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1 INTRODUCTION

The Scandinavian post-glacial marine clays were de-
posited in a marine environment during and after the 
last ice age some 10 000 years ago, entrapping pore 
water of high salt con-tent in the voids. Leaching of 
the pore water by meteoric groundwater flow has di-
luted the pore water salinity in some clays. Without 
its salt, the clay structure can easily collapse and the 
clay becomes quick. A quick clay is a clay which in 
the remoulded state has a shear strength cr less than 
0,5 kPa. The most reliable method to confirm quick 
clay is sampling and index testing in the laboratory 
to measure the remoulded shear strength and sensi-
tivity. However these tests are costly for systematic 
quick clay hazard zonation.

The electric resistivity (the ability to conduct elec-
trical current) of soils and rocks is generally a func-
tion of porosity, the ion content of the pore water, 
salinity, clay content and presence of charged miner-
als such as graphite and some sulphides. For clays in 

general and for leached clays in particular, it is main-
ly the salt content that influences the resistivity of 
the clay (Montafia 2013), at least for salt contents 
down to about 1 g/l. The resistivity is normally high-
er in leached clay than in the intact marine clays. By 
measuring the soil resistivity, one may hence be able 
to deduce the potentially leached zones according to 
the classification by Solberg et al. (2012) for Nor-
wegian clays: 

• Unleached marine clay: 1-10 Ωm
• Leached, possibly quick clay: 10-80/100 Ωm
• Dry crust clay, slide deposits, coarser material like 

sand and gravel and bedrock: >100 Ωm

However, increasing numbers of case studies reveal 
that these resistivity ranges are often influenced by 
local conditions (Rømoen et al. 2010, Long et al.
2012).
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2 METHODS

As resistivity is closely correlated to the pore water 
salinity in clays, and quick clay is indicated by high-
er resistivity than low-sensitive clay, measuring it in-
situ appears as a suitable approach (Pfaffhuber et al. 
2014, NIFS 2015). Measuring electrical resistivity in 
the field can be done downhole (R-CPTu), from the 
terrain surface (ERT) or from the air (AEM). The
different geometries imply different advantages and 
limitations.

2.1 Resistivity - CPTu

The sounding equipment used for R-CPTu consists of 
an ordinary CPTu probe and a resistivity module 
mounted behind the probe (Fig. 1). To enable direct 
measurements of the resistivity, the electrodes need to 
be in contact with the soil volume where the meas-
urements shall take place. The module is powered by 
batteries, and it can read, store and transmit measured 
data acoustically through the rods or via an electric 
cable to a receiver on the surface. The measured data 
can also be stored on a digital memory-card mounted 
in the probe. Scandinavian manufacturers of R-CPTu 
equipment have chosen to equip their resistivity 
probes with four ring-electrodes. The two outer elec-
trodes transmit electric current into the soil, whereas 
the two inner electrodes measures the difference in 
potential. The distance between the electrodes defines 
the configuration. The resistivity depth profile is only
limited by the maximum borehole penetration depth 
(on the order of 50 - 70 meters). In the Nordic coun-
tries, R-CPTU is mainly used for detection of leached 
clays, whereas in the rest of the world the method is 
used for tracing of contaminants in the ground.

Figure 1: RCPT-u probe (Geotech).

2.2 Electrical resistivity tomography

ERT is a geophysical method that uses DC current 
for measurement of the resistivity distribution in the 
ground. The current is applied on the soil volume by 
using short steel electrodes installed at the terrain 
surface, penetrating 10-20 cm into the ground (Fig.
2). By measuring the differences in electric potential, 

a measure of the soil resistance is obtained for all 
electrode locations. The measuring profiles are orga-
nized in one or more straight lines. Present day 
equipment can measure potentials on several parallel 
channels, and the total time of measurements in a 
profile takes approximately one hour. By processing 
the data and running an inversion algorithm, a 2D or 
3D resistivity (ρ) model of the ground is obtained. A
general estimate of the investigation depth is a reach 
of about 10-20 % of the profile length, depending on 
the resistivity distribution in the soil. 

By integration of the resistivity model with data 
from borings and the geological knowledge of the 
area, the resistivity can be interpreted in terms of a 
geological ground model. This principle rests on the 
assumption that the resistivity mainly is determined 
by sediment or rock type. Its use for quick clay map-
ping has increased during the last decade, thanks to 
recent advances in the data acquisition (protocols 
and instruments) and processing tools.

Figure 2: Principal sketch of ERT measurements. Electric cur-

rent is send through the soil by 2 electrodes (C), while the pow-

er is measured on several locations (two in the illustration, P) 

(Knödel et al 2007).

