
Tectonophysics 677–678 (2016) 248–260

Contents lists available at ScienceDirect

Tectonophysics

j ourna l homepage: www.e lsev ie r .com/ locate / tecto
Geophysical characterization of areas prone to quick-clay landslides
using radio-magnetotelluric and seismic methods
Shunguo Wang a, Alireza Malehmir a, Mehrdad Bastani b

a Department of Earth Sciences, Uppsala University, Villavägen 16, , SE 75236, Uppsala, Sweden
b Geological Survey of Sweden, Villavägen 18, SE 75128 Uppsala, Sweden
E-mail addresses: shunguo.wang@geo.uu.se (S. Wan
(A. Malehmir), mehrdad.bastani@sgu.se (M. Bastani).

http://dx.doi.org/10.1016/j.tecto.2016.04.020
0040-1951/© 2016 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 16 November 2015
Received in revised form 17 February 2016
Accepted 11 April 2016
Available online 29 April 2016
Landslides attributed to quick clays have not only considerable influences on surface geomorphology, they have
caused delays in transportation systems, environmental problems and human fatalities, especially in Scandinavia
and North America. If the subsurface distributions of quick clays are known, potential damages can be mitigated
and the triggers of landslides can better be studied and understood. For this purpose, new radio-magnetotelluric
(RMT) and seismic data were acquired in an area near the Göta River in southwest Sweden that contains quick
clays and associated landslides. High-resolution data along 4 new lines, in total 3.8 km long, were acquired and
merged with earlier acquired data from the site. Velocity and resistivity models derived from first breaks and
RMT data were used to delineate subsurface geology, in particular the bedrock surface and coarse-grainedmate-
rials that overlay the bedrock. The latter often are found underlying quick clays at the site. Comparably high-
resistivity and sometimes high-velocity regions within marine clays are attributed to a combination of leached
salt frommarine clays or potential quick clays and coarse-grained materials. The resistivity and tomographic ve-
locity models suggest a much larger role of the coarse-grained materials at the site than previously thought, but
they also suggest two different scenarios for triggering quick-clay landslides at the site. These scenarios are relat-
ed to the erosion of the riverbank, increased pore-pressure and surface topography when close to the river and
human activity when away from the river and where bowl-shaped bedrock surrounds the sediments.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Landslides are natural geohazards that occur all over the world
(Fig. 1). They claim hundreds of lives and damage infrastructure every
year and may also cause environmental problems (Gregersen and
Løken, 1979; AB Svensk Filmindustri, 1957). They are a natural part of
landform development (Crozier, 2010) and studies of landslides and
areas prone to them are therefore important both to understand the
current shape of the landscape and to avoid predictable financial dam-
age and human loss of life, with implications for infrastructure designs
and geological storage.

A landslide is generally defined as themovement of rock, debris and
soil driven by gravity and preconditioned by the landform (Highland
and Bobrowsky, 2008). Landslides can be classified into different cate-
gories depending on the types of materials (earth, rocks and debris) in-
volved and the types ofmovements (fall, topple, slide, spread andflow);
for example, rock fall and earth flow (Highland and Bobrowsky, 2008).
Landslide triggering mechanisms are varied; they either have a single
trigger or multiple sources; a combination of water saturation, seismic,
g), alireza.malehmir@geo.uu.se
volcanic and even human activities. Examples of human activities trig-
gering landslides are known in Sweden and Norway (Nadim et al.,
2008; Gregersen, 1981; Fig. 1b). Steepness of slope, morphology, soil
type and underlying geology are themost important factors for causing
landslides (Highland and Bobrowsky, 2008). Some of these factors are
easier to studywhile others may not be, particularly due to inaccessibil-
ity. Subsurface geology is among those factors that cannot easily be
studied or when studied the density of geotechnical boreholes used
for this purpose is limited.

Quick-clay landslides, which are classified as earth flows
(e.g., Torrance, 2014), are one of the most important geohazards in
Northern countries including Sweden (Fig. 1), Norway, Japan and
Canada (Geertsema and Torrance, 2005; Torrance, 2012). A small initial
slip of quick claymay develop into large landslides that cover a vast area
(Rankka et al., 2004) and as a consequence significantly change the ter-
rain shape. Quick-clay landslides in Sweden mostly occur on relatively
gentle topographic slopesmade up of glacial and post-glacial sediments
(e.g., silt and clay) and often bordered by openwater such as a river or a
lake (Nadim et al., 2008) similar to the example shown in Fig. 1d.
For these types of landslides, which are often retrogressive, soil type
and underlying geology are more important than the surface topogra-
phy and morphology and, therefore these factors should be studied
together.
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Fig. 1. Example figures showing major quick-clay landslides and their impacts. (a) Tuve landslide, Sweden in 1977 and (b) Småröd landslide, Sweden in 2006 (courtesy of the Swedish
Accident Investigation Authority, SHK). (c) Lyngseidet landslide, Norway in 2010; it was likely triggered by loading of materials next to the shoreline (courtesy of the Geological Survey
of Norway, NGU, photo: Andrea Taurisano, NVE). (d) Fråstad landslide in our study area next to the Göta River (photo by Alireza Malehmir, 2011).
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Based on known sites of quick-clay landslides, geotechnical (and/
or geochemical) investigations and assessments have been imple-
mented to understand quick-clay properties (e.g., Gregersen, 1981;
Andersson-Sköld et al., 2005a; Geertsema and Torrance, 2005).
However, due to the cost-effectiveness and ability to cover a large
area and depth, a combination of geotechnical methods (e.g., cone
penetration test) and surface geophysical methods is more desirable
and has been more or less successfully used to study quick clays and
their host environments (Rankka et al., 2004; Andersson-Sköld et al.,
2005a; Löfroth et al., 2011; Bazin and Pfaffhuber, 2013; Malehmir
et al., 2013a, 2013b; Dahlin et al., 2013; Adamczyk et al., 2013,
2014; Pfaffhuber et al., 2014; Lundberg et al., 2014; Shan et al.,
2014; Salas-Romero et al., 2015; Helle et al., 2015; Shan et al.,
2016). In this study we use a combination of electromagnetic and
seismic methods and focus on an area near the Göta River in south-
west Sweden in which quick-clay landslides have occurred (Fig. 1d).

