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New magnetotelluric (MT) data in north-west Fennoscandia were acquired within the framework of the
project “Magnetotellurics in the Scandes” (MaSca). The project focuses on the investigation of the crustal
and upper mantle lithospheric structure in the transition zone from stable Precambrian cratonic interior
to passive continental margin beneath the Caledonian orogen and the Scandinavian Mountains in west-
ern Fennoscandia. An array of 59 synchronous long period and 220 broad-band MT sites was occupied in
the summers of 2011 to 2013. We estimated MT transfer functions in the period range from 0.003 to
105 s.
TheQ-functionmulti-sitemulti-frequency analysis and the phase tensorwere used to estimate strike and dimen-
sionality of MT data. Dimensionality and strike analyses indicate generally 2-D behaviour of the data with 3-D
effects at some sites and period bands. In this paper we present 2-D inversion of the data, 3-D inversion models
are shown in the parallel paper. We choose to invert the determinant of the impedance tensor to mitigate 3-D
effects in the data on our 2-D models. Seven crustal-scale and four lithospheric-scale 2-D models are presented.
The resistive regions are images of the Archaean and Proterozoic basement in the east and thin Caledonian
nappes in the west. The middle and lower crust of the Svecofennian province is conductive. The southern end
of the Kittilä Greenstone Belt is seen in the models as a strong upper to middle crustal conductor. In the
Caledonides, the highly conductive alum shales are observed along the Caledonian Thrust Front. The thickest
lithosphere is in the Palaeoproterozioc Svecofennian Domain, not in the Archaean. The thickness of the litho-
sphere is around 200 km in the north and 300 km in the south-west.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The “Magnetotellurics in the Scandes” (MaSca) project targets
development and application of the magnetotelluric (MT) method to
study the Earth's structure in north-west Fennoscandia. The area of in-
vestigation consists of, from the oldest to the youngest formation, the
atova).
Archaean Domain, the northern Svecofennian volcanic belt and the
Caledonides. The array crosses two important boundaries: the ancient
Archaean–Proterozoic boundary and the Caledonian Thrust Front
(Fig. 1 a, b).

Prior to this project, there were no MT data acquired in western
Fennoscandia, except for two recent MT profiles in southern Norway
(Cherevatova et al., 2014) and across the central Scandinavian Moun-
tains (Korja et al., 2008). A number of MT surveys have been conducted
in the rest of Fennoscandia (Agustsson, 1986; Hjelt et al., 2006; Korja,
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Fig. 1.Main geological units of the Caledonian orogen and the Precambrian basement in north-west Fennoscandia. (a) Simplified geologymap. Themap is compiled after Gorbatschev and
Bogdanova (1993), Ramberg et al. (2008) and Ebbing et al. (2012). (b) Main tectonic domains in Fennoscandia (modified from Koistinen et al. (2001)). (c) Elevation map: black circles—
MaSca array, blue— Jämtland–Trøndelagmagnetotelluric profile (Korja et al., 2008), green— ToScaMTprofiles (Cherevatova et al., 2014), red line— seismic SCANLIPS experiment (Ebbing et al.,
2012), magenta line— the Blue Road seismic profile (Lund, 1979).

2 M. Cherevatova et al. / Tectonophysics 653 (2015) 1–19
2007; Korja et al., 1989; Korja et al., 2008; Lahti et al., 2005; Rasmussen,
1988; Rasmussen et al., 1987) and itsmargins (Brasse et al., 2006; Jones,
1983; Smirnov and Pedersen, 2009). The Baltic Electromagnetic Array
Research (BEAR) project was an international experiment for deep
electromagnetic sounding. Earlier studies together with the BEAR
data allowed compilation of a map of integrated conductance of the
Fennoscandian Shield and its margins (Korja et al., 2002). Accordingly,
the MaSca project is a natural continuation of MT measurements to
the north-west.

Seismic and electromagnetic methods are two geophysical tech-
niques that can measure the in situ physical properties of the litho-
sphere. Knowledge of the geometry of the lithosphere–asthenosphere
boundary (LAB) is important as this boundary significantly controls
the geodynamic processes that create, modify, and destroy the litho-
sphere. The MaSca array is aimed at measurements of the electric prop-
erties to give a new insight into the thickness of the lithosphere.

Unfortunately, north-west Fennoscandia is not well studied by seis-
mic methods. Therefore, a comparison of the resistivity and velocity
models is not currently possible. In Sweden, the European Geotraverse
and related experiments provide information on the central part of the
Fennoscandian Shield (Guggisberg et al., 1991; Lund and Heikkinen,
1987). The results of these show a thickened crust below the low topog-
raphy of the central Fennoscandian Shield, which is not in agreement
with the observed gravity signal. The Blue Road profile across the
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northern ScandinavianMountains (Lund, 1979) is located some 100 km
to the south fromMaSca array. Lund (1979) stated that there is evidence
for a shear (S) wave low-velocity zone of a few tens of kilometres in the
uppermost mantle.

This paper is focused on 2-D inversion of MaSca data. In the current
study we perform detailed strike and dimensionality analyses using
Q-function multi-site and multi-frequency approach of Zhang et al.
(1987) and the phase tensor approach of Caldwell et al. (2004). Theo-
retically, both techniques are expected to give the same estimates of
the strike direction and dimensionality; however, in the presence of
noise and strong distortion they may have differing resolution and esti-
mation properties (see e.g., Jones (2012)). Thus, a comparative analysis
is shown for MaSca measurements. Since the data exhibit some 3-D
behaviour, 2-D inversionmodels are obtained by inverting the determi-
nant of the impedance tensor. The determinant has certain advantages
compared to bi-modal inversion in cases where data show 3-D effects
(Pedersen and Engels, 2005). Inversions were separated into crustal-
and lithospheric-scale. To resolve the crustal featureswe selected 7 pro-
files Crust 1–7 and 4 profiles Lithos 1–4 to resolve the thickness of the
lithosphere (Fig. 2).
2. Geological background

The crust beneath theMaSca array consists of three distinct units viz.
the Archaean Domain (3.1–2.9 Ga Saamian orogeny, Lopian orogeny
2.9–2.6 Ga) in the north-east, the Svecofennian Domain (2.0–1.75 Ga)
in the east, and Caledonian orogen (0.6–0.4 Ga) in the west (Gaál and
Gorbatschev, 1987) (Fig. 1b).

The ArchaeanDomain is a typical Neoarchaean granitoid-greenstone
province comprising granitoid gneiss complexes and supracrustal rocks
ranging in age between 3.1 and 2.6 Ga. The Archaean rocks are overlain
by Palaeoproterozoic cover rocks deposited on Archaean basement
since 2.45 Ga (Central Lapland Schist Belt). In the north-western part
of the Archaean Domain (northern Finland and Sweden), large areas
are intruded by 1.9–1.8 Ga old plutonic rocks (Central LaplandGranitoid
Area) (Korja et al., 2002).

The Scandinavian Caledonides (Fig. 1) were formed as the result of
a closure of the Iapetus Ocean and continental collision of Baltica and
Laurentia in the Late Silurian (Gee et al., 2008; Gorbatschev and
Bogdanova, 1993; Ramberg et al., 2008; Roberts, 2003; Rykkelid and
a b

Fig. 2. Location of themagnetotelluric stations plotted on top of the geologicalmap (Fig. 1). (a) C
Lithos 1–4.
Andresen, 1994). During the Caledonian orogeny (540–400 Ma), Pre-
cambrian rocks on the western margin of Baltica were thrust beneath
Laurentia to ultra-high pressure depths. The underthrust rocks of Baltica
were heated, metamorphosed and deformed (Andersen, 1998), where-
as rocks of the Neoproterozoic to Early Palaeozoic accretionary wedge
were transported to the east/north-east over Baltica as Caledonian
nappes. The Caledonian mountains were eroded during the Devonian.
The extensional collapse of the Scandinavian Caledonides resulted in
rapid tectonic denudation of the orogen, exhumation of high- to ultra-
high-pressure metamorphic rocks and provided a structural template
for the formation of Devonian supra-detachment sedimentary basin
(Andersen, 1998). The extensional shear zones and fabrics indicate W-
to NW-directed translations (Gee et al., 2008).

