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ABSTRACT
In the past few years, the focus on Alum shale hazards and the need for efficient mapping tools 
have increased in Norway. Alum shale is highly toxic and poses a substantial obstacle to infra-
structure development such as tunnel projects. We present an evaluation of the ground-based 
electrical resistivity tomography, induced polarisation, and airborne electromagnetic methods for 
mapping purposes using a recent case study. This evaluation is done in combination with resistiv-
ity and chargeability laboratory measurements applied on drill cores. The aim of the geophysical 
survey was to improve the knowledge of Alum shale occurrence to assist a tunnel project in Gran, 
southeast Norway. Resistivity and chargeability models derived from an electrical resistivity 
tomography/induced polarisation survey enabled us to map the presence of Alum shale during the 
tunnel investigation. The resistivity models point to geological layers that are in agreement with 
the rock types observed from early drillings together with subsequent geological logging during 
tunnelling. The time-domain chargeability models are imperfect but nonetheless reveal the pres-
ence of polarisable minerals. These are likely due to the high levels of sulphides contained in 
black shale. An airborne electromagnetic survey was done close to the area of interest, which 
enabled us to fly some sparse lines across the tunnel alignment as a piggyback survey. Although 
the airborne electromagnetic resolution is lower than electrical resistivity tomography, the suc-
cessful test flight lines illustrate the potential of airborne electromagnetic surveys for Alum shale 
mapping in Norway and affirm the promise of airborne electromagnetic in the early stages of 
project exploration.

logical model was available. However, the complexity of the 
project required a supplementary study to gather continuous 
information between the boreholes and, thus, decrease the 
overall project risk in terms of finances and scheduling. The 
first objective of this study was to characterize the rock mass 
and its overburden using resistivity derived either from ground-
surface electrical resistivity tomography (ERT) or airborne 
electromagnetic (AEM) surveys.

Experience shows that ERT usually gives good results for 
tunnel investigations (Danielsen and Dahlin 2009), and it is a 
time and cost-effective method compared with other ground-
based geophysical methods. Conversely, the use of AEM for 
tunnel pre-investigations is only starting for economic reasons, 

INTRODUCTION
The Norwegian Road Authority is modernizing the highway 
Rv.4, located 80 km northwest of Oslo (Figure 1). Two parallel 
road tunnels, each 1700 m long, have been excavated to bypass 
the town of Gran. The rock overburden is between 15 m and 
25  m. The blasting took place between November 2013 and 
May 2015, and roughly 335 000 m3 of masses from 700 blast-
ing units were driven out. The tunnel opened to traffic in sum-
mer 2017. We carried out a geophysical survey along the 
planned tunnel axis as blasting had just started. Exploratory 
drilling had already been conducted, and a preliminary geo-
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Moreover, when exposed to air and water, the sulphides are 
oxidised and produce sulfuric acid, which may corrode metallic 
structures. Black shale formations in Norway are mainly found 
in the Oslo rift, which extends as far north as Hamar, about 130 
km north of Oslo. They are found on a small but densely inhab-
ited area (roughly one third of the Norwegian population lives 
in southeast Norway). These clay-rich shales are part of the 
Cambro–Silurian stratigraphy, which includes a wide variety of 
shales and limestones of different compositions. The different 
lithological black shales in the Oslo graben have been formed 
under different anaerobic conditions. Less oxygen present 
under sedimentation generally produced higher sulphide and 
heavy metal contents and larger grain sizes. The shale layers 
are named chronologically: Layer 1 designates the oldest, 
deepest layer and consists mainly of sandstones. Layers 2–3a 
comprise the most harmful black shale, named Alum shale, 
usually in thick layers (up to 80 m). Alum shale is an argilla-
ceous, often carbonaceous rock, containing iron sulphides 
(pyrite, pyrrhotite, and marcasite), which, when decomposed, 

and an increasing number of case studies shows that high-reso-
lution AEM data are valuable and cost-saving tools in construc-
tion projects (Pfaffhuber et al. 2010, Okazaki et al. 2011, 
Anschütz et al. 2017). The typical size of an AEM survey for 
such projects is on the order of 200-km flight lines, which takes 
approximately 2–3 days to fly. Both methods, ERT and AEM, 
can model the lateral and vertical resistivity distribution of the 
subsurface; ERT has often a better lateral resolution but more 
limited depth of investigation than AEM (e.g., Anschütz et al. 
in press). The two methods are therefore complementary.