This study complements to an earlier field campaign in year 2011
that covered part of the study area south of the Göta River. It is mainly
based on new surface geophysical data acquired in year 2013 to extend
some of the earlier geophysical profiles north of the river and west of
the study area where a large portion of the area appears to be creeping
towards the river (Fig. 2). The 2013 geophysical campaign focused on
two geophysical methods that earlier studies have proved to be optimal
for the study area, namely seismic and RMT methods (Malehmir et al.,
2013a, 2013b). Results from the previous studies have revealed the sur-
face of crystalline bedrock (20–100 m deep) dipping towards the river
and layered glacial sediments, including coarse-grained materials
(mostly sand) that sandwiched layers of quick clays, requiring a com-
bined use of these methods for their delineation.

The main objectives of our study were (1) to expand our under-
standing of quick-clay distributions west and north of the area studied
earlier and (2) to provide subsurface information about the general
structures at the site and evaluate quick-clay landslide potential at var-
ious parts of the study area. Given the increased length and area covered
by the new geophysical data, the interpretations provided in this study
are better constrained near the Göta River where the risk of quick-clay
landslides is probably much higher due to the erosion of the foot of
the slope (riverbank) and reduction of the lateral support.

2. Quick clays and their formations

Quick clay is defined as a claywith remolded shear strength less than
0.4 and 0.5 kN/m2 (by fall cone test) and high sensitivity larger than 50
and 30, respectively in Sweden and Norway (Rankka et al., 2004;
Donohue et al., 2012). The sensitivity is defined as the ratio between un-
drained, undisturbed shear strength and the remolded shear strength
(Solberg, 2007; Shan et al., 2014). Undisturbed quick clay resembles a
water-saturated gel that has formed through flocculation and deposi-
tion (Rankka et al., 2004) during and after the last glacial period. Undis-
turbed shear strength of quick clay is not different from non-quick clay,
in other words the in-situ mechanical behavior is the same.

During the last deglaciation, about 11,000 years ago, meltwater from
the Fennoscandian ice sheet and its receding glaciers carried suspended
materials into marine or brackish waters where clays were deposited.
Isostatic land uplift subsequently caused thesemarine clays to be raised
above the sea level and exposed to fresh water infiltration (Brand and
Brenner, 1981). Because of this, salt (saline) in the pores of marine
clays have been leached out by infiltration of fresh/rain water or
through fissures and fractures circulating fresh water from the bedrock
(Malehmir et al., 2013a, 2013b; Shan et al., 2014). As a consequence, the
bonds between adjacent clay particles become weaker and make the
clay sensitive to mechanical disturbance and subject to ‘quickness’
(Rankka et al., 2004; Torrance, 2012). The reduction in the salt content
and change in the structures of the clay imply higher electrical
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Fig. 2. (a) Aerial photograph and (b) LiDARmap showing the locations of the geophysical lines andmajormorphological features in the study area (modified fromMalehmir et al., 2013a).
Black lines are surveys carried out during 2011 and blue lines surveys (only seismics and RMT) carried during 2013 and presented in this study. Black curve represents the edge of a
landslide scar, which is marked by a red arrow. Blue circles represent boreholes drilled as a follow up for the 2011 geophysical measurements. Red circles are geotechnical boreholes
made available by the Swedish Geotechnical Institute (SGI), prior to 2011. Water depth is also marked by white color numbers.
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resistivity when compared to the original marine clay. Quick clay shows
much reduced remolded shear and bulk modulus (Rankka et al., 2004).
Because of their high sensitivity, quick clay can liquefy by a sudden
change in stress caused by, for example, uploading or unloading pres-
sure. It has been suggested that even stress changes as small as the
touch of a human hand can liquefy a laboratory sample of quick clay.
However, for large deposits greater stress changes, such as increased
saturation by excess rainwater, are required (Malehmir et al., 2013b).