2.3 Airborne electromagnetics

AEM measurements are used to map the electrical 
resistivity of the ground in a larger area. The method 
is traditionally used in the mining industry for trac-
ing minerals in the ground, but modern airborne sys-
tems may have sufficient resolution to allow use in 
hydrological and geotechnical applications. Different 
AEM systems are available, some adapted to the 
need of large penetration depths for mineral tracing, 
others for more shallow applications in hydrogeolo-
gy and geotechnics. All systems have in common 
that a magnetic field generated by the antenna induc-
es current in the ground, which distributes down-
ward and outwards. The rate of change in the elec-
tromagnetic field these currents produce, is recorded 
by a secondary coil. By inversion of the measured 
data points, the resistivity distribution in the ground 
can be modelled (Fig. 3). Interpretation of AEM re-
sistivity data with regard to sediment properties has 
so far been done manually and is an advanced task 
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Figure 3: Principal sketch of AEM: The measurements are collected along flylines and are inverted to a resistivity model (Source: 

crcleme.org.au).

that requires both geophysical and geotechnical 
knowledge and skills. 

The possible investigation depth may vary from 
50 m to about 500 m, depending on the geology and 
type of soil in the area, the AEM system and the in-
fluence of noise from surrounding infrastructure.

3 DATA RESOLUTION 

3.1 R-CPTu resolution

The distance between the electrode rings is in the 
order of 20 cm, R-CPTu readings are therefore 
small-scale compared to ground-based or airborne 
geophysics. No inversion is required during the data 
acquisition and therefore the measurement resolution
is constant throughout the whole borehole. The 
module needs to be regularly calibrated in brine so-
lutions of salt and water to ensure correct readings. 
In addition, a depth correction needs to be applied to 
the measurements, which is not always automatically 
done by the manufacturer software. 

3.2 ERT resolution

The resolution obtained depends on the electrode 
spacing. Near the surface, the resolution in depth and 
along the profile is about half the electrode spacing, 
but becomes poorer with depth due to the increase in 
the influenced soil volume. Good planning of the 
measuring profile and synthetic modelling are hence 
important, but one usually has to compromise be-
tween investigation depth and resolution in the 
measurements. It is however possible to measure a
number of adjacent profiles with several different 

electrode spacing to obtain a combination of high 
resolution and sufficient penetration depth. High 
resolution is particularly important if the aim is to 
separate the small differences in resistivity between 
salt and leached clay.

ERT results are computed by inverse modelling of 
the measured data. Usually resistivity is gradually in-
or decreased laterally and in depth until the model 
fits the data, leading to a smooth resistivity model.
This means that the transition from marine clay with 
low resistivity to rock with very high resistivity may 
be misleading, particularly if the thickness of the 
clay layer is limited. The resistivity of the clay will 
then appear higher than the real value, which can 
cause misleading interpretation of the clay (see ex-
amples in sections 4.1 and 4.2).

There exists no unique resistivity model for an
ERT measurements, and use of different calculation 
models can illustrate the uncertainty (Bazin et al.
2015).

3.3 AEM resolution

The vertical resolution may be as good as 3-6 m 
close to the surface, but it gradually gets poorer with 
depth. The lateral resolution is determined by the 
size of the soil volume where current is induced. A 
typical estimate is that > 90 % of the signal from the
ground origins from a perimeter about 3-4 times the 
flying height of the antenna. This means that one 
measurement defines a half-sphere with about 100 -
150 meter diameter. The resolution is also influ-
enced by the processing method. Experience shows 
that structures falling steeper than 30° will not be 
correctly depicted, but will appear with a gentler
slope compared to the true conditions. 

919



Figure 4: A representative ERT profile in Verdal. The resistivities at x < 160m (ρ < 20 Ωm) indicate intact marine clay while the re-

sistivities at x > 160m (ρ > 20 Ωm) indicate leached clay.

High-resolution AEM has since 2013 been used in 
several large-scale road or railroad projects in Nor-
way to obtain bedrock depth information, but the 
sediment characteristics requires even higher resolu-
tion. 

4 DATA CORRELATION FROM CM- TO M-
SCALE

The new guidelines for quick clay investigation are 
based on an extensive database of Norwegian test 
sites. Here, some representative examples are select-
ed to illustrate the agreement between the three men-
tioned resistivity measuring methods. 

When comparing resistivity measurements, it is 
important to be aware that these are influenced by a 
soil volume involving some centimetres to some tens
of centimetres for R-CPTu, some meters to tens of
meters for ERT and finally some tens of meter to 
some hundreds of meters for AEM.

