 
between clay and sandy silts. The ‘Quick clay?’ labels 
indicate the likely presence of quick clays, as during the 
sediment sampling from borehole BH1 this kind of material 
was also identified at the indicated depth (it is necessary to 
confirm this preliminary classification of samples by 
laboratory analysis). The resolution of the P-wave data is 
lower than the S-wave data. This can be related to the 
contrast in velocities for both kinds of data (Malehmir et 
al., 2013a). 
 
Figure 4 shows the logging data obtained with the fluid 
temperature, -fluid conductivity, -natural gamma radiation 
sonde in borehole BH1. The three graphs in the centre 
represent the data for fluid temperature (in degrees 
Celsius), fluid conductivity (in micro Siemens per 
centimeter), and natural gamma radiation (in American 
Petroleum Institute units) with respect to depth. The graph 
on the right side shows a close-up from the S-wave seismic 
section at the borehole location (Fig. 3), and with the 
indicated reflections. The graph on the left side represents 
the geological interpretation of the natural gamma log (see 
the legend next to it). This geological interpretation of the 

 

 

 
Figure 4: Example of downhole geophysical measurements from borehole BH1. The three graphs in the centre represent from left to the 
right respectively, fluid temperature (in degrees Celsius), fluid conductivity (in microSiemens per centimeter), and natural gamma radiation 
(in American Petroleum Institute units), with respect to depth. The graph on the left side represents the geological interpretation of the 
natural gamma log (see the legend). The graph on the right side shows a close-up from the S-wave seismic section at the borehole location 
(Fig. 3), and with the indicated reflections. Note the increase of fluid conductivity at 13 m of depth and at 30 m depth that can be caused by 
a combination of the filtered PVC casing and formation changes. Also note that the geological column shows layers of sandy clay and 
sandy silt between 13 and 16 meters and at about 22 m depth. The borehole intersects line 1 at its central part. 
  

 
Figure 3: a) SH and b) vertical-component seismic sections 
along line 1. The SH section has higher resolution than the P-
wave section. Note the correlations with the borehole data from 
BH1. Quick clays can be found as superposed to as well as 
interbedded with coarse-grained formations (Malehmir et al., 
2013a). 
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natural gamma log takes into account a first evaluation of 
the samples from the borehole BH1, assuming that the 
maximum values correspond to clays (more than 150 API), 
values between 125 and 150 API to silty clays, between 
100 and 125 API sandy clays, and less than 100 API 
correspond to sandy silts. The geological column suggests 
that the overall clay content is quite high, although there 
are some layers of sandy clay and sandy silt between 13 
and 16 meters and at about 22 m depth. The fluid 
temperature data do not change significantly at greater 
depths. The fluid conductivity data show different increases 
of salinity at about 13 and 30 m depth. These increments 
can be caused by a combination of the filtered sections of 
PVC casing (increase the fluid flow through the walls) and 
the formation changes. It is, however, interesting to note 
that ERT data at this depth suggest a rapid conductivity 
increase which correlates with the measurements although 
it is not completely understood this is so. 
 
Discussion 
 
Several reflections can be identified in the P- and S-wave 
seismic sections, although the poor resolution in the P-
wave data complicates their analysis. A more detailed 
processing of the P-wave data is being performed to 
improve the resolution of the shallowest reflections. The 
correlation of the seismic sections with the downhole 
geophysical measurements is good, showing the same 
intercalations of clays and sandy silts. The coarse-grained 
layers of sediments are permeable and hence allow the 
movement of water that can be an important factor in the 
formation of not only quick clays but perhaps also 
landslides. Then, one target that needs to be investigated is 
the origin of the water, which could cause enough 
differential stress for triggering a landslide (rainwater, 
surface water from the river or pore water). Overall, a 
combination of surface type and downhole geophysical 
investigations are now providing valuable information 
about the geological conditions that cause quick clays to 
form and also demonstrate the value of geophysical 
methods for landslide studies. 
 
Future research 
 
The fieldwork accomplished during March 2013 allowed us 
to collect new seismic and logging data which will be 
processed and correlated with the previously acquired data 
from different geophysical studies performed in 2011. The 
final result will serve for doing joint interpretation and 
inversion of various datasets. Furthermore, the samples 
obtained from boreholes BH1, BH2 and BH3 will be 
classified in geological and geotechnical terms through 
visual observations and laboratory measurements.  
 