3. Geophysical methods used for quick clay studies

Due to the relatively higher resistivity of quick clays compared to the
surrounding marine clays, electrical resistivity tomography (ERT) has
effectively been used to delineate their presence and extent (Rankka
et al., 2004; Solberg, 2007; Solberg et al., 2012; Lundström et al., 2009;
Löfroth et al., 2011; Donohue et al., 2012; Hibert et al., 2012; Long
et al., 2012; Dahlin et al., 2013; Bazin and Pfaffhuber, 2013; Sauvin
et al., 2014; Persson et al., 2014; Shan et al., 2014, 2016). Typically resis-
tivities ranging between 10 and 100Ωm have been used as a proxy for
quick clays and resistivities below 10 Ωm for marine clays (Solberg
et al., 2012; Long et al., 2012; Kalscheuer et al., 2013; Shan et al.,
2014). While ERT is especially useful in delineating high resistivity fea-
tures (Kalscheuer et al., 2013), it has a number of drawbacks that make
the method occasionally unfavorable for quick clay studies. For exam-
ple, penetration depth of ERT at the profile ends is limited, however,
RMT is free from this problem.

Electromagnetic (EM) methods and their combination with ERT can
bemore useful to delineate quick claysmainly because the EMmethods
aremore suited in resolving low-resistivity structures (Kalscheuer et al.,
2013; Shan et al., 2014, 2016). However, such integrated use (Pfaffhuber
et al., 2010; Shan et al., 2014, 2016) and joint inversion (Kalscheuer
et al., 2008) are all related to a single physical property, namely the
resistivity; the diffusion phenomenon restricts the resolution of these
methods (Bastani et al., 2012). Additionally, resistivity of quick clay
also varies from one geological environment to another (Rømoen
et al., 2010; Solberg et al., 2012). Therefore it is generally not easy to
identify the soil types based on resistivity data alone (Rømoen et al.,
2010). To reduce this problem, seismic methods have been used
(e.g., Malehmir et al., 2013b; Lundberg et al., 2014; Adamczyk et al.,
2013, 2014). By combining resistivity- and velocity-based methods, a
multi-property (resistivity and velocity) model can be obtained and
used to delineate quick clays and their host environment more accu-
rately (Donohue et al., 2012; Hibert et al., 2012; Malehmir et al.,
2013a; Sauvin et al., 2014; Persson et al., 2014).

4. Study area and available data

Our study area is situated near the Göta River (Figs. 1d, 2), north of
the municipality of Lilla Edet in Sweden. Landslides near the Göta
River have been catastrophic (e.g., Lilla Edet in 1957, AB Svensk
Filmindustri, 1957), damming the river for a short period of time and
contaminating the water by industrial chemicals moved in the water
during the slide. The Göta River is the source of drinking water for
more than 700,000 peoplewith its surrounding areas that are largely in-
dustrialized. Quaternary deposits in the southernmargin of the river are
dominated by glacial tills. According to the LiDAR (light detection and
ranging) elevation data (Fig. 2b), the surveying lines have few topo-
graphic variations; highland areas are primarily associatedwith shallow
or exposed crystalline bedrock of granite and granodiorite. Coarse-
grained materials (mainly sand), sometimes well sorted beach sand,
and silty materials are often found within clayey materials sometimes
at distinct intervals (Salas-Romero et al., 2015). A quick-clay landslide
scar, 30–40 years old, with a typical retrogressive shape is present in
our study area (Figs. 1d, 2b). It has been speculated that the base of
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the slide (the slip surface) consists of coarse-grained materials
(Malehmir et al., 2013a), implying that coarse-grained materials play
an important role in controlling the size and extent of any potential
quick-clay landslide at the site. The pore water pressure in the area is
generally lower than hydrostatic pressure indicating downward ground
water movements (Dahlin et al., 2013) but this may not be the case
when the bedrock is close to the surface. Three cored boreholes in the
sediments (BH1–BH3, Fig. 2), samples from themanddownhole logging
measurements (Salas-Romero et al., 2015) suggested the presence of
coarse-grained materials (of various thickness, 10–30 m) underlying
quick clays. Depth to bedrock was found to be at about 80 m close to
the river and at shallower depths towards the south. Both quick clays
and coarse-grained materials showed considerably low strength while
marine clays, especially if rich in organic matter, showed high strength
(Löfroth et al., 2011; Salas-Romero et al., 2015). Downhole velocity
measurements were not successful because of polyvinyl chloride
(PVC) casing. Only at locationswhere the casingwas perforated (mainly
to let fluids enter the drill hole) was a velocity around 1000 m/s ob-
served. The PVC casing showed a velocity of about 1700 m/s implying
that materials around the holes should in general have lower velocities
than this (Salas-Romero et al., 2015).