The Archaean Domain and most of the Svecofennian Domain have
crustal thickness of 40–50 km. The region of the anomalously thick
crust in the Fennoscandian Shield is located at the Archaean–Proterozo-
ic suture zone (Korja, 1993). In the Caledonides, crustal thickness is
32 km at the Norwegian coast and increases to 43 km beneath the
central Scandinavian Mountains (Ebbing et al., 2012).

Magnetotellurics rarely images the base of the crust (e.g. (Jones,
2013)). The best resolved parameter in MT is the top of a conducting
layer. Therefore, for long period MT data the top of the asthenosphere
(or base of the lithosphere) can be detected with high-quality data
regardless of the primary cause of enhanced conductivity in astheno-
sphere (H+ or a small fraction of partial melt). As a consequence, the
MT method is well suited to map the depth to lithosphere–astheno-
sphere boundary (LAB) (Jones, 1999). According to Korja (2007), the
“thickest” lithosphere is in the Palaeoproterozoic Svecofennian Domain
(300 km) not in the Archaean; lithosphere is thinning towards the
Atlantic and Arctic Oceans as well as to the east (100 km).
3. Data acquisition and processing

The MaSca array covers 350 km by 480 km area and stretches from
Tromsø and Bodø (Norway) in the west to Kiruna and Skellefteå
(Sweden) in the east (Fig. 1). The project commenced in the summer
of 2011 and data collection continued until summer 2013, resulting all
together in 59 synchronous long period (LMT) and 220 broad-band
(BBMT) sites. The average separation between LMT sites is 30 km, and
10 km between BBMT; however there are gaps of 50–80 km in places
rustal-scale 2-D inversion profiles: Crust 1–7. (b) Lithospheric-scale 2-D inversion profiles:
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because of inaccessibility due to thehigh topography in the region of the
Scandinavian Mountains. We also used other available data sets from
the MaSca area. These are six MT sites from BEAR array (Lahti et al.,
2005; Varentsov et al., 2002), four vertical component measurements
from the IMAGE observatories (http://space.fmi.fi/image/), and two
small arrays of Finnish Geological Survey (GTK) (Lahti et al., 2012).

Broad-band MT data were collected in the frequency range from
0.001 to 300 Hz with the MTU2000 MT system developed at Uppsala
University, Sweden (Smirnov et al., 2008). The duration of recordings
was usually one day (i.e., around 20 h). Broad-band MT data were con-
tinuously sampled at 20 Hz and simultaneous burst recordings with
1000 Hz sampling were recorded for 2 h starting at midnight. During
the field campaigns, we did not measure the vertical magnetic field Hz

at every site. All LMT sites were occupied for about two months. The
same MTU2000 system together with LEMI120 instruments was used
to acquire LMT data. All the transfer functions were estimated using
multi-remote reference technique (Smirnov, 2003) as well as novel
Fig. 3. Examples of the observed apparent resistivity and phase fromMaSca array. Blue circles—
(Fig. 10); vertical bars give confidence limits (95%). Sites o21 and S08 are examples of high resi
M10, M30 and S08 — long curves, up to 105 s (see Fig. 2 for locations of the sites).
multivariate analysis technique (Smirnov and Egbert, 2012), thus pro-
viding stable transfer function in the period range from 0.003 to 105 s
at BBMT + LMT sites and 0.003–1024 s at BBMT only sites. The array
is located at high geomagnetic latitudes therefore application of mul-
tivariate technique was vital to validate source field free transfer
functions.

Data examples are shown in Fig. 3 for selected sites from different
areas. Sites o21 and S08 are examples of high resistivity curves; P08 —

low resistivity; P08 and o12 are examples of phases out of quadrant;
M10, M30 and S08— long curves, up to 105 s. In general apparent resis-
tivity shows varying behaviour along the profiles, indicating the com-
plexity of the geoelectrical structure of the area. At some sites the
highest value is over 105 Ωm whereas at some others it is lower than
0.1 Ωm depending on the underlying geological units.

We have used the following criteria to evaluate data quality and per-
form data selection. First, we discarded highly scattered impedance es-
timates having large error bars.We also checked that impedance tensor
Zxy; red— Zyx; black— Zdet; solid black curves represent 2-Dmodel responses for Zdet data
stivity curves; P08— low resistivity; P08 and o12 are examples of phases out of quadrant;
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parameters, like skew values, phase tensor and strike are stable, varying
smoothly with period. Secondly, apparent resistivity and phase should
be consistent in order to satisfy dispersion relations which are proven
to be valid for 1-D and 2-D TM-mode models (Berdichevsky and
Pokhotelov, 1997;Weidelt and Kaikkonen, 1994). We used this relation
as the last criterion for data selection.

4. Strike and dimensionality analysis

4.1. Q-function analysis

The internal structure of the impedance tensor allows us to derive all
necessary information about the dimensionality and strike (if 2-D or
quasi 2-D) of the underlying medium. We conduct strike and dimen-
sionality analysis to assess to what extent the data can be interpreted
in a 2-D sense on a regional scale and to define the appropriate profile
direction. A standard model of a 2-D regional structure perturbed by
3-D small-scale subsurface inhomogeneities is considered. Following
the approach of Zhang et al. (1987) makes it possible to estimate the
strike direction based on multi-site and multi-frequency averaging.
Details of the practical use of the method (Q-function analysis) can be
found in Smirnov and Pedersen (2009).

According to approach of Zhang et al. (1987), the distorted imped-
ance tensor (Z) is expressed in terms of undistorted impedance tensor
(Zr) as

Z≈ I þ Phð ÞZr
; ð1Þ

where I is the identity matrix and Ph is the distortion matrix. Note, that
themagnetic field is relatively free of galvanic distortion caused by local
structures, whereas the electric field will be distorted as described by
the real distortion tensor (Ph). In the case of the decomposition model,
2-D regional structure and 3-D local structure, in the coordinate system
aligned with the strike

Z ¼
PxyZ
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Thus the column elements are related by real constants ζ and γ
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xy

γZr
xy

" #
; ð3Þ

where

ζ ¼ Pxy

1þ Pyy

� � ; γ ¼ Pyx

1þ Pxxð Þ ð4Þ

and the diagonal components of the impedance tensor are related to the
off-diagonal impedance elements in the same column as:

Zxx ¼ ζZyx
Zyy ¼ γZxy

: ð5Þ

Note that ζ and γ can be expressed in terms of twist and shear
parameters (β and γ) of Groom and Bailey (1989) (Eq. (23)) and do
not include gain factors of electric field. Estimates ζ, γ and strike angle
are thus determined by minimizing the target functional

Q ¼ 1
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; ð6Þ
where the indexes i and j refer to stations and periods over which the
averaging is done, N= NpNs with Np denoting the number of periods
and Ns the number of stations. Therefore, the strike direction is de-
fined by searching for the minimum of the Q-functional. For a fixed
strike,

ffiffiffiffi
Q

p
is used as a measure of whether the data support the as-

sumption of a 2-D regional structure underlying a local 3-D
distorter. The impedance elements are also weighted by errors (σxy

or σyx in Eq. (6)), we used the fixed error floor of 5% of the corre-
sponding off-diagonal impedance elements because the estimated
errors are generally too small (Smirnov and Pedersen, 2009). For
these conditions, the expectation value of

ffiffiffiffi
Q

p
will be unity. The stable

strike direction for all sites and periods and small
ffiffiffiffi
Q

p
-function esti-

mates are necessary condition of data to be described by 2-D regional
model.