The second objective of this study was to determine the appli-
cability of geophysics to identity the different shale types present 
in the tunnel. Some areas of the Norwegian capital Oslo and its 
surroundings feature a toxic black shale type, Alum shale. 
Excavated Alum shale is classified as toxic waste and must be 
disposed accordingly (NGI 2015). For this purpose, a special 
waste landfill needs to be established near the excavated site. 
Consequently, Alum shale occurrence is a massive cost for a tun-
nel project, and prior knowledge about its expected volume is 
crucial. The resistivity models were initially used to delineate the 
occurrence of the black shale along the tunnel axis. We observed 
that the black shale was chargeable enough to create induced 
polarisation (IP) signals in both the ground and airborne data. 
Laboratory measurements were then carried out at a later stage 
to help understand the different mechanisms involved in the IP 
signals observed in the field. The results of the different methods 
are first described, then compared and discussed. An evaluation 
of the different mapping methods is proposed.

Geological context
The Alum Shale Formation is a formation of black shale of 
Middle Cambrian to Lower Ordovician in age, found only in 
southern Scandinavia (Nielsen and Schovsbo 2007). They were 
deposited in an alternation of reducing or oxidizing environ-
mental conditions as dark, fine-grained sediments rich in 
organic material (NGU 2009). These shale formations have a 
high content of carbon, with total carbon values (TOC) up to 
16–17% (wt). In certain extreme TOC values, up to 50% (wt) 
have been found. Alum shale is known to be environmentally 
harmful because of its high content of sulphides (> 15 g/kg) 
and heavy metals (60–200 mg/kg) (NGI 2013). Alum shale is 
also a source of radon gas and ionizing radiation. Adding to its 
toxicity, Alum shale swells significantly when it encounters 
oxygen, leading to deformation and damage risk to infrastruc-
ture in the vicinity: the oxidation changes the shale minerals 
such that a significant swelling perpendicular to the shale plane 
occurs (two to three times the original volume), which can 
cause differential uplift to nearby structures (NGI 2015). 

Elnes Huk Galgeberg Hagaberg Alum

Max. resistivity (Ωm) 84 540 0.54 240 0.13

Min. resistivity (Ωm) 44 43 0.25 110 0.025

Table 1 Laboratory resistivity 

measurements in core samples 

from the five rock types of the 

Cambro–Silurian stratigraphy.

Figure 1 Detailed map of the study area in Gran town, 100 km north of 

Oslo, Norway. Superposition of the planned road tunnel, the ERT pro-

files, the AEM test survey, and the bedrock stratigraphy. The regional 

map is displayed with transparency effect to show the presence of urban 

infrastructure near the survey.
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shale plane) resistivities were estimated by rotating the conduc-
tivity tensor (Table 1).

The laboratory set-up and the Alum shale sample are shown 
in Figure 2.

The two black shale types (Alum and Galgeberg) are highly 
conductive, ρ < 1 Ωm, the Alum shale being the most conductive. 
These extremely low values confirm the potential to use resistiv-
ity as a mapping tool for black shale. The gray shale Elnes, 
which may have some black shale properties, has a higher resis-
tivity, whereas the Hagaberg and the limestone Huk have much 
higher values. The strong anisotropy, up to a factor of 10 for Huk 
limestone and Alum shale, is of particular interest. The former is 
explained by significant cracks visible in the sample; the latter is 
a result of the inherent sedimentation structure.