At our study area, an extensive geophysical campaign was conduct-
ed in 2011(Malehmir et al., 2013a) close to a series of geotechnical bore-
holes (Fig. 2; Löfroth et al., 2011). The study included a number of
geophysical methods namely ERT, RMT, GPR, gravity and magnetics as
well as P- and S-wave refraction and reflection seismics (Krawczyk
et al., 2013). This was the first time that seismic methods were used
for studying quick clays and their host environment in Sweden. The ap-
plication of the seismic methods was helpful since bedrock and its un-
dulations as well as the key coarse-grained layers underlying quick
clays were accurately delineated through 2D and 3D refraction and re-
flection data imaging (Malehmir et al., 2013b; Lundberg et al., 2014;
Adamczyk et al., 2013, 2014; Salas-Romero et al., 2015). A large number
of surface materials with creeping properties located southeast of the
study area (Fig. 2a) was not carefully studied nor understood if, for ex-
ample, it was related to underlying quick clays or simply due to erosion
from the river. It was important that the role of the river in the study
area is better understood, thus justifying additional geophysical data
further to the south and north of the river; earlier lines 2 and 5were ex-
tended and new lines 6 and 7 were acquired (Fig. 2).

Table 1 summarizes the main parameters used to acquire the RMT
data in this study. Ten meter station spacing was used along all the
lines and more than 20 transmitters (14–250 kHz, with 10 dB S/N
ratio) could be detected during the data acquisition. EnviroMT system
of Uppsala University (Bastani, 2001) was used for this purpose. The
RMT data are typically of good to excellent quality but occasionally
noisy. As an example raw resistivity and phase data from line 2 are
shown in Fig. 3.

Table 2 summarizes themain parameters used to acquire the seismic
data. A receiver spacing of 4 m (10 m for wireless recorders) and shot
spacing of 4 to 20 m was used. A Sercel 428 recording system with a
maximum number of 400 channels (and 28 Hz geophones) was used
for the recording. To cover the northern part of the study area on the
other side of the river, we used 52 single-componentwireless recorders
connected to 10 Hz geophones and 24 three-component receivers
Table 1
Main RMT data acquisition parameters, 2013.

Survey parameters Line 2 Line 5S1 Line 5N2 Line 7

Recording system EnviroMT EnviroMT EnviroMT EnviroMT

No. of stations 43 128 31 48
No. of transmitters N20 N20 N20 N20
Station interval (m) 10 10 10 10

1: line 5 southern side of the river; 2: line 5 northern side of the river.
connected to MEMs-based (micro electro-mechanical system) sensors
(Malehmir et al., 2016; Brodic et al., 2015). This means that for the ac-
quisition of line 5 only, we deployed 398 receivers giving a total length
of about 2250 m (Fig. 2). Except for line 5 where 20–100 g of dynamite
were used (fired in hand-made holes of 0.5–1mdeep), data along other
lines were acquired using a combination of an ESS100 accelerated
weight drop (Malehmir et al., 2015) and a 5-kg sledgehammer. When
the latter sources were used, 3–5 shot records were generated at
every shot location and vertically stacked to improve the quality of the
record.When explosiveswere used as the seismic source, the shot inter-
val was increased from 4 m to 20 m. Fig. 4 shows example shot gathers
from lines 2, 5 and 7. First arrivals and later events are clear on all these
lines and particularly noticeable on line 5 data although the Göta River
runs in the middle of the line (Fig. 4c). Clear refracted arrivals and indi-
cations of dipping bedrock can already be seen in some of the shot
gathers (Fig. 4b).

Seismic and RMT data from the two campaigns (2011 and 2013)
were then merged and used in this study. No focus has so far been
given to the reflection component of the new acquisition campaign
and thus the new reflection seismic data are not presented here but
will be the focus of our future studies. The main focus has therefore
been on first break tomography and RMT data inversion from the com-
bineddata sets and comparisonwith the reflection results obtained dur-
ing the 2011 survey and available geotechnical information and the
three boreholes drilled in the study area.

5. Methods and their basis

5.1. RMT method and inversion

RMT is a passive-source electromagnetic method where the signal
sources are distant radio transmitters that operate in the frequency
range 14 to 250 kHz. Usually the radio transmitters are located far
away from the survey area so that a plane-wave assumption for the
EM signals is valid, and allows the estimation of electrical resistivity
(Tezkan et al., 1996; Bastani, 2001; Pedersen et al., 2006; Bastani et al.,
2012). RMT data acquisition consists of measuring three components
of the magnetic field (Hx, Hy and Hz) and two horizontal components
of the electric field (Ex and Ey). The electric and magnetic field compo-
nents are related through the impedance tensor Z, which in the fre-
quency domain is given as:

Ex
Ey

� �
¼ Zxx Zxy

Zyx Zyy

� �
Hx
Hy

� �
ð1Þ

where x and y represent themeasurement directions in Cartesian coor-
dinate system. Zxx, Zxy, Zyx and Zyy contain information about resistivity
of the subsurface structures.

Apparent resistivity at the surface of the Earth is defined as (Bastani,
2001):

ρa ¼
1

μ0ω
Zyx ωð Þ�� ��2 ¼ 1

μ0ω
Ey ωð Þ
Hx ωð Þ
����

����
2

ð2Þ

and the phase of the impedance is given by:

ϕ ωð Þ ¼ tan−1 Im Zyx
� �

Re Zyx
� �

" #
; ð3Þ

where μ0 is the permeability of free space and ω is angular frequency.
The determinant of the impedance tensor is defined as:

Z det ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZxxZyy−ZxyZyx

q
: ð4Þ
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Based on the study conducted by Pedersen and Engels (2005), 2D in-
version of the determinant data is more preferable than 2D transverse
electric (TE) and transverse magnetic (TM) model inversions when
the resistivity distribution is considered 3D. Following their recommen-
dations, we also used the determinant data to carry out 2D inversions of
the RMT data collected at the site.