Maps of Q-function rose diagrams are presented in Fig. 4 (right
panels) for periods that range from 1 to 100 s (top) and from 100 to
104 s (bottom). The rose diagrams are plotted for groups of sites, using
averaging by sites and one or two decades by periods. A few dominant
strike directions can be observed. At the shorter periods of 1–100 s:
(i) in the south-west the strike is N60°E–N70°E and rotates to N80°E–
N90°E northward; and (ii) in the east, almost all rose diagrams show
NS striking structure. At the longer periods of 100–104 s: (i) in the
west two strikes can be observed: N30°E and NS, (ii) in the east, most
of rose diagrams rotated to N40°E–N50°E, however there is evidence
of NS directions.

For determination of geoelectric strike, there is an ambiguity of 90°
in strike estimation from Q-functions, thus additional information
from induction vectors is required. In Fig. 4 (left panels), maps of the
real induction vectors (Wiese convention) are presented for periods of
32 s and 1024 s. When the structure is 2-D all these vectors are parallel
and point away from electric current concentrations (Booker, 2012).
The vectors are thus perpendicular to 2-D strike. At a period of 32 s,
the induction vectors point in different directions, identifying 3-D
small scale near-surface structures. Along the western margin, induc-
tion vectors point away from the Atlantic Ocean and in the south-east
they identify a highly conductive anomaly in the south of the Skellefteå
district. At a period of 1024 s, the vectors are more co-linear showing
2-D regional structure. The amplitude of the vectors increases, implying
highly conductive structures: the Atlantic Ocean and the Skellefteå
conductor, characterized by 4000 S crustal conductance (Korja, 2007).
To the east of the Caledonian Thrust Front, the induction vectors are
north-east directed. This is possibly due to superposition of both the
ocean and Skellefteå effects. The array is located at high latitudes, there-
fore the source field can especially affect the induction vectors (Jones
and Spratt, 2002; Smirnov and Egbert, 2012). At longer periods
(N5800 s), the source field effect is revealed through the rotating of
the induction vectors to the north. This issue requires further investiga-
tion and is not a topic of the present study.

To summarize, on average the central regional structure is char-
acterized by N45°E strike from the Q-function rose diagrams. It also
agrees with the structural data, having a dominant geological strike
in a NNE–SSW direction in the west, but contradicts to strike
N45°W for geological mapping in the east. The tipper data are doubt-
ful with regard to strike direction, as they are affected by the coast
effect. Therefore, they cannot be used as supporting information for
strike determination. Since there is no preferable strike direction
for all periods and sites, we choose to invert the determinant of the
impedance tensor, which is invariant under rotation. The selected
azimuth of the profiles is N135°E, however we also present the model
for azimuth N45°E in the east.
4.2. The magnetotelluric phase tensor

The phase tensor geometry provides information about directionality
and dimensionality of regional conductivity structure. This information is



Fig. 4. Strike and dimensionality analysis. Left panels— realWiese induction vectormap for periods 32 s and 1024 s. Right panels—Q-function rose diagrams for periods 1–100 s and 100–
104 s. Black thick line — Caledonian Thrust Front.
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widely used to justify 2-D interpretation (Booker, 2012). The MT phase
tensor defined by the relation

Φ ¼ X−1Y ¼ Φxx Φxy
Φyx Φyy

� �
; ð7Þ

where X and Y are real and imaginary parts of the complex impedance
tensor Z and Φ is real. The phase tensor has the following properties:
(i) the phase tensor is unaffected by the frequency independent electric
effects of galvanic distortion, (ii) its skew is zero when the regional
structure is 2-D, and (iii) it gives the information about the direction
of the regional structure. The phase tensor can be depicted graphically
as an ellipse, with the major and minor axes of the ellipse representing
the principle axes of the tensor (Caldwell et al., 2004). The orientation of
the major axis is specified by the skew angle (β) and angle (α) that ex-
presses the tensor's dependence on the coordinate system:

Φ ¼ RT α−βð Þ Φmax 0
0 Φmin

� 	
R α þ βð Þ; ð8Þ

where Φmax andΦmin are the lengths of ellipse semi-axes and the skew
angle

β ¼ 1
2
arctan

Φxy−Φyx

Φxx þΦyy

 !
: ð9Þ
and

α ¼ 1
2
arctan

Φxy þΦyx

Φxx−Φyy

 !
: ð10Þ

The angle θ=α−β is the strike or its perpendicular. The skewangle
estimate has also corresponding errors which need to be taken into
account when analysing dimensionality. There are two simple ways to
estimate skew errors, i.e. using error propagation or delta method and
parametric bootstrap. The latter is easy to implement, however it
requires to make assumptions about distribution and covariance. We
assumed that all components of impedance tensor are uncorrelated
having Gaussian distribution. We generated 1000 bootstrap replicants
and consequently estimated mean square error. Similarly to Q-
function estimates we used the fixed value of 5% of the corresponding
off-diagonal impedance elements (σβ) instead of real errors. After
that, we considered the skew angle with subtracted standard errors:
βres = |β| − σβ, where

eβ ¼ βres; βres N 0
0; βres b 0

�
: ð11Þ

It means that we only have taken into account significant part of
skew values exceeding error estimate. Here we used 95% confidence
limit. In the following discussion we use the residual of the skew angleseβ, applying the recommendation of Booker (2012) that the skew angle
is zero when the structure is 2-D and less than 3° for structure to be
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Fig. 5. Strike and dimensionality analysis for profile Crust 1 (Fig. 2). Comparison of the phase tensor ellipses andQ-function estimates. (a) Phase tensor ellipseswith the skew angle colour

fill. The colour scale uses residuals ofeβ, Eq.(11). Red colours are considered to be quasi-2-D, blue— significant 3-D effects. (b)
ffiffiffiffi
Q

p
-function estimate for all sites andperiods along theprofile

for N45°E strike direction. Red colours are considered to be quasi-2-D within 15% error on the impedance tensor, blue — significant 3-D effects, or deviation from the strike.

7M. Cherevatova et al. / Tectonophysics 653 (2015) 1–19
quasi-2-D (2-D hereafter). However, small skew value at a single period
is not a sufficient condition for a 2-D assumption, it is also necessary
that it remains sufficiently small at all periods. Furthermore, it is neces-
sary that θ be constant as a function of period and along the profile or
throughout an array (Booker, 2012). The inconsistent variation in the
direction of the axis of the tensor ellipse is an indicator of 3-D situation,

even if the eβ values are small (Caldwell et al., 2004).
In Figs. 5 and 8, we present the phase tensor ellipses, plotted for two

2-D inversion profiles Crust 1 and 7 (see locations in Fig. 2). Pseudo-
sections of

ffiffiffiffi
Q

p
-function estimates are presented for a comparison of

the two approaches. The phase tensor ellipses with skew angle eβ
(Eq. (11)) as the colour fill are shown in Fig. 5a for all sites along
Crust 1 profile and by periods. Red colours in Fig. 5a are considered to
be 2-D.