As explained in the introduction, the second objective of this 
study was to determine the applicability of geophysics to identity 
the different shale types of the Cambro–Silurian stratigraphy. The 
need to better understand the chargeability properties of Alum 
shale was raised while processing the ground-investigation data. 
Therefore, spectral IP (SIP) measurements were carried out on 
three core samples at a later stage using the “Chameleon” appara-
tus (Radic 2014) to measure the complex resistivity ρ* (ρ* = |ρ| 
eiφ where φ is the phase shift between the injected current and the 
measured potential). These samples were not taken in the Gran 
tunnel but from the same Alum shale layer of the Cambro–
Silurian stratigraphy in the Oslo graben. Again, the samples were 
carefully sawn off, and their final average dimensions were 
45 mm in diameter and 96 mm in length. The SIP measurements 
were carried out with three different current densities (0.07 A/m2, 
0.7 A/m2, and 7 A/m2), but only the most representative one, at 
0.07 A/m2, is shown here. Figure 3 shows the resistivity spectra 
(amplitude |ρ| and phase φ) in three Alum shale samples (E1, E2 
and E3). The measured impedance is a combination of several 
mechanisms. The most important of these for the investigated 
samples is the current flowing through metallic particles, which 
creates a frequency dependent conduction. This mechanism is 
usually referred to as interfacial polarisation. We observe a 
decrease of the amplitude resistivity with increasing frequency 
(Figure  3a), which is connected with a negative phase shift 
between the injected current and the measured voltage (Figure 3b). 
The chargeability level can be estimated from the relative drop of 
resistivity from lowest to highest frequency by the formulation  
mo = (ρ0 - ρinf) / ρ0. It ranges between 650 mV/V and 800 mV/V 
for the three samples over the entire spectrum (Figure 3a). The 
three phase spectra in Figure 3b seem to indicate that these Alum 
shale cores have different polarisation performance over the stud-
ied frequency (1 mHz to 100 kHz), but they all show three nega-
tive phase peaks at the same frequencies (at 3 mHz, between 2 Hz 
and 3 Hz, and near 100 kHz). The phase decrease near 100 kHz 
should not be considered a characteristic peak. The measured 
absolute peak amplitudes are between 1° and 19°. Normally, IP 
effects over 1° phase are due to electronic conducting minerals, 
that is, the iron sulphides present in these Alum shale cores. The 

forms sulphuric acid that reacts with the aluminous and potas-
sic materials of the rock to produce aluminium sulphates (AGI 
1972). Layer 3bα is called Hagaberg and is a green–gray shale, 
usually with a thickness of over 10 m. Layer 3bβ is another 
black shale, called Galgeberg, with a thickness of over 15 m. 
Thereafter comes layer 3c, typically a thin layer subdivided 
into limestones, called Huk, and limestone-rich shales. The last 
layer found in the Gran tunnel is 4aα, called Elnes, a gray shale 
that may have black shale properties and can occur in layers 
dozens of meter thick. The strata are tilted in the area, and the 
Alum shale layer is exposed in the northern tunnel end. Nyland 
and Teigland (1984) measured uranium (U) concentration in 
many samples from Cambro–Silurian rocks of the Oslo rift, and 
they reported that the Alum shale samples contained the highest 
U concentration (126 mg/kg), compared with an average of 
29 mg/kg in the remaining samples.

Laboratory data
Resistivity measurements were carried out on cores drilled in 
the Gran tunnel. They correspond to the five rock types of the 
Cambro–Silurian stratigraphy. The samples were carefully 
sawn off, and their final average dimensions were 38 mm in 
diameter and 31 mm in length (Figure 2 right). Wang, Gelius 
and Kong (2009) have adapted a triaxial cell to measure resis-
tivity in rock samples at in situ conditions while minimizing the 
polarisation effects with a two-electrode system (Figure 2 left). 
The modified triaxial cell was used at a confining pressure of 
0.5 MPa and a varying effective vertical stress of 3–10 MPa. 
Both axial and radial resistivities were recorded. The maximum 
(perpendicular to the shale plane) and minimum (parallel to the 

Figure 2 Left: the modified triaxial cell can measure resistivity at in situ 

conditions (Wang et al. 2009). The electrodes are encapsulated in the top 

cap and the pedestal and on the sides of the sample. Right: Alum shale 

sample used for the laboratory resistivity measurement. Notice the ani-

sotropy and the large mineral sizes.



S. Bazin et al.4

© 2017 European Association of Geoscientists & Engineers, Near Surface Geophysics, 2017, 15, xxx-xxx

indicating extremely low resistivity (< 1 Ωm, see above). The sur-
vey was performed with a 12-channel Terrameter Lund System 
(LS) recording unit (ABEM 2010). The multiple gradient array 
was chosen for the acquisition protocol (Dahlin and Zhou 2006), 
being the most efficient array for this multichannel instrument. 
Three ERT profiles with 3-m electrode spacing (profile lengths: 
G1 420 m, G2 582 m and G3 519 m) were acquired along most of 
the tunnel alignment. The maximum depth of investigation was 
~46 m with this acquisition geometry. Two additional ERT profiles 
(G4 and G5) were acquired in the central part of the tunnel align-
ment with 5-m electrode spacing to increase the depth of investiga-
tion to 70 m where the tunnel is the deepest (the depth of the tunnel 
roof at its deepest point is 44 m). All ERT data were inverted with 
the academic boundless electrical resistivity tomography (BERT/
GIMLi) code (Günther, Rücker and Spitzer 2006). Bazin et al. 
(2015) discuss the consistency between this inversion algorithm 
and the industry standard Res2Dinv program (Loke 2010) together 
with the Århus University’s AarhusInv algorithm (Auken et al. 
2005, 2014). Figure  4 illustrates the three different stratigraphy 
models that exist for the tunnel project: pre-investigation geologi-
cal mapping and borehole lithology were used to build a prelimi-
nary stratigraphic model; resistivity models were used to foresee 
possible deviation from the preliminary stratigraphic model; 
finally, direct geological observation during the excavation were 