Prior to the RMT inversion, a careful inspection of the data was car-
ried out. Outliers or noisy data (Fig. 3)were removed on the assumption
that EM data should be essentially smooth due to the diffusion process
in the earth (Nabighian, 1987). During the inversion we applied an
error floor to down-weight the data with unrealistically small errors
(Bastani et al., 2012). For the inversion, we used the EMILIA program,
which is a modified version of REBOCC program (Siripunvaraporn and
Egbert, 2000) developed by Kalscheuer et al. (2008). The forward oper-
ator is based on a finite-difference algorithm (Kalscheuer et al., 2008;
Siripunvaraporn and Egbert, 2000). Damped-OCCAMwas the inversion
strategy. It introduces smoothness constraints in both horizontal and
vertical directions (Constable et al., 1987) to stabilize the inversion,
which allows it to converge faster. A 100 Ωm half-space was used as
the inversion-starting model. Model parameterization was done with
different strategies for the horizontal and vertical directions. In the hor-
izontal direction, 5 m cells were used in the middle zone of the model,
then expanded to several hundreds of meters towards the later sides
to achieve boundary condition. In the vertical direction, cells had
Table 2
Main seismic data acquisition parameters of the 2013 survey. The 2011 seismic data acqui-
sition parameters can be found in Malehmir et al. (2013b).

Survey parameters Line 2 Line 5 Line 6 Line 7

Recording system
SERCEL
428

SERCEL 428
SERCEL
428

SERCEL
428

No. of receivers 160 398 133 100
No. of shots 157 87 130 100
Receiver interval (m) 4 4/10 4 4
Shot interval (m) 4 20 4 4
Maximum offset (m) 640 2247 528 396
Source type WD1 Ex2 WD1/H3 H3

Charge size (gr) 50–200
Recording parameters

Record length (s) 6 10 10 10
Sampling rate (ms) 0.5 0.5 0.5 0.5
Geophone frequency (Hz) 28 28/10/MEMs 28 28
No. of geophones per set Single Single Single Single
No. of shots/point 5 1 5 3–5
Shot depth (m) 0 0.5–1 0 0

1: weight-drop; 2: explosive; 3: hammer.
0.5 m size at the surface and increased logarithmically with depth (for
example 200 m at about 600 m depth).

5.2. Seismic methods and first break tomography

P-wave reflection and refraction are the main methods used in the
seismic surveys. For the reflection data, we used the results reported
by Malehmir et al. (2013b) meaning that only portions of the seismic
lines 2 and 5 have reflection seismic sections to compare with our
new results. Detailed description of the reflection data processing can
be found in Malehmir et al. (2013b). It follows a standard pre-stack
data enhancement and post-stack migration algorithm with a special
focus given to refraction static corrections and velocity analysis. The
processing was successful in that it revealed at least two sets of reflec-
tions (at around 20 and 35 m depths) above dipping bedrock and over-
lapping it.

For this study, we combined the raw data from the 2011 survey that
cover only parts of lines 2 and 5 (see also Adamczyk et al., 2013, 2014)
and combined them with the new data from 2013. After setting up the
geometry for themerged data, we picked the first arrivals automatically
and corrected themmanually when required. First breaks are mostly of
good quality (Fig. 4) but at places close to the highway in the southern
end of lines 2 and 5 coherent surface-wave noise occasionally made it
difficult to pick the first breaks even after the vertical stacking of the re-
peated shot records (e.g., Fig. 4a). From the study of the reciprocity
times, we estimated the error in the picking of the first breaks to be
on the order of 2–3ms. No need to correct the data phase and amplitude
of theMEMs sensors (accelerometer) was required in contrast with the
geophones (velocity meter) as we only used them for refraction data
analysis (Brodic et al., 2015). This is clearly noticeable from the first
breaks of the shot gather shown in Fig. 4c; mixed geophones and
MEMs are used on the other side of the river. Fig. 5a shows first break
picks as a function of offset for the data along line 5 clearly showing
low velocity materials (glacial sediments) above a high velocity zone
(bedrock). First breaks up to 1800 m offset are available from this line
implying a deep penetration is possible using refracted component of
the data.

First, we carried out refraction data analysis butwe subsequently de-
cided to focus on first break tomography to fully account for crooked-
ness of the lines. The PS_tomo (Tryggvason et al., 2002) 3D first break
tomography was used for this purpose. The algorithm is based on
Benz et al.'s (1996) ray-tracing method but uses a finite-difference for-
ward modeler to calculate the first breaks for all the shot and receiver
combinations (Podvin and Lecomte, 1991; Hole and Zelt, 1995). A
LSQR conjugate gradient solver (Paige and Saunders, 1982) is then
used to modify velocity model information. The inversion starts with a
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initial model, which honors the topography information; topography
should be used and cells above this will have velocities of air
(e.g., 340m/s). Regularization is doneduring various stages of the inver-
sion. To partly constrain the inversion, we used near-offset travel times
to produce a starting model for the inversion. Although the inversion is
done in 3D, we used three cells in the lateral directions and made the
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the last iterations) was chosen for the interpretations. Fig. 5b shows ex-
ample RMSerrors (forwardminus observedfirst breaks) as a function of
offset indicating a good fit for the model obtained along line 5.