The phase tensor ellipses show consistent patterns throughout the
period range and along the profile, indicating good data quality. The
phase tensor skew values and

ffiffiffiffi
Q

p
-function estimates are mostly less

than 3°, however there are certain regionswith high skew. Thus, the de-
viation of the impedance tensor from the 2-D assumption is estimated
to be at the level of 15% for

ffiffiffiffi
Q

p
-function of 3 with the 5% error floor. A

region of low skew can be seen to lie between sites k01 and k13 for
the entire period range. The values of

ffiffiffiffi
Q

p
-function are less than 10%

of 2-D. In the east, the phase tensor skew and
ffiffiffiffi
Q

p
-function estimates

are also consistent, except for an area at short periods and site o03. In
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Fig. 6. Cumulative rose diagrams of the regional strike according to Bahr (1991), the phase
tensor strike (Caldwell et al., 2004) and Q-function strike (Zhang et al., 1987) for Crust 1
(a) and Crust 7 (b) profiles. The period range is 1–1000 s, the resolution of the rose
diagrams is 10°.
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this region, the phase tensor ellipses exhibit 2-D behaviour, eβb2, butffiffiffiffi
Q

p
-function more than 15%, thought to be 3-D.

ffiffiffiffi
Q

p
-function is

computed for the selected strike direction. It shows high estimates
in two cases, when the structure is 3-D and if the strike angle is incor-
rect. From the plots of the phase tensor ellipses we can see that strike
in this region is 0° and strike used for

ffiffiffiffi
Q

p
-function calculations is 45°.

Therefore the inconsistent behaviour of
ffiffiffiffi
Q

p
-function is due to differ-

ent strike directions. Overall, the phase tensor and
ffiffiffiffi
Q

p
-function

skews are consistent, showing 2-D regional structure within 15%
error of the impedance tensor.

Fig. 6a shows rose diagrams of the strike direction determined from
Bahr's (Bahr, 1991) regional strike, the phase tensor and Q-function for
profile Crust 1. The diagrams are plotted for the period range of
Fig. 7. Scaled phase tensor ellipses with real Wiese induc
1–1000 s and three sites and one decade in period were used for Q-
function computation. Both regional and phase tensor diagrams define
NS dominant strike direction, but there is evidence of the second strike
of N30°E in the phase tensor plot. The Q-function rose diagrams show
the main strike rotated by 10° east of north. There are also indications
of N30°E and N70°E striking structures.

In Fig. 7 the phase tensor ellipses are shown together with the real
induction vectors in Wiese convention. Induction vector information is
not always comparablewith the phase tensor, because they do not sam-
ple the same volume. The induction vectors andmajor axes of the phase
tensor are parallel (or perpendicular) for most sites and periods. The
magnitude of the induction vectors increases with period and they
rotate to NNE, indicating a coast effect. The same behaviour is ob-
served at other profiles (not shown). At shorter periods (less than
1000 s) the induction vectors are small, inferring that there is no in-
duction effect caused by large lateral contrasts in conductivity. At
longer periods the source field affects the induction vectors by
rotating them to the north, for example at sites P03, MUO, P04, P01
and M22.

In Fig. 8a the phase tensor ellipses for the south-western profile
Crust 7 are presented (see Fig. 2 for location). Contrary to Crust 1,
these data contain more apparent 3-D effects. In the west, the phase
tensor ellipses are narrow and the direction of the major axes changes
sufficiently. Together with the high skew values, of more than 3°, this
is clear indication of 3-D regional structure(s). The

ffiffiffiffi
Q

p
-function skew

is 4 (20%) and is higher in the north-western compared to the south-
eastern ends of the profile (Fig. 8b). To the south-east, some indications
of 2-D structure appear, such as skew is generally lower and ellipses are
more rounded. There is a discrepancy between

ffiffiffiffi
Q

p
-function and the

phase tensor ellipses in the east. Particularly, at shorter periods, less
than 0.1 s, the phase tensor skew is around 2°, but

ffiffiffiffi
Q

p
-function estimate

is higher: 3 to 4. This inconsistencymay be due to averaging by periods,
used to calculate

ffiffiffiffi
Q

p
-function or by the incorrect strike (see discussion

above for the Crust 1 case), or by themanner in which the estimates are
derived.
tion vectors at 13 sites along profile Crust 1 (Fig. 2).



a

b

Fig. 8. Strike and dimensionality analysis for profile Crust 7 (Fig. 2). Comparison of the phase tensor ellipses andQ-function estimates. (a) Phase tensor ellipseswith the skew angle colour

fill. The colour scale uses residuals of eβ, Eq. (11). Red colours are considered to be quasi-2-D, blue — significant 3-D effects. (b)
ffiffiffiffi
Q

p
-function estimate for all sites and periods along the

profile for N45°E strike direction. Red colours are considered to be quasi-2-D within 15% error on the impedance tensor, blue— significant 3-D effects, or deviation from the strike.
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The cumulative rose diagram for the strike estimated by Bahr's
method (Fig. 6b) shows the main N80°E and N10°E additional direc-
tions. This is supported by the phase tensor diagram, which is more
scattered describing more variations in the strike. The Q-function rose
diagram is NS directed and represents the average between two strikes,
shown in other methods.
To conclude, the Q-function and the phase tensor analyses generally
give the same estimates of the dimensionality and strike direction of the
structure. However, some discrepancies are apparent, probably related
to averaging over periods/sites applied for Q-function. The advantage
of the Q-function is that it gives a quantitative estimate of the deviation
of the impedance from 2-D assumption. The same analyses have been
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done for all data (all 2-D profiles) and the general conclusions are valid
for them.

The phase tensor ellipses at a period of 16 s are shown in Fig. 9. To
thewest of the Caledonian Thrust Front the phase tensor ellipses reflect
3-D regional structure(s). Near the fault zones, the narrow ellipses
rotate significantly responding to the complicated 3-D nature of the
Caledonian nappes. Similar pattern has been observed in Q-function
rose diagrams at periods 1–100 s (see above). To the east of the
Caledonian Thrust Front, the ellipses show 2-D structure. Some areas
are characterized by the skew angle of less than 3°, for example in the
north-east. The northernmost dense “K sites” cross the Caledonian
Thrust Front. The phase tensor ellipses are changing from the clear
3-D behaviour in the west to 2-D towards east.
5. 2-D inversion

In this section we present 2-D inversion models, obtained by
inverting the determinant of the impedance tensor. Inversions were
separated into crustal- and lithospheric-scale. To resolve the crustal fea-
tures, we selected 7 profiles Crust 1–7 and 4 profiles Lithos 1–4 to re-
solve the thickness of the lithosphere (Fig. 2). According to the strike
analysis (Section 4) an average strike of N45°E can be selected, conse-
quently the azimuth of the profiles is N135°E. Different inversion algo-
rithms were implemented, such as Occam (Constable et al., 1987),
Rebocc (Siripunvaraporn and Egbert, 2000) and smoothed damped
least squares (Cherevatova et al., 2014). In this study, we present the
final models obtained using the Rebocc algorithm. The normalized
root-mean square deviation (RMSD) was evaluated at each iteration
for current model mn. For a normal distribution, the expected value of
Fig. 9. The phase tensor ellipses map at a period of 16 s overlaps the geological map (Fig. 1). Th
sidered to be quasi-2-D, blue— significant 3-D effects.
the RMSD is unity, i.e., 68% of the misfits should be less than one, and
95% less than two.

In EM induction methods, resolution directly below conductors is
low and additional sensitivity tests are required. During these tests we
decreased the thickness of the conductive features. At each step we
checked the effect of this change on the data fit (RMSD). We ran inver-
sion again with the modified model as a priori start model. If the RMSD
was preserved, then the thickness of the conductor can still be reduced.
Here we assumed that many of the conductive layers observed in
Fennoscandia are often thin, like alum shales. The corresponding2-D re-
sponses from the alteredmodel were compared with the observed data
to see the effect of the change. The same analysis was done to check the
stability of other conductive features. Particularly, the feature in ques-
tion was removed from the model by replacing the conductor with
the background resistivity. If the conductor is not required by data, the
RMSD would not changed, otherwise the RMSD of the initial model
increases and inversion re-inserts the conductor back.