peaks in the spectrum are interpreted as related to the diameters 
of electronic conducting minerals (e.g., Pelton et al. 1978). The 
phase peak at 2–3 Hz corresponds with minerals’ diameters of 
some millimetre, whereas the phase peak at 3 mHz corresponds 
with minerals’ diameters of some centimetre. A visual inspection 
does not show minerals as large as cm and thus the phase peak at 
2–3 Hz can be a result of connected conducting minerals, forming 
large polarisable aggregates. Such aggregates are visible in the 
samples and have the shape of foliations. In general, the ampli-
tude of the phase peak correlates with the mineral content of the 
sample (Pelton et al. 1978; Revil et al. 2016). A chemical analysis 
of the three samples reveals that the two samples (E2 and E3) that 
present a strong peak near 3 mHz contain the most iron sulphides 
and the highest U levels and, are therefore, the most harmful. This 
result highlights the heterogeneity that can be found in one single 
Alum shale layer. These rocks have probably been formed under 
more anaerobic conditions, yielding higher sulphide content and 
larger grain sizes (Lysdahl, Endre and Radic 2016). This result 
also suggests that the amplitude of the phase peak may be a good 
proxy for the toxicity level of the Alum shale.

Resistivity ground investigation
ERT measurements were carried out along the tunnel axis to map 
the occurrence of black shale, motivated by prior laboratory tests 

Figure  3 Complex resistivity 

spectra (ρ* = |ρ| eiφ ) for three 

core samples E1, E2, and E3 of 

Alum shale. The resistivity 

amplitude |ρ| is shown in a, 

whereas the phase φ shift (in 

degrees) between the injected 

current and the measured poten-

tial is shown in b.

Figure  4 (a) Resistivity models 

along G1, G4, and G3. (b) 

Preliminary geological model 

based on drilling (background col-

ours) and geological mapping dur-

ing excavation (inside tunnel 

sketch). The preliminary geological 

model treats the Hagaberg layer 

(green color) as one unit, whereas 

the on-site geological mapping is 

able to differentiate between the 

limestone (light green) and the 

shale (dark green) sublayers. The 

vertical scale is exaggerated.
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vation; the final geological mapping is depicted in the tunnel out-
line (Figure 4b). The preliminary stratigraphic model provided a 
general understanding of the expected geology, but the direct 
geological observation revealed that the Huk layer thickness is 
variable and that all the layers are more folded than predicted.

Chargeability ground investigation
Time domain IP (TDIP) was also measured during the ERT 
survey. Acquisition settings were kept equal for the different 
profiles: a square-wave voltage input with 1 second on-and-off 
time was applied and full-waveform data were recorded. This 
short time period was chosen due to the survey’s primary focus 
on resistivity. For the same reason, non-polarisable electrodes 
were not used as they are fragile and not practical in hard 
ground conditions. Stainless steel electrodes were used for cur-
rent transmission as well as potential measurements. The 
Terrameter measurement protocol is specially designed to 
minimise electrode charge-up by making sure that electrodes 
are not used for measuring potentials immediately, or soon 
after, being used for transmitting current (Dahlin 2000). 
Logarithmically spaced gates windows were used for the IP 
acquisition during current time off (50% of the duty cycle). 

used as ground truth to evaluate the resolution of the resistivity 
models. Only the three most representative of the five ERT profiles 
are presented here for the interpretation considering the geology. 
The parallel profiles are consistent and corroborate our interpreta-
tion. Two-dimensional resistivity sections acquired during excava-
tion (Figure 4a) enabled us to map geological layers in agreement 
with the rock types expected in the geological model based on 
early drill logs (Figure 4b). The folding of the resistive Huk lime-
stone layer (its laboratory resistivity ranges from 43 to 540 Ωm, 
c.f. Table 1) is recovered by the resistivity models. The Hagaberg 
layer (ρ = 110–240 Ωm) is too thin to be resolved between the two 
conductive shale layers (Galgeberg with ρ = 0.25–54 Ωm and 
Alum with ρ = 0.025–0.13 Ωm). The presence of black shale is 
suggested by the very low resistivity (< 1 Ωm, dark blue in 
Figure 4a) within the northern two fifth of the tunnel. This was 
later confirmed by direct geological observation during the exca-