6. Results and interpretations

In the following subsections we present results from the inversions
and comparisons between the geophysical and geotechnical data
along individual lines (Fig. 2). We use the same distance along the
lines to define the location of various data and for consistency in the
presentation of the results.

6.1. Line 2

Line 2 is the second longest in the study area and ends close to the
bank of the Göta River (Fig. 2). Borehole BH1 is at about 600 m distance
along the linewhere the bedrockwas reached at about 33m depth. Just
100 m east of the borehole, bedrock is exposed suggesting an undulat-
ing bedrock surface in this part of the line. In addition to this borehole,
we also preset available geotechnical boreholes (Löfroth et al., 2011,
Fig 6) where either they end at coarse-grained materials (or bedrock)
or present the location of quick clays. Both RMT model and seismic to-
mography results suggest a bedrock depth of approximately 10 m
north of BH1 (Figs. 7a, b). It is represented by high velocity and resistiv-
ity boundaries. Given the length of the line and the low velocity mate-
rials in the southeastern part of the line, tomography results have
enabled imaging down to about 150 m depth, which provides valuable
information. Bedrock depressions are quite visible in the tomography
results and important when the risk of landslide is discussed. Bedrock
dips towards the river as expected. An interesting zone of higher veloc-
ity (around 1700–2500 m/s) is observed in the tomography results,
which corresponds well to places where coarse-grained materials
were observed in BH1 (Fig. 7a). In the RMT data, this zone appears as
a more resistive layer (Fig. 7b) and suggests that there may be quick-
clay and fresh-water circulating within the coarse-grained materials.
Fig. 7c illustrates the comparison between the models and borehole in-
formation (Salas-Romero et al., 2015). It is unlikely that the lower veloc-
ity region below the coarse-grained layer is not resolved by the
tomography and only remained from the starting model (not updated
from the starting model). The bedrock however is well resolved and
this would then allow interpreting the whole tomography section. We
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For comparisons with the reflection results, we superimposed the
tomography and RMT models onto them (Figs. 7d, e). There is a good
correspondence among the RMT, tomography and reflection sections
as well as available geotechnical boreholes further verifying our results.
6.2. Line 5

Line 5 is the longest (N2.2 km) in the study area andwas designed to
provide information about the depth to bedrock below the river (Fig. 2).
Borehole BH3 and geotechnical boreholes (7202 and 7203 in Figs. 2, 8f)
are located on/close to the line providing constraints for the interpreta-
tion of the results. RMT data have a gap at the river since no lake-RMT
data acquisitionwas carried out (Bastani et al., 2015). However, because
of the wireless seismic recorders and simultaneous recording of the
seismic data, tomography results contain velocity information also
under the river (Fig. 8a). Undulating bedrock is clearly seen and
shows large depressions with the deepest point below the landslide
scar at a depth of about 90 m. Between 900 m and 1700 m distance
along the line bedrock reaches close to the surface allowing RMT signals
to penetrate the sediments above the bedrock on the both sides of the
river. It is evident that there are more sediments on the southern side
of the river than on the northern side. The main quick-clay landslide is
located on the southern side of the river, which may imply that there
is larger erosion on the southern side of the river than on the northern
side, although the level of water in the river primarily controls this.
The unconsolidated sediments on top of the bedrock have a velocity
less than2000m/s. RMTdata also delineate the bedrockon the southern
side of the river, but do not clearly depict its features and geometry
deeper down (see in Fig. 8a) as observed in Fig. 8b. Interestingly, RMT
data again resolves a thin relatively high resistivity zone above the bed-
rock (Fig. 8b) in accordance with the position of a major coarse-grained
layer observed during the drilling of BH3. This layer overlaps the bed-
rock and is also observed as a slightly higher velocity zone and resistive
zone than the bedrock on the northern side of the river. Careful
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inspection of the RMT penetration depth again suggests that this feature
is real and resolvable by the RMT data (see the white dashed line in
Fig. 8b).

For comparisons with the reflection results, we have superimposed
the tomography and RMT models onto the reflection seismic profile
along line 5 (Figs. 8c, d). A reflection (marked as S1) at about 20 m
depth overlapping the bedrock (B1, dipping towards the river) well
matches the high-resistivity zone interpreted to be from a combination
of the coarse-grained layer and possibly quick clays. Landslide mass re-
sides on these materials (likely mainly silty-sandy today). It is evident
that the tomography results this time are unable to resolve this feature
but reflection and RMT data do. Comparison with the borehole results
shown in Fig. 8e illustrates this. The sandy–silty layer corresponds to re-
sistivities above 40Ωm.Above this layer, even higher resistivity features
show up, which probably indicate the presence of the quick clays (or
silty clays) observed by Salas-Romero et al. (2015).