5.1. Crustal-scale inversion

The final 2-D inversion crustal models after sensitivity tests are shown
in Fig. 10 for the seven parallel profiles. The average distance between the
profiles is 50km. There are gaps in data coverageof up to 80km,mostly be-
cause of high topography. A homogeneous half-space initial model and an
ocean a priori model were used for all inversions. The a priori model was
obtained fromthemapof integrated conductance (S-map) of Fennoscandia
(Korja et al., 2002). The resistivity of the initial model and other inversion
parameters are presented in Table 1. Due to the expected 3-D effects and
possible static shifts, higher error floors for apparent resistivity were
assigned than for impedance phases. The phase of the determinant of the
e colour fill is the residuals of the phase tensor skew angle eβ, Eq. (11). Red colours are con-
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Fig. 10. Final altered models for the crustal profiles: (a)–(g) Crust 1–7. Abbreviations: RL — resistive layer, KC — Kittilä conductor, HC — horizontal crustal conductor, C — other crustal
conductors. The bold black line shows the Moho depth for Fennoscandia from Grad, M., Tiira, T., Group, E.W. (2009). The red line indicates Caledonian Thrust Front.

Table 1
Crustal-scale 2-D inversion parameters. Abbreviations: Ns — number of sites; T— period range; distance— profile length; δρa, %; δφ, °— error floor for apparent resistivity and impedance
phase in percent and degrees, respectively; ρinit — resistivity of the initial model (half-space); My × Mz — model mesh size, My and Mz — number of the model parameters in y and z
directions, respectively.

Name Ns T, s Distance, km δρa, %; δφ, ° ρinit, Ωm My × Mz RMSD

Crust 1 27 0.003–8192 305 20; 6 104 234 × 97 1.2
Crust 2 28 0.003–8192 340 30; 6 102 225 × 85 1.7
Crust 3 23 0.003–8192 385 20; 3 102 225 × 85 1.7
Crust 4 13 0.003–46341 370 30; 6 103 205 × 93 1.3
Crust 5 22 0.003–2896 450 20; 3 103 243 × 80 1.0
Crust 6 22 0.003–2896 400 40; 11 103 221 × 80 1.1
Crust 7 33 0.003–8192 380 45; 11 102 275 × 85 1.1

11M. Cherevatova et al. / Tectonophysics 653 (2015) 1–19
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impedance tensor is not affected by the electric effects of galvanic distor-
tion. Thus, more weight is given to the phases.

The data misfits for crustal-scale profiles Crust 1–7 are shown in
Fig. 11 for apparent resistivity (left panel) and phase (right panel) of
the determinant of the impedance tensor. For most of the models the
datamisfit is randomly distributed,meaning that there are no systemat-
ically underfitted parts in the data. Most of the features are predicted by
the data. However, there are evidences of static shift of apparent resis-
tivity, particularly at sites: k19, P04, P01, ki14 (Crust 1), y05, o21
(Crust 2), q51 (Crust 6), q23, S08 and S04 (Crust 7). In the Crust 1
model, the eastern part is poorly fitted and deviations of the phase at
long periods reach values of 6°. The same for Crust 7 profile, the poor
fit of the phase is observed at most of the sites. The profile Crust 4 is
characterized by sparse site spacing, the average distance between
sites is 30 km. The total RMSD values of themodels are shown in Table 1.
Fig. 11. Pseudo-sections of apparent resistivity misfits (left panel) and impedan
5.1.1. Resistive layer RL
An extensive crustal resistive layer (RL) of 104 Ωm can be observed

in all inversionmodels. RL extends from the surface to 10 km in the east,
gradually thickens to 50 km (ormore) towards thewest and vanishes to
a few kilometres thickness in the west. The thickest part of RL is best
presented in the Crust 1 profile, because of the dense site coverage
(Fig. 10a, Crust 1: 130–200 kmof the profile distance). On other profiles
(Crust 2–6) the thickness of RL is not clear because of the larger gaps in
site spacing. It is possible that RL is not a coherent structure, but smaller
features, such as C7-2 in Crust 7, cannot be resolved because of the gaps.
We performed tests on synthetic data to find out the relation between
the site spacing and the size of the anomaly. One test shows that if the
size of the conductor is less than twice of the gap between sites, the fea-
ture cannot be resolved. Another testwith themodel Crust 7was under-
taken. We removed three sites above upper crustal conductor C7-2
ce phase misfits (right panel) for the determinant of the impedance tensor.
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(S11, S10, q43) and ran inversionwith this data set; the final test model
do not represent feature C7-2. In the east, RL is a horizontal layer, ex-
tending from the surface to 10–15 km. The lower boundary of RL in
the east is mostly defined by the underlying conductors and some vari-
ations in thickness of RL can be observed.

Where RL does not exist, the lower crust is generally more conduc-
tive. The conductivity changes from a few hundreds of Ωm to 103 Ωm.
However, the conductivity of the lower crust is mostly defined by the
upper and mid-crustal conductors.

5.1.2. Conductor KC
The stable conductive unit KC (Kittilä conductor) is observed at loca-

tion 335–400 km of profiles Crust 1 and 2 (Fig. 10a and b, respectively).
The resistivity of KC increases from 1 Ωm in its core part to 100 Ωm
south-eastward, suggesting that profile Crust 2 represents the southern
end of KC. The top of conductor KC has an apparent dip towards the
south-east, from 5 km to 15 km, on both profiles. The resolution test
showed that feature KC is strongly required by data. Removing KC
from the final model leads to a change of RMSD from 1.2 to 2.6 for
Crust 1. The 2-D forward responses are shown in Fig. 12 for site o01, lo-
cated above KC (profile Crust 1). Black circles represent observed data,
and blue circles represent responses from themodel without conductor
KC. The blue curves do not fit the observed data and, taking into account
that inversion returned KC at first iteration, we conclude that KC is a re-
quired feature. Another test was done for the depth of the base of KC.
We decreased the depth of the base of KC to 30 km, resulting in a
small change in RMSDmisfit, from 1.2 to 1.23. Further reduction results
in a significant increase of RMSD. A comparison of the responses from
Fig. 12. Sensitivity analysis. Apparent resistivity and phase of the determinant of the impedance
observed data, red circles — 2-D response from the final models (Fig. 10), blue circles — sensiti
circles represent the response from themodel with removed KC, S02— C7-4, a07— Cc, a12— C
S02 — depth of C7-4 is 30 km (see Fig. 2 for locations of the sites).
the final inversion model (red) with the case of 30 km KC (green)
shows that both models fit equally well (Fig. 12).

5.1.3. Conductor HC
An extensive horizontal mid-crustal conductor (HC) is observed in

the central profiles (Crust 3, 4 and 5, Fig. 10c, d and e). An example of
responses from theHC is site z08 located aboveHC (Fig. 3), the apparent
resistivity and impedance phase reflect the deep conductor. The resis-
tivity of conductor HC is around 100 Ωm with its upper boundary at a
depth of 10 km. In our original models, HC extended into upper mantle.
However, sensitivity tests allowed us to decrease thickness to 25–30 km
without increasing the RMSD. Interestingly, we found the opposite; the
reduction of HC thickness for model (Fig. 10c) improves RMSD from 1.8
for the final inversion model to 1.71 for the test model. For further re-
duction in depth the RMSD rises again. Regarding models Fig. 10d and
e, the RMSD was preserved until depths of 30 km and 25 km were
reached for (d) and (e) respectively. Thus, we conclude that at least
30 km depth extent of feature HC is required by data. Small conductive
features can be identifiedwithin HC, for example on Crust 3 and Crust 5
profiles (marked as C3-3, C3-4, C3-5, C5-3 and C5-5). Feature HC is seen
as a more homogeneous structure in Crust 4 profile, possibly because of
sparse site spacing as the distance between sites is 40–50 km. In model
Fig. 10c, the conductive spot C3-3 is a stable feature, removing it from
the model increases the RMSD by 0.5. We conducted a sensitivity test
on the homogeneity of feature HC. When we changed the resistivity of
HC (Fig. 10c) to 200 Ωm, removing C3-4 and C3-5, the RMSD increased
from 1.4 to 2.95. Then we set the background resistivity to 50 Ωm, but
the RMSD still increased to 2.1. Similar features are identified in Crust
tensor for sites o01 (Crust 1), a12 (Crust 2), a07 (Crust 4) and S02 (Crust 7). Black circles—
vity test response for the altered model with removed conductors (for example, o01 blue
s), green circles— sensitivity test on the depth of conductor: o01— depth of KC is 30 km,
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5 profile (Fig. 10e): C5-3 and C5-5. However, removing C5-3 increases
RMSD from 1.1 to 1.3 and removing C5-5 increases the RMSD to 1.67.
Thus, we conclude that zones of enhanced conductivity within conduc-
tor HC are required by our data.