New logging techniques will be considered in order to 
complement the information obtained, such as neutron for 
porosity estimation and induction logging tools for 
formation resistivity measurements. The PVC casing used 
to keep the holes opened in this clayey environment 
provides the opportunity to carry out downhole monitoring, 
but this requires sophisticated logging approaches/tools to 
overcome the presence of the PVC and its role as an 
insulator. 
 
One of the main targets of this project is the inversion of 
surface wave data, which will improve and fulfil the 
interpretation of the shallow subsurface in this area. 
Combined with other geophysical data, we are hopeful for 
fruitful results from this type of data analysis.  
 
Conclusions 
 
The correlation of P- and S-wave data with downhole 
geophysical measurements helps us to constrain the image 
from the subsurface structure and shows the relationship 
between quick clays and sandy silts. The processing of new 
data will determine the extension of these intercalations of 
sediments and their importance in the quick clay landslides 
formation. This amount of surface geophysical data and the 
promising results that have been obtained from the site, as 
well as the classification of the sediment cores from the 
boreholes are certainly helpful: they promote geophysical 
methods for humanitarian applications and demonstrate 
how they can improve our understanding about areas prone 
to slide and what kind of geophysical methods can be 
applied. 
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Geophysical and physical measurements applied to characterize an area
prone to quick clay landslides in SW Sweden
Silvia Salas-Romero (1), Alireza Malehmir (1), Ian Snowball (1), Bryan C. Lougheed (2), and Magnus Hellqvist
(1)
(1) Department of Earth Sciences, Uppsala University, Uppsala, Sweden (silvia.salas_romero@geo.uu.se;
alireza.malehmir@geo.uu.se; ian.snowball@geo.uu.se; magnus.hellqvist@geo.uu.se), (2) Department of Geology, Lund
University, Lund, Sweden (bryan.lougheed@geol.lu.se)

The study of quick clay landslides in Nordic countries, such as Sweden and Norway, is wide and varied.
However, the occurrence of catastrophes like those in Munkedal, Sweden, in 2006, demands a more complete
characterization of these materials and their extensiveness. The objectives of this research are mainly focused
on obtaining information about the properties and behavior of quick clays in an area prone to landslides in
southwestern Sweden.
Two fieldwork campaigns were carried out in 2011 and 2013, using methods such as 2D and 3D P-wave and
S-wave seismic, geoelectrics, controlled-source and radio-magnetotellurics, ground gravity, as well as downhole
geophysics (measuring fluid temperature and conductivity, gamma radiation, sonic velocity and resistivity)
performed in three boreholes located in the study area. Drill cores recovered using the SONIC technique provided
samples for paleontological information, as well as laboratory measurements of physical properties of the
subsurface materials to a maximum subsurface depth of about 60 m. The laboratory measurements included
grain size analysis, mineral magnetic properties, electric conductivity, pH, salinity, total dissolved solids, x-ray
fluorescence (XRF), and a reconnaissance study of the fossil content.
A correlation study of the downhole geophysical measurements, 2D seismic sections located at the intersection
with the boreholes and the sample observations indicated that the presence of quick clays is associated with
contacts with coarse-grained materials. Although the PVC casing of the boreholes interferes with the sonic and
resistivity measurements, the perforated parts of the PVC casing show significant changes. The most important
variations in magnetic susceptibility and conductivity mostly coincide with these coarse-grained layers, supporting
the seismic data. Coarse-grained layers are characterized by enhanced magnetic susceptibility and conductivity.
Grain size analysis results on subsamples from the deepest borehole (the one closer to the river) correlate with
changes in the natural gamma measurements. Overall, the fine sediments dominate over the coarser ones, and
clay and fine silt are found to be the most abundant. The preliminary paleontological observations indicate that
the most of the sediments were formed in a glaciomarine environment. Additionally, XRF measurements were
performed on subsamples from the deepest borehole, indicating high Cl/V values (a good high salinity indicator)
in the thickest coarse-grained layer.
In conclusion, all the collected data show a comprehensive description of the subsurface in the area. The
characteristics of the observed quick clays will offer more information about these materials in Sweden, expanding
our knowledge about them and assisting in risk assessments in similar areas where similar geohazards are present.

Future work will be geared towards processing of the data collected in 2013, including a seismic line
across the river, which will complement and extend the study area. New fieldwork campaigns and inversion of
surface wave data will improve the interpretation of the shallow subsurface. Furthermore, geotechnical data from
the site, obtained by the Swedish Geotechnical Institute, will be used to define and support the presence of quick
clays in the area.
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