6.3. Line 6

Line 6 runs in east–west direction and was placed to check the
peculiar surface topography pattern in the study area, which suggests
a gradual movement of the materials towards the river (Fig. 2). Along
this line only seismic data were collected and hence only tomography
results are available. Bedrock is, however, exposed near the easternmost
part of the line that can be used to validate the tomography results. The
maximumdepth of the velocitymodel is about 120mdue to the low ve-
locity materials allowing deeper penetration (Fig. 9). Bedrock surface is
again undulating but has a general dip towards the river. Similar to the
results along line 2, there are indications of high velocity zones/layering
within the clayey materials, which we think originate from coarse-
grained sediments at various depth intervals but most importantly
overlapping the bedrock. Reflection data by Malehmir et al. (2013b)
and Lundberg et al. (2014) suggest at least two sets of coarse-grained
materials within the clayey–silty sediments.

6.4. Line 7

Lines 6 and 7 are parallel and were planned for the same purpose as
mentioned above. Cross-shooting did not result in any tomography in-
formation mainly because of the large distance between the two lines.
Individual tomography results from this line, however, suggest similar
features as those observed along line 6 (Fig. 10a). Bedrock is again ex-
posed in the easternmost part of line 7 and this is nicely depicted by
the RMT results (Fig. 10b). A dry crust is also observed in the RMT
model originating from the creeping and small surface topography var-
iation in that area (Fig. 2). It is remarkable again to observe a high resis-
tivity (around 50 Ωm) zone above the bedrock and in particular at 150
to 350 m distance along the line. This high resistivity may suggest the
presence of large pockets of quick clays and coarse-grained materials
that contribute to the soil instability in this part of the study area. RMT
data are unable to resolve the bedrock mainly due to the large amount
of clays limiting their penetration depth.
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7. Discussion

7.1. Quick-clay and coarse-grained materials

Usually, the resistivity of quick clay varies from between 10 and
100 Ωm (Solberg et al., 2012; Long et al., 2012; Kalscheuer et al.,
2013; Shan et al., 2016), which is significantly higher when compared
to the surroundingmarine clays (b10Ωm). If clayey sediments have re-
sistivity values in the range 10–100 Ωm and the surrounding materials
are relatively conductive, those sediments have a possibility to contain
quick clays. Malehmir et al. (2013a, 2013b) and Salas-Romero et al.
(2015) have reported that the quick clays are often found directly
above the coarse-grained materials, which have a strong seismic reflec-
tion character (Fig. 8e) and in some of our cases tomography character
(Figs. 7a, 8a). Coarse-grained materials in the study site are mainly
beach sands with even evidence of marine or brackish-water fossil
shells (Salas-Romero et al., 2015) in them.

Combining all the above-mentioned features, we conclude that sed-
imentary units composed of both quick clays and coarse-grained mate-
rials together show relatively high velocity and high resistivity features
when compared tomarine clays. This is evident for the data along line 5
particularly at around 10–20 m depth at 1600–1900 m distance (Fig. 8,
Löfroth et al. (2011) confirmed existence of quick clays at this specific
site) and along line 7 at 10–30 m depth at 200–300 m distance
(Fig. 10). All those special areas mentioned are close to the riverbank,
which is usually one of themost suitable places for quick-clay landslides
naturally triggered (Nadim et al., 2008).

To support the interpretation of theRMTdata and given their limited
penetration depth due to highly conductivemarine clays in the area, we
generated synthetic data from two models as shown in Fig. 11a and c.
The inversions (Fig. 11b, d) of the synthetic data show that the RMT
data are likely unable to distinguish between quick-clays and coarse-
grained materials if they juxtapose and sandwich each other and the
low resistivity marine clays. This arrangement also explains why resis-
tivity measurements should always be supplemented by geotechnical
investigations as suggested by Andersson-Sköld et al. (2005b). RMT
data along line 7 at around 7–15 m depth at 160–300 m distance
(Fig. 10) and line 5 at around 15 m depth at 200–1250 m distance
(Fig. 8) show a relatively high resistivity layer, whichmay be an indica-
tion of quick clay if the resistivity range of quick clays are only consid-
ered. However, they are not necessarily of high sensitivity, which
would need to be verified by geotechnical measurements.