5.1.4. Upper crustal conductors Cs, C1 and C2
Small upper crustal conductors (Cs and C2) can be observed in the

western part of Crust 2 profile. The resistivity of Cs is around 10 Ωm
and C2 is more conductive, around 1 Ωm. In Fig. 12, the apparent resis-
tivity and impedance phase curves are shown for site a12 located above
conductor Cs (Fig. 10b). Black and red circles show the observed and
modelled responses. The blue curves represent the altered model re-
sponse with removed feature Cs and do not fit the observed data, there-
fore we conclude that feature Cs is required by data. The sensitivity test
for conductor C2 shows that it is strongly required by data.We removed
feature C2 from the final model and ran the inversion again, and the
RMSD increased twofold. The sensitivity tests for the depth of the con-
ductors suggest at least 5 km for Cs and 10 km for C2, preserving the
RMSD.

Conductor C1 on Crust 1 is also a robust feature. During the test, C1
was excluded from themodel by replacing it with the background resis-
tivity of 1000 Ωm. This resulted in an increase of the RMSD by 0.4.
Though in final inversion model feature C1 extended to a depth of
30 km, the sensitivity tests we performed allowed us to decrease the
depth of the base of the conductor to 15 km. Further reduction of the
thickness of C1 leads to a significant increase in RMSD value. Therefore,
we estimated the thickness of C1 to be at least 15 km.

5.1.5. Middle and lower crustal conductors C and Cc
In the west, the upper and middle crust is characterized by approx.

100 Ωm resistivity. The conductor C stretches from north to south
through profiles Crust 3, 4, 5, and 6 dipping from surface to 15 km. It
is possible that C extends further to the north; there is a conductive fea-
ture below site a13 (Crust 2 profile), that could be part of feature C. Sen-
sitivity tests show that the lower boundary of C is 15 kmon thenorthern
profile and dips to 30 km southward. The distance between profiles is
about 50 km, therefore the overall length of C can be estimated to be
around 200 km, if we suppose it starts at Crust 2 and vanishes below
Crust 6 profile.

The smaller more conductive unit Cc is located at 5 km depth on the
Crust 4 profile and dips southward to 15 km below Crust 5. Together, C
and Cc can represent the same conductor that outcrops in the north-
west and dips south-eastward. Sensitivity tests show that anomaly Cc
on both profiles is required by data; on the Crust 4 profile, removing
Cc leads to increase of RMSD by 0.5 and on Crust 5 by 0.4. Examples of
the apparent resistivity and impedance phase for site a07, located
above Cc, are shown in Fig 12. The blue curve represents the 2-D re-
sponses from the model without conductor Cc, and the red one are
the responses from the final inversion model (Fig. 10d and e). The
blue curve does not fit observed data (black circles). Thus, we conclude
that Cc is required by data.

5.1.6. Upper crustal conductors C5-1, C6-1, C7-1, and C7-2
There is an upper crustal conductor, labelled C5-1, at the western-

most end of Crust 5 profile (Fig. 10e). This conductor is a robust feature
of the data; removing C5-1 from the model increases RMSD by 2.25. A
sensitivity test on the depth of C5-1 suggests value of 15 km without a
change in RMSD. C5-1 can be also seen in Crust 3 and 4, below sites
M30 and M14, respectively. The apparent resistivity and impedance
phase for site M30 are presented in Fig. 3.

The near-surface conductor C6-1, on Crust 6, is stable and removing
it from the model increases RMSD from 1.1 to 2.56. The conductor is
7–10 km in thickness and 1–5Ωm in resistivity. A similar robust feature
is seen on the Crust 7 profile — C7-1. Removing C7-1 from the final
model leads to change of RMSD from 1.1 to 1.5. According to our sensi-
tivity tests, the required minimum depth extent of conductor C7-1 is
15 km. Another strong near-surface conductor C7-2 extends from the
surface to a depth of 7 km. C7-2 is a robust feature and removing it
from the final model increases RMSD to 2.17 from 1.0.

5.1.7. Middle-to-lower crustal conductor C7-4
The highly conductive middle-to-lower crustal unit C7-4 is identi-

fied in the eastern part of Crust 7 profile. The top of the conductor lies
at 15 km and lower boundary is not resolved. In the final inversion
model, C7-4 extends to the depth of 100 km. However, sensitivity test
allows us to decrease this value to 30 km, preserving RMSD. Fig. 12
shows apparent resistivity and impedance phase curves for site S02, lo-
cated above conductor C7-4. Black circles represent observed data, red
circles represent the responses from the final inversion model with an
RMSD of 1.1, and the green circles show the 2-D responses for the
model with decreased depth of C7-4 to 30 km with RMSD of 1.12.
C7-4 which is required by data; removing it from the model increases
RMSD to 1.53, blue circles.

5.1.8. Middle crustal conductors C6-1, C6-2, C6-4 and C7-3
In the east, mid-crust has resistivity of a few hundreds ofΩm, due to

conductors C6-2, C6-3, C6-4 and C7-3 (Fig. 10f and g). The top of the
conductors lies at 15 km and lower boundary is at 30–35 km. The
conductors are stable features and removing them from the model
increases RMSD by 0.4 in Crust 6 model and by 0.3 in Crust 7.

5.2. Lithospheric-scale inversion

The lithospheric-scale inversion is aimed at resolving the thickness
of the lithosphere. Three parallel profiles Lithos 1–3 with the azimuth
of N135°E and one profile Lithos 4 with the azimuth of N45°E were
selected for 2-D inversion. The average distance between the parallel
Lithos 1–3 profiles is 140 km and the azimuth is the same as in the
case of crustal-scale inversion (Fig. 2). On the other hand, MaSca array
crosses the Archaean–Proterozoic boundary (Luleå–Jokkmokk Zone in
Fig. 1, Section 1) NW–SE directed. Therefore, we undertook inversion
for the perpendicular profile Lithos 4.

All inversionmodelswere obtained using Rebocc 2-D inversion code
and are presented for depths of 0–400 km in Fig. 13. A polar colour scale
is used from blue to red through white, and the white colour
corresponding to 100 Ωm shows the interface between what we
broadly term as resistive and conductive rocks, thought to be nominally
the thickness of the lithosphere (see discussion later in Section 6).
Similar to the crustal-scale inversions, a homogeneous half-space
was used as the initial models and the ocean bathymetry included a
priori in all inversions. The inversion parameters can be found in
Table 2.

The final inversion models for Lithos 1–4 profiles are shown in
Fig. 13. The first two profiles, (a) and (b), show generally a similar
geometry for the LAB (defined here by the depth to the 100 Ωm con-
tour). The thickness of the lithosphere is 250 km in the north-west of
the profile Lithos 1 and it is gradually thinning to 200 km south-
eastward. On the profile Lithos 2 the LAB is at a depth of 200 km every-
where, except the region between profile distances 270 kmand 310 km.
The presence of the crustal conductor significantly reduces resolution in
this region (the question mark in Fig. 13b). The model from the south-
ern profile Lithos 3 shows a deep lithosphere in the north-west
(300 km), however the lithosphere thins to 150–200 km south-
eastward. Note that there is a region of low resolution at a profile dis-
tance of 440 km (the questionmark in Fig. 13c), therefore the thickness
of the lithosphere is not well defined there. The perpendicular profile
Lithos 4 crosses the profiles Lithos 1–3 at their south-eastern parts.
The 2-D model from the profile Lithos 4 is consistent with the models
from the parallel profiles. Particularly, the LAB is at a depth of 200 km
with the small variations of ±20 km.