Figure 5 Pseudo-sections along G3 showing good quality apparent resis-

tivity data (upper panel) and noisy IP data (three lower panels). The first 

gate, IP1, extends from 0.01 to 0.03 s. The last gate, IP9, extends from 

0.75 to 0.99 s. The normalised apparent chargeability data are the inte-

gration over the nine time gates. The triangle pointing downward indi-

cates the position of the measurement shown in Figure 6 for which the 

chargeability data are of good quality. The triangle pointing upward 

indicates the position of the measurement shown in Figure 7 for which 

the chargeability data are of bad quality.

Figure  6 Voltage measurements (upper) and resulting decay curve 

(lower) collected along G3 at the location marked by triangle pointing 

downward in Figure 5. The voltage data are of good quality and so is the 

resulting decay curve.
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ity of Alum shale, which was the aim of the survey. Negative 
apparent chargeability values can occur as a consequence of the 
distribution of chargeable zones in the ground (Dahlin and 
Loke 2015); they were therefore kept during the data process-
ing. An inspection of the full-waveform voltage data measured 
along G3 indicates that some areas reveal good quality voltage 
data (Figure 6), which is the case for most of the shallow part 
of the profile. However, a large part of the full-waveform volt-
age data reveals ambient noise most likely due to the nearby 
infrastructures (Figure 7). Such noise is frequent, and Olsson et 
al. (2015) have improved the acquisition software and hard-
ware to minimise this, but these developments were not avail-
able at the time of this survey. Some of the areas affected by 
ambient noise can still present the usual shape for the decay 
curves (Figure  7) even though the voltage measurements are 
erratic. This indicates that manual data editing is not possible 
based only on the shape of the decay curves. In addition to the 
anthropogenic noise, the voltage data might also be contami-
nated by electromagnetic (EM)  coupling within the measuring 
cables, and this noise most often affects the first gate. EM 
coupling noise can be important, whereas using the multiple 
gradient array as the potential electrode pair is located inside 
the current electrode pair. Dahlin and Leroux (2012) have 
reduced this type of noise by using two separate multi-elec-
trode cables for the potential and current dipoles. This was 
unfortunately not doable here with the limited time available 

Figure  5 shows the raw field data as apparent resistivity and 
apparent chargeability sections along one representative pro-
file, G3, with 3270 data points. The resistivity data are of gen-
erally good quality but the IP data appear erratic as we observe 
very negative and very positive apparent chargeability values 
next to each other. It is generally observed that field resistivity 
data acquisition is robust from a data quality point of view, 
whereas IP data acquisition is much more sensitive to noise 
contamination due to smaller signal levels in combination with 
shorter delays and integration times (Dahlin and Leroux 2012). 
Apparent chargeability values above 200 mV/V, as measured 
here, are usually considered unrealistic and affected by noise in 
near-surface investigations but are common in mineral explora-
tion (e.g., Viezzoli and Kaminski 2016). In this case, the occur-
rence of high absolute apparent chargeability values is stronger 
for the early gate (IP1 gate goes from 0.01 to 0.03 s) than for 
the later gate (IP9 goes from 0.75 to 0.99 s). The injected cur-
rent varied between 83 mA to 503 mA, with the low current 
values being concentrated in the conductive areas (mostly 
toward the north). This would indicate that the IP data quality 
is expected to be lower due to smaller signal levels in the vicin-

Figure 7 Voltage measurement (upper) and resulting decay curve (lower) 

collected at the location along G3 marked by a triangle pointing upward 

in Figure 5. The voltage data are influenced by noise.