7.2. Quick-clay landslides and role of subsurface geology

Quick-clay landslide probability is determined by topography,
erosion potential and geotechnical properties. Subsurface geology also
influences the probability and extent of a landslide. The new geophysi-
cal lines presented here provide a better understanding about the geo-
logical setting at the site, resolving bedrock at different parts and how
this can have a control on the development of quick-clay landslide at
the site. Fig. 12 shows the 3D visualization of the RMT and tomography
models from all the new and merged lines. One obvious feature of the
models is the dipping bedrock towards the Göta River from different di-
rections with varying surface morphology. Fig. 13 shows a schematic
cross section hypothesizing a scenario that can explain the formation
of the quick clay and potential zones with high quick-clay landslide
risk in the study area. We conclude that the mini-basin shape
(Figs. 7a, 8a, 13) of the bedrock topography towards the southern side
of the study area is an important feature. Its presence suggests that a
quick-clay landslide will only be triggered if the supporting materials
are removed (partly or completely) by human activity. Several docu-
mented quick-clay landslides have been associated with construction
work (Gregersen, 1981; Nadim et al., 2008). We anticipate that areas
in bedrock depressions are at low risk of failure unless the environment
is disturbed by other activities than natural ones (like road construction,
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region A in Fig. 13). The situation is, however, different in areas close to
the river where lateral erosion can play amain role (region B in Fig. 13).
Sudden increases in pore pressuremay trigger quick-clay landslidewith
the coarse-grained layer as the main slip surface. After the Tuve
landslide in Göteborg in 1977 (which took 9 lives, destroyed 66 houses
and made 600 people homeless), observers reported a large quantity of
sand (Rudberg, 1997) in the area although there is nopublished account
that describes the role of the sand in the slide. In both cases (A and B in
Fig. 13), the presence and formation of quick clays are possible, but to
what extent they exist needs to be investigated using for example dril-
ling and sampling as performed by Löfroth et al. (2011) and Salas-
Romero et al. (2015). The large amount of sediments observed at the
southern side of the river (Fig. 13)may also imply that this region is sus-
ceptible to quick-clay landslides, but this needs to also be investigated
further and ground water flow needs to be understood.

Salas-Romero et al. (2015) also reported the presence of biogenic
gas at shallow levels (Fig. 13) during the drilling of BH2 immediately
at the location of the coarse-grained layer. The gas leaked out because
the impermeable clays above were penetrated by the drill hole. At
greater depths, a few meters above the bedrock, organic-rich clays
were observed. It is unclear what kind of interaction a quick-clay land-
slide and gas release would have: this has not been given any previous
attention and is worth for future study.

Thewestern side of the study area shows creeping soils on the aerial
photograph (Fig. 12), which may be an important signal for slowly pro-
cessing earthflow (Highland and Bobrowsky, 2008). RMT data from line
7 likely suggest downward water flow (infiltration, Dahlin et al., 2013)
but also a possibility for the bedrock to act as a good surface for the
groundwater flow (Fig. 13) to get directed into the coarse-grained
layer forming quick clays (upward leaching in confined aquifers).

7.3. Possibility for joint inversion

Seismic refraction and tomography methods provided velocity and
subsurface geometry information, especially about the bedrock and in
this case also about key layers above the bedrock (e.g., coarse-grained
layers). The RMT method provided detailed resistivity information
close to surface but lacks resolution at depth. A combination of the
methods, however, enabled us to overcome the shortcomings of each
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method and also allowed us to better constrain the interpretation
where comparable results were obtained. The boundaries between
quick clays, coarse-grained materials and surrounding clays in the geo-
physical models are not as clear as in the geotechnical data, for several
reasons. One reason is due to the smoothness constraint that is used
to avoid instability of the inversions. Another reason to mention is the
diffusive nature of these methods, which all suffer poorer resolution as
depth increases. In our case study, it does not matter if quick-clay or
coarse-grained layer is the target, they both have layered structures
(although it may be pocketed or patchy at places). It may be possible
to jointly invert (e.g., Moorkamp et al., 2013) for both resistivity and ve-
locity models for certain lines. Since there is already a good correlation
between the twomodels (e.g., Figs. 7c, 8e), the chance that the joint in-
version would be successful is highly likely.

8. Conclusions

Wehave employed RMT and seismicmethods, and extended an ear-
lier study on delineating subsurface geology of an area prone to quick-
clay landslides in southwest Sweden. A long line crossing both the
Göta River and a major landslide was designed to provide information
about bedrock depth and undulations. Two lines were planned to
study creeping of soils observed in the western part of the study area.
Both resistivity and velocity models have in many places good
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Fig. 13. Sketch showing possible role of the bedrock and coarse-grainedmaterials in the formation of quick clays and their landslide triggering mechanism. Landslides in areas where the
sediments are surrounded by the bowl-shaped bedrock (region A) would require removal of sediments or external sources like construction while in areas close to the river (region
B) erosion in the river bank combined with increased or sudden change in the pore pressure in the coarse-grained materials would be enough to trigger quick-clay landslides. In either
case, bedrock surface at highlands and on-lapping coarse-grained materials would facilitate the process and the formation of the quick clays.
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accordance when compared to the existing cored and geotechnical
boreholes, and reflection seismic data acquired in earlier studies. The
data in particular enabled delineating the bedrock surface and its undu-
lation, more importantly an interpretable large-scale coarse-grained
layer (may also be patchy at some places) is overlapping the bedrock.
Bedrock was found at about 150 m depth under the Göta River with
much more overlapping sediments on the southern side of the river
than the northern side.

While speculative, we conclude from the shape of the bedrock and
the amount of sediments two different mechanisms for triggering
quick-clay landslides at the site. In areas close to the river, erosion of
the riverbank combined with increased pore pressure in the coarse-
grained materials due to excess water and surface topography would
likely be responsible for landslides. On the other hand, there is less
chance of landslides in areas where the sediments are located in a bed-
rock depression, isolated from the river. In these areas human activity
such as construction or settlement may destabilize the toe of the mate-
rials leading to a landslide. Future studies are required to validate these
interpretations and to take advantages of joint inversion of both
datasets for improved imaging and delineation of materials crucial for
the formation of quick clays and the triggering of landslides.
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