Pseudo-sections of the absolute misfit for apparent resistivity and
impedance phase are shown in Fig. 14. Generally, data misfit is
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randomly distributed, but there are regions of systematically poor fit.
For example, the north-westernmost 8 sites in Lithos 1 are fit worse
for both apparent resistivity and phase. On the Lithos 2 profile, the im-
pedance phase is fit better than apparent resistivity. The poor fit for ap-
parent resistivity and impedance phase can be seen at sites q12 and S03
in profile Lithos 3. Static shift is observed at sites o01 and B23, and the
apparent resistivity has large misfits over the entire period range.

6. Interpretation

6.1. Crustal structures

Crustal thickness increases significantly from the coast beneath the
Scandinavian Mountains and further (to more than 40 km) beneath
Sweden (Ebbing et al., 2012). In the north-east, the upper crust of the
Precambrian basement is homogeneous and highly resistive from the
surface down to 20 km (RL in Fig. 10). The resistive Precambrian
basement here consists of rocks of the northern Svecofennian
Table 2
Lithospheric-scale 2-D inversion parameters. Abbreviations: Ns — number of sites; T — period r
pedance phase inpercent and degrees, respectively;ρinit— resistivity of the initialmodel (half-sp
directions, respectively.

Name Ns T, s Distance, km

Lithos 1 32 0.003–8192 320
Lithos 2 22 0.003–8192 390
Lithos 3 21 0.003–8192 315
Lithos 4 15 0.003–8192 310
volcanic belt (province). In the northernmost part, the resistive
rocks cross the south-western edge of the Archaean Domain and are
spatially associated with Archaean gneisses (profiles Crust 1 and 2 in
Fig. 2). Since the southward edge of the Archaean Domain appears to
have been formed by rifting (Gaál and Gorbatschev, 1987), detached
fragments of Archaean crust could possibly occur in the Svecofennian
volcanic belt.

Svecofennian resistive rocks extend to the lower crust under the
Caledonian Thrust Front thickening to 50 km westwards (the thickest
part of RL located below the Caledonian Thrust Front). In the south the
crustal resistive region can be associated with the Trans-Scandinavian
granitoids, which extend to great depth (Olesen et al., 2002). The
aeromagnetic data imply that the Precambrian igneous rocks of the
Fennoscandian Shield can be followed below the Caledonian nappes
to the tectonic windows in northern Norway (Olesen et al., 2010).

The upper crust in Norway is resistive and consists of Caledonian
nappes, underlined by Precambrian basement. The basement below
the Caledonides is supposed to belong to the northern Svecofennian
ange; distance — profile length; δρa, %; δφ, ° — error floor for apparent resistivity and im-
ace);My×Mz—modelmesh size,My andMz— number of themodel parameters in y and z

δρa, %; δφ, ° ρinit, Ωm My × Mz RMSD

20; 3 103 200 × 103 1.8
20; 3 103 227 × 103 1.1
20; 3 103 208 × 103 2.0
20; 3 103 127 × 103 1.7



Fig. 14. Pseudo-sections of the absolute misfit for apparent resistivity (left panel) and phase (right panel) of the determinant of the impedance tensor.
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volcanic belt and to consist mostly of Archaean and Palaeoproterozoic
rocks, such as metagranites, granulites, gneisses, metabasalts and
amphibolites, and partly of Caledonian nappes (Ebbing et al., 2012).

The middle to lower crust in northern Svecofennian province is
more conductive (Fig. 10). At a crustal-scale, in particular in the
Precambrian Shield areas, the only viable candidates to enhance electri-
cal conductivity are graphite or carbon in grain-boundary films (Duba
et al., 1988; Frost et al., 1989; Jödicke, 1992; Raab et al., 1998), graphite
in the metamorphosed deposits of black shales (Boerner et al., 1996;
Korja and Koivukoski, 1994), (Korja et al., 1996), sulphides (Jones
et al., 1997; Korja et al., 1996) and iron oxides (Duba et al., 1994). Else-
where, in Fennoscandia, similar conductors usually representmetamor-
phosed carbon- and sulphide-bearing sedimentary rocks, transported
into deep crustal levels by tectonic processes (Hjelt et al., 2006; Korja
et al., 1996; Korja et al., 2002; Korja et al., 2008). An area of enhanced
conductivity, marked HC, within the conductive middle and lower
crust in the northern Svecofennian province is located at the depth of
15 km and the lower boundary at 30 km. The conductor can be spatially
associated with the volcanic continental Arvidsjaur–Kiruna arc (Juhlin
et al., 2002), implying a tectonic model of multiple accretion of island
arcs.

In the north-east, a region of the enhanced conductivity of a few
thousands of Siemens is observed in the upper and mid-crust (KC in
Fig. 10). The survey area is located in the western and northern parts
of the Central Lapland Greenstone Belt (CLGB) that is one of the largest
Proterozoic greenstone belts in the world. The CLGB consists of a
Palaeoproterozoic (2.5–1.97 Ga) volcanic and sedimentary cover rocks
that were deposited on Archaean (N2.5 Ga) basement. The conductor
in the Kittilä district dips from the near surface (2 km) to the mid-
crust (25 km) towards the north-east. The highest conductivities are
related to N–S elongated graphite- and sulphide-bearing schists of the
CLGB, which are visible also in the airborne electromagnetic data of
the study area (Lahti et al., 2012).

The Skellefteå region is also characterized by shallow strong conduc-
tivity anomalies at the depth of 2–5 km. This was known since the early
Geomagnetic Depth Sounding study of Jones (1981) (called the
“Storavan” anomaly in that paper) and the subsequent MT study of
Rasmussen et al. (1987). These conductive features are related to the
ore bearing Skellefteå Group (1.89–1.88 Ga, (Skyttä et al., 2011)) and
the overlaying Vargfors Group (1.88–1.87 Ga, (Billstrom and Weihed,
1996)), comprising turbiditic sedimentary rocks, shales, conglomerates
and local intercalations of volcanic rocks (Allen et al., 1996; Årebäck
et al., 2005; Weihed et al., 1992) (Fig. 1). Similar anomalies at the
same depth have been observed in this region, 90 km further to the
south. These anomalies have been interpreted as graphite in black
shales in the contact between metasediments and metavolcanics
(Hübert et al., 2013). In our Crust 7 model, the strong conductor C7-4
is observed near the Skellefteå district, but the depth of the conductor
is too large to be interpreted as the Skellefteå conductor. However, the
shallow conductive layer below sites S02 and q03 could represent the
black shales of Vargfors group.

Recent seismological experiments from the Caledonides indicate
that the preserved Caledonian allochthon in central Scandinavia is
10–12 km thick (England and Ebbing, 2012). The Caledonides are
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presented as a relatively thin veneer above Precambrian basement, the
thickness of which range from a few metres in the Caledonian Front in
the east, gradually thickening to the depth of 5 km towards the west.
In the Jämtland region, it was found in the MT study by Korja et al.
(2008) that resistivity of the Caledonian allochthons varies by one
order of magnitude, but they are generally resistive. The resistivity of
the middle/upper allochthons varies from a few thousands to 105 Ωm
while the lower allochthon is more conductive having resistivity from
a few hundreds to a few thousands Ωm.