Figure 8 Resistivity (a and c) and chargeability (b and d) models along 

G1. Res2Dinv models are seen in a and b while BERT models are seen 

in c and d. The resistivity data is of good quality while the IP data is 

influenced by noise.
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the colour scales. The IP data fit is already very good (root mean 
square (RMS)  = 2.3%) at iteration 4 for G1 but only fair (RMS 
= 10.5%) at iteration 5 for G3 and poor at iteration 5 for G4 
(RMS = 13,6%) with Res2Dinv (Figures 8–10b). As is typical for 
noisy IP data, the inverted chargeability appears spotty. The 
background chargeability level is low for most of the G1 except 
in the northern end, which presents a strong but small-scale 
anomaly. Indeed, the later geological mapping revealed the pres-
ence of Galgeberg black shale near G1 northern end. The charge-
ability models along G4 and G3 are more variable than along G1. 
A quite contiguous feature is observed along G1 and G3 profiles 
in the first 15-m depth, which traces the sediment–bedrock inter-
face. In addition, some strong blocky anomalies are seen along 
G3 and G4 within the bedrock, but it is difficult to interpret them 
in terms of geology.

Alternatively, the SIP effect can be modelled by the BERT/
GIMLi algorithm (Günther and Martin 2016). Like other algo-
rithms, it begins with a direct current (DC) resistivity inversion 
prior to inversion of the IP data. Usually it works in the fre-
quency domain, either for single frequencies or simultaneously 
for the whole frequency spectrum (Günther and Martin 2016). 
However, this algorithm also includes an inversion for chargea-
bility using an inversion approach based on the ideas of 
Oldenburg and Li (1994) and combining two different DC for-
ward calculations. Data are the measured apparent chargeabili-
ties for any time gate and inversion parameters are the subsurface 
chargeabilities (in mV/V), which are directly regularised by 
smoothness constraints and a logarithmic transformation. As a 
result, contiguous and, thus, more realistic IP models are 
obtained compared with linearised inversion approaches. The 

for the survey and, again, because the resistivity measurements 
were the priority.

Some decay curves are so erratic that it was not possible to 
manually edit the raw data and keep enough decays to success-
fully invert for the Cole–Cole relaxation parameters with 
AarhusInv inversion algorithm (Fiandaca et al. 2013). At the 
time of this research, AarhusInv was not able to invert such 
sparse data. In the meantime, a constant phase angle inversion 
was implemented. Instead of fitting the full shape of the decay 
curves, one can limit the IP inversion to the integral chargeabil-
ity, which is the integration of the area beneath each decay curve. 
The magnitude of the integral chargeability can be computed by 
discrete integration at the nine time gates with Res2DInv (Loke 
2010). The Res2Dinv resistivity and integral chargeability results 
are presented in Figure 8(a,b), Figure 9(a,b), and Figure 10(a,b) 
for profiles G1, G4, and G3, respectively, going from S to N. As 
already discussed in Bazin et al. (2015), the resistivity models 
obtained with the two inversion algorithms, Res2inv 
(Figures  8–10a) and BERT/GIMLi (Figures  8–10c), are quite 
similar. The earlier comparison of Bazin et al. (2016) plotted the 
inverted models obtained from the different algorithms with the 
same visualisation tool. Here, for simplification, the two built-in 
visualisation tools are used but with the same range of values for 

Figure 9 Resistivity (a and c) and chargeability (b and d) models along 

G4. Res2Dinv models are seen in a and b, whereas BERT models are 

seen in c and d. The resistivity data are of good quality, whereas the IP 

data are strongly influenced by noise.

Figure 10 Resistivity (a and c) and chargeability (b and d) models along 

G3. Res2Dinv models are seen in a and b, whereas BERT models are 

seen in c and d. The raw data are shown in Figure 5: the resistivity data 

are of good quality, whereas the IP data are strongly influenced by noise.
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can result in significant artefacts in the models (Viezzoli, Jørgensen 
and Sørensen 2012). The data coverage is sparse because the heli-
copter could not fly above buildings. The penetration depth of the 
AEM method is in excess of 100 m in this area, more than twice 
that of the short ERT profiles. The nominal spacing between AEM 
sounding points was 30 m. The 1D vertical resistivity models were 
projected along the Gran tunnel and are depicted in Figure  12a. 
Although the resulting profile does not perfectly coincide with the 
ground investigation lines (c.f. map in Figure 1), the AEM resistiv-
ity depth section agrees with those obtained with BERT (Figure 4a) 
and the geological mapping (Figure 4b). The very conductive black 
shale (Galgeberg and Alum shales, dark blue on the resistivity col-
our scale) is easily identified in the AEM resistivity section: the 
small-scale undulations are not recovered, but the black shale layer 
deepens toward the south.