4.1 RCPT-u versus ERT

A small scale ERT survey was acquired in 2015 in 
Verdal, 70 km NE of Trondheim, for a quick clay 
hazard investigation (NGI, 2015). The survey cov-
ered two sides of a major railway line, which there-
fore need to be studied with care. Five ERT profiles 
from 140 m to 400 m length were acquired, with 2, 3 
or 5 m electrode spacing. In addition,, six CPTus
were carried out, three with a resistivity module (R-
CPTu 1, 3, and 5). A representative ERT profile is 
shown in Figure 4. The top is marked by a 1-2 m 
thick dry crust layer (ρ > 100 Ωm). The clay appears 
more leached (ρ > 20 Ωm) on one side of the profile 
than on the other side (ρ < 20 Ωm). Indeed, laborato-
ry tests on clay collected in the boring marked in 
Fig. 4, indicate quick clay at 7 and 10 m depth. The 
transition to the resistive bedrock is smoothened out 
by the inversion process. A 3D overview of the sur-
vey is depicted in Fig. 5. The R-CPTu are presented 
with the ERT measurements for comparison (Fig. 6).

Figure 5: 3D view of the five ERT profiles and relative posi-

tions of the three R-CPTu loggings.

Figure 6: Resistivity measurements with R-CPTu (black) com-

pared to ERT (grey) for three locations in Verdal. For thin sed-

iments, (ERT 1 and ERT 5) the ERT-measurements are influ-

enced by high resistivity bedrock.

The values measured by R-CPTu agree well with 
those obtained by ERT, whereas ERT-measurements 
below 6 m in this case, are influenced by the resis-
tive bedrock. Except from these conceptual limita-
tions, experience shows that the measurements agree 
well where the soil conditions are favourable.
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4.2 ERT versus AEM

A SkyTEM 302 AEM survey was flown in 2013 in 
Norway to complete a new major highway between 
eastern Norway and Sweden (Anschütz et al., in 
prep.). The survey covers a planned road with
known deposits of quick clay. In order to obtain 
more information in the near surface, a 600 m long 
ERT profile was acquired in 2014 along one AEM 
flight line in a known quick clay zone, near Vorma 
50 km NE of Oslo. ERT and AEM data were pro-
cessed and inverted using similar constraints with 
the Aarhus Workbench software. 

Figure 6 demonstrates that ERT and AEM models
agree very well. The AEM model (Fig. 6 upper) dis-
plays internal structures in the clay layer. The uncon-
strained ERT model (Fig. 6 middle) illustrates that 

the transition from conductive clay to resistive rock 
is smoothed out by the inversion process. Further-
more, the constrained ERT model (Fig. 6 lower) us-
ing the bedrock depth from the boreholes, obviously 
depicts a clear interface, but it is also possible to re-
trieve pockets of intact marine clay (ρ < 10 Ωm) at 
depth. Those are identified by boring (marked as 
blue in the boreholes).

This example demonstrates that AEM in principle
can be used to distinguish marine, unleached clay 
from leached and potentially quick clay, provided 
the sediment layer is thick enough. Vertical varia-
tions in the resistivity distribution appear to be over-
estimated in the AEM method compared to the ERT 
method (Figure 7), a result/bias of the inversion al-
gorithm used.

Figure 6: AEM model (upper), ERT model unconstrained (middle), and ERT model constrained (lower) by bedrock depth from 

boreholes. The letters in the top panel mark the four main layers: possible quick clay (QC), marine clay (MC), weathered layer

(WL), and bedrock (BR). Quick clay identified with borings is marked in green. Figure from Anschütz et al., in prep.
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Figure 7: Vertical resistivity distribution from AEM (dash line) and ERT (solid line) at the boreholes positions shown in Figure 6. 

Figure from Anschütz et al., in prep.

5 CONCLUSIONS

Resistivity is directly related to salt content and 
therefore connected to sensitivity, and can indicate 
the spatial extent of leached clay. Although the three 
resistivity methods sample soil volume with differ-
ent order of magnitude (centimetres, meters, to tens 
of meters) they hold information that agree and 
complement each other.

As AEM allows for a large coverage within a 
short time period and at reasonable costs, compared 
to borehole data and even to ERT surveys, regional 
information should be acquired in the initial phase of 
the mapping project. Indeed, the likelihood of sensi-
tive clays can be used as a cost-saving tool for plac-
ing of further geotechnical investigations and ERT 
profiles. The proposed workflow in medium to large 
scale projects is thus AEM – ERT – soundings –
sampling.

Proximity to bedrock or other resistive layers can
bias the ERT and AEM soundings. Multimethod in-
vestigations can mitigate this uncertainty by com-
plementing the resistivity information (e.g. Sauvin et 
al. 2014) or by constraining the resistivity inversion
(e.g. Bazin et al. 2013).
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