Extensive drilling in the Jämtland region (Andersson et al., 1985) has
shown that a fewmetres to tens of metres of thick alum shale layers are
below the Caledonian rocks and may enhance the conductivity in the
uppermost crust. There are highly conductive upper crustal units in
the west, below the Caledonian Thrust Front. For example, the C1, Cs1,
Cs2, C2, C6-1, C7-1 and C7-2 conductors in Crust 1, 2, 6 and Crust 7 pro-
files, respectively. These conductors may be associated with the alum
shales, the autochthonous Cambrian carbon-bearing black shales on
the top of the Precambrian basement and subordinate conglomerates
and sandstones, crop out at the Caledonian Front. Alum shales are
known to be electrically highly conducting (Gee, 1972). It is also possi-
ble that the C1 and C2 conductors on the Crust 1 and 2 profiles represent
an alum shale layer overlain by the resistive rocks of the Caledonian
nappes in the north and outcropping towards the south. We conjecture
that alumshales canbe seen in other profiles alongor near theCaledonian
Front. However, the gaps in sites coverage do not allowus to resolve these
small near-surface conductors.

An extensive conductive layer C+ Cc stretching from north to south
is located 40–120 km to the west of the Caledonian Thrust Front. The
conductor dips south-eastward. The location of C and Cc coincides
with the mica schists of the uppermost allochthon. These rocks of the
exotic origin belong to the eastern margin of Laurentia or to a micro-
continent between Laurentia and Baltica. The mica schists may contain
highly conductive material, such as shales or clay rocks (Chisholm,
2011). The Caledonian nappes trusted in a NE direction and the upper-
most allochthonmica schists can represent the first 5 km of C on Crust 3
and 4. Another possible explanation is saline fluids (Becken and Ritter,
2012) infiltrated in the Sagfjorden shear zone (Fig. 1). The Sagfjorden
shear zonemay have governed the location of the large-scale,Mesozoic,
normal fault zones that bound the sides of the Lofoten andUtrøst Ridges
(Olesen et al., 2002). It should be noted that EMmethods are extremely
sensitive to the presence of a minor amount of partially interconnected
conducting phases distributed in large volumes, such as fluids or
carbon.

The basement below the Caledonides is thought to belong to the
northern Svecofennian volcanic belt, where enhanced conductivity
was explained by the presence of the metamorphosed carbon- and
sulphide-bearing sedimentary rocks. Therefore, we assume that the
same causes of the enhanced conductivity may occur in the western
part of the northern Svecofennian volcanic belt. A similar middle to
lower crustal conductor has been identified in the Jämtland–Trøndelag
region (Korja et al., 2008) further to the south. The enhancement of
the average crustal conductivity there was associated with Caledonian
related processes or later opening of the Atlantic Ocean, which also
might have affected the lower crust. We also suggest that the mid-
crustal conductor identified in our 2-D models, might be a northern
extension of the Jämtland–Trøndelag conductor.

In the westernmost margin of the Fennoscandian Shield, under
the Lofoten, conductive unit can be observed at the depth of about
5 km (C5-1 in Crust 5). There is no clear evidence of the causes
of the enhanced conductivity here. The Lofoten consists of the
Archaean and Proterozoic rocks of ancient Baltica, exposed to the
surface during Devonian extension. Thus, it is unlikely that the
rocks of the uppermost allochthon extend below the Lofoten.
Possible explanation of the enhanced conductivity below the Lofoten
is the presence of the saline fluids in complicated fault system within
the Lofoten.
6.2. Electric LAB

The results of the 2-D inversion from four MT profiles in north-
western Fennoscandia suggest that the thickest lithosphere is in the
Palaeoproterozoic Svecofennian province (Fig. 13d). This is supported
by the previous studies of Korja (2007) and Jones (1999). From our re-
sults, the thickness of the Palaeoproterozoic lithosphere reaches 300 km
depth and the Archaean lithosphere is 200 km to 250 km. Jones (1983)
evaluated the thickness of the lithosphere in Kiruna as 173±15 kmand
in Nattavaara as 211 + 27/−23 km (Fig. 1). From our measurements,
the thickness in Kiruna (near site w05, Lithos 2 profile Fig. 13b) is
around 170 km and in Nattavaara (near sites j28 in Lithos 2 Fig. 13b)
is 200 km. The thickness of the lithosphere from Korja (2007) is
250 km. Korja (2007) concluded that the thickest lithosphere is in the
Palaeoproterozioc Svecofennian Domain, which is in agreement with
our models (the lithosphere is thickening to 300 km towards the
south). On the other hand, the thinning of the lithosphere towards the
Atlantic Ocean suggested by Korja (2007) is not supported by our
results. Note, that the resolution of the new array is far better than the
previous compilations, where the distance between sites was 50 km
(BEAR array).

7. Conclusions

We have conducted magnetotelluric measurement within the
“Magnetotelluric in the Scandes” (MaSca) project, during the summers
of 2011–2013. All together data at 220 broad-band and 59 long period
sites were measured. The array crosses the major tectonic structures
within the Precambrian and younger Caledonian rocks. Two important
borders are crossed: the Archaean–Proterozoic boundary and the
Caledonian Thrust Front.

• The overall data quality is good. The apparent resistivity varies from
0.1Ωm to 105 Ωm reflecting areas of the high conductivity and resis-
tivity. The phases are consistent and show the region of the low
conductivity between 0.1 and 100 s. There are some long period MT
sounding curves reaching a period of 105 s.

• Twomethodswere used for strike and dimensionality analyses: the
phase tensor and Q-function. Both analyses revealed generally 2-D
behaviour of the data with 3-D effects at some sites and period bands.
In the north-east, in the Precambrian part, a NS strike is identified for
periods 0–100 s. For longer periods, the average strike of N45°E can be
identified from the rose diagram of Q-function. In the Caledonides, the
strike is more complicated.

• The induction vectors have been used for strike analysis. For shorter
periods, the induction vectors point in different directions, reflecting the
3-D near-surface structures. For longer periods, their behaviour is more
consistent between each other as well as with the Q-function rose dia-
grams. The vectors are reflecting the conductive ocean in the west and
the influence of the strong Skellefteå conductor in the south.

• The comparison of the Q-function and phase tensor analyses
showed their consistency. The greatest advantage of the Q-function
analyses is that it gives the quantitative estimate of the deviation of
the data from the 2-D assumption.

• The phase tensors were also compared with the induction arrows.
High levels of agreement were observed for all data.

• The crustal-scale 2-D inversions have been done for seven profiles
and lithospheric-scale for four profiles. The averaged strike direction of
N45°E is used.

• The inversion models show the resistive Precambrian basement
and the conductive middle to lower crust in the northern Svecofennian
volcanic province. The enhanced conductance can be explained by the
presence of the graphite-bearing rocks and sulphides. In the north the
upper crustal conductor is seen as the southern end of the Kittilä green-
stone belt. The enhanced conductivity there is related to graphite- and
sulphide-bearing schists, which are visible also in the airborne
electromagnetic data of the study area.
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• In the Caledonides, the presence of the highly conductive alum
shales is observed along the Caledonian Thrust Front. The regional
highly conductive upper crustal units are shown in the 2-D inversion
models. The extensive conductive features are closely located along
the uppermost allochthon mica schists, which can also contain the con-
ductive material.

• The thickest lithosphere is in the Palaeoproterozioc Svecofennian
Domain, not in the Archaean. The thickness of the lithosphere is
200 km in the north and 300 km in the south-west of the MaSca array.

•An extension of theMaScameasurements is planned along the Blue
Road seismic profile (Section 1). In addition results from the SCANLIPS 2
seismic profile in northern Norwaywill be available in the coming years
and they will facilitate modelling of the processes that shaped the to-
pography of the Scandinavian Mountains (England and Ebbing, 2012).
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