The spatial distribution of the AEM resistivity is presented in 
map views at three different elevations (Figure 13). The very high 
conductivity (ρ < 1 Ωm, dark blue on the resistivity colour scale) is 
in agreement with the presence of Alum shale near the northern end 
of the tunnel. The distribution of radioactive nuclides (Th, U, K) was 
mapped with a light gamma spectrometer mounted on the helicop-
ter. It measured the intensity of gamma radiation emitted from the 
ground, from the isotopes the isotopes thorium-232, uranium-238, 
and potassium-40. The U distribution is also depicted in Figure 13, 
and it presents a strong anti-correlation with the AEM resistivity 
distribution at the highest of the three elevation slices (210–220 m). 
As expected, the U level is the strongest where the Alum shale layer 
is shallowest near the northern end of the tunnel. This method there-
fore can be used for efficient large-scale investigation of Alum 
shale; however, Heincke et al. (2008) have noticed that clayey 
marine sediment covers can strongly attenuate gamma radiation. It 
might therefore not be as reliable as resistivity/IP surveying.

BERT resistivity (Figures  8–10c) and chargeability 
(Figures 8–10d) models are presented for the three selected pro-
files. There is reasonable agreement between Res2DInv 
(Figures 8–10b) and BERT chargeability models (Figures 8–10d), 
whereas the BERT models appear less spotty thanks to the new 
regularisation. The chargeability residuals obtained are reasona-
ble, 11.5 mV/V, 19.3 mV/V, and 18.9 mV/V for G1, G3, and G4, 
respectively. This adds confidence to the interpretation of the 
ground-based chargeability models. Like for the Res2DInv 
RMS, these chargeability residuals reveal that the data are noisi-
er toward the north with the presence of black shale. As for the 
Res2DInv models, a contiguous chargeability contrast traces the 
sediment–bedrock interface. This feature is in accordance with 
the preliminary geological model. In addition, some strong 
chargeability anomalies are observed within the bedrock: near  
x = 340 m along G1, between x = 200 m and 400 m along G4 
and along most of G3. These coincide with the conductive 
regions and observations of black shale.

AEM test survey
A small AEM test survey was carried out with the SkyTEM 304 
time domain system (Sørensen and Auken 2004) as part of a bigger 
survey (Lysdahl et al. 2015). Raw data were processed using the 
Århus Workbench package (www.aarhusgeo.com) and inverted 
using a spatially constrained inversion (SCI, Viezzoli et al. 2008). 
The AEM time gates range from 8.21 µs to 8.90 ms. Figure  11 
shows a sample of the AEM data collected during 2 minutes of 
flights. The raw data quality suffers from the noisy background 
caused by the urban area. However, unlike for the ground-based IP 
data, the AEM data can be edited through careful inspection of the 
transients, carried out using available ancillary geographic informa-
tion system (GIS) data (e.g., Auken et al. 2009). Failure to do so 

Figure  11 (a) AEM raw and 

stacked voltage soundings at low 

moment (LM) and high moment 

(HM), measured over 2 minutes 

of flight. The manually edited 

soundings are shown in gray. The 

area marked in red shows noisy 

data affected by capacitive cou-

pling due to man-made infra-

structures. (b) Transient of LM 

and HM as a result of the aver-

aged data marked in blue in (a).
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tion where the black shale was mapped by geologists (direct 
observation in the tunnel and cores). This black shale could have 
been imaged by the ground-based resistivity survey alone, but they 
were confirmed by the TDIP survey with no extra cost and, there-
fore, decreased the overall project risk. Further data pre-processing 
should be considered to improve TDIP data quality in the future. 
The new inversion approach in the BERT/GIMLi algorithm sub-
stantially improved the quality of the chargeability models com-
pared with the linearised inversion.

As already mentioned by Wennermark et al. (2015), the two 
different types of IP acquisition (time domain in the field and 
frequency domain in the laboratory) are qualitatively connected, 
but it is difficult to proceed to a quantitative comparison. 
Exploiting the full-decay spectrum of the ground-based IP data 
may allow such comparison in the future. The TDIP field exper-
iment uses a transmitter frequency of ~0.2 Hz. At this frequency, 
all three Alum shale samples show a significant phase lag (6° to 
8°) and a chargeability level of ~200 mV/V over the Terrameter 
bandwidth range. There is, thus, good agreement between the 
ground-based TDIP and the SIP laboratory test. It would be 
interesting to address whether different types of black shale have 
different phase peak frequencies and chargeability levels in 
future investigations. If so, SIP field surveys would be able to 
discriminate between the different types of black shale.

The SIP measurements show two peaks in the phase spectra, 
whereas the Cole–Cole model should in theory have a single 
peak. Therefore, a multiple Cole–Cole model should be involved 
(Vanhala 1997). The highest frequencies (100 Hz to 100 KHz) of 
the SIP spectrum, which overlap with SkyTEM low-moment 
bandwidth, show a rather small-phase lag (< 4°, Figure 3b). The 
phase lag is the largest, 2.6° and 3.8°, for E2 and E3 samples (the 
two samples that contain the most sulphides) at 117 Hz, which 
corresponds to the latest SkyTEM gates. This could explain why 
the chargeability distribution inverted from the AEM dataset 
shows a strong correlation with the presence of Alum shale in the 
tunnel (Figures 4b and 12b). The chargeability level estimated 
from the relative drop of SIP resistivity over the SkyTEM band-

The presence of strong IP signals in the laboratory and ground 
data suggested the possibility of modelling IP from the SkyTEM 
data. It has long been known that chargeability can affect time 
domain AEM systems (e.g., Smith and Klein 1999). A better 
understanding and monitoring on AEM systems’ responses, asso-
ciated with recent developments in inversion codes (e.g., Fiandaca 
et al. 2013) has renewed interest in this topic and its applicability 
(Kratzer and Macnae 2012, Kaminsky and Viezzoli 2017). The 
AEM data need proper pre-processing; then a dispersive resistivity 
formulation takes place of the standard non dispersive resistivity. 
Negative raw time domain (TD) EM data are a sure indication of 
IP effects, for a concentric TDEM system. Negatives develop more 
easily in the presence of resistive bedrock, which is not present in 
this area. Lack of negatives, however, does not exclude the pres-
ence of an IP component, which could be associated with an 
increase of signal at the early times and/or a slightly faster decay 
at later times (e.g., Smith and West 1989). IP modelling was there-
fore attempted, using the Cole–Cole model. On average, the data 
misfit decreased by approximately 15%. The resistivity changed 
only marginally. The sensitivity on the Cole–Cole models is gener-
ally low, with a depth of investigation for chargeability on the 
order of 50 m (Christiansen and Auken 2012). However, the 
chargeability distribution inverted from the AEM dataset 
(Figure 12b) shows a strong correlation with the presence of Alum 
shale just below or in the tunnel, from distance x = 400 to 600 m 
and an even stronger correlation toward the northern end of the 
tunnel from distance x = 1250 to 1400 m (the purple colour 
Figure 12b indicates chargeability levels > 200 mV/V).

DISCUSSION
ERT surveys are widely used for site investigations during the 
design stage of construction projects. IP surveys however are 
hardly ever used. In this study, the benefit of the IP measurements 
in conjunction with the resistivity measurements was examined. 
Although the ground-based IP data are very noisy and the TDIP 
setup was not optimal for a chargeability investigation, the ground-
based IP models (Figures 8–10d) clearly indicate a strong polarisa-

Figure 12 AEM derived resistiv-

ity (a) and chargeability mo (b) 

vertical sections projected along 

the tunnel, obtained with the SCI 

of a dispersive resistivity model 

(Cole–Cole). C.f. Figure 4 for the 

coincident geological section 

where the resistivity colours scale 

and the horizontal distances are 

the same.
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option. The heavily folded shale along our study area illustrates the 
superior lateral resolution of ERT versus AEM, whereas both 
methods are consistent in terms of resolving the vertical boundary 
of the resistor/conductor interface.

The laboratory results suggest that the amplitude of the SIP 
phase peak might be a good proxy for the toxicity level of the Alum 
shale. Chargeability investigations obtained from ground-based 
methods have a strong potential for black shale mapping. However, 
the standard and efficient ground-based time-domain acquisition 
method reveals some limitation due to the high noise level in the 
voltage data when acquired in a conductive environment. The pre-
liminary results presented on the chargeability derived from AEM 
method are also promising for contributing to the mapping of these 
shales. Even at a noisy site, the airborne time-domain IP data pre-
sent a good correlation with the presence of Alum shale. More 
research is needed on the induced polarisation in black shale to 
bridge the gap between small-scale laboratory measurements and 
the inverted parameters in field, both ground and airborne.

Airborne gamma radiation, in particular U distribution, is also 
very sensitive to the presence of Alum shale, but it can be attenu-
ated by clayey overburdens. Fortunately, the data quality does 
not deteriorate with the presence of infrastructures, as it does for 
AEM. The two methods are therefore complementary.
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