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1 INTRODUCTION

SUMMARY

The Archaean—Proterozoic collisional zone is a complex mixture of the Archaean complexes
[e.g. lisalmi Complex (IC)], Proterozoic supracrustal belts [e.g. Kainuu Belt (KB) and Savo
Belt (SB)] and oceanic arc lithologies in the central Fennoscandian Shield. The zone was
formed in the Savo orogeny when the Keitele microcontinent collided with the Archaean
Karelian craton in the Palaeoproterozoic time. The crustal architecture of this palaeosuture is
studied using new broad-band magnetotelluric data from 104 sites. 2-D conductivity models
across the border zone between the Palacoproterozoic Svecofennian Domain and the Archaean
Karelian province are constrained using the recent, partly collocated reflection seismic data
from the Finnish Reflection Experiment (FIRE). Dimensionality analyses, in particular the
O-function analysis, show that magnetotelluric data represent reasonably well regional 2-D
structure at periods <100 s, which is the longest period used in this study. Strike determinations
gave a stable strike of N15W. For the inversions, the data are projected into three parallel profiles
with an azimuth of N75E. The determinant inversion is selected as the most suitable method
for the data set. Especially the phase data are useable only from the determinant since one
of the polarizations have the out-of-quadrant phase at several sites. The interpreted final,
geological more appropriate models, where smoother thick conductive areas are replaced by
thinner layers, are constructed from the results of the unconstrained smooth inversions with
the help of forward modelling, synthetic and prior model inversions and reflection seismic
models. The two major sets of crustal conductors are identified. They have an opposite dip and
together they form a bowl-shaped conductor. In the west, the eastward dipping SB conductors
are located at the bottom of the formation underlain by the Keitele microcontinent. The SB
conductors extend to the east possibly cutting the westward dipping conductors of the KB.
The conductive KB is flanked above and below by the resistive Archaean IC/Rautavaara and
Eastern Finland Complexes and represents the remnants of a basin that was squeezed between
two Archaean blocks in the collision. The crustal conductors revealed by the inversion extend to
the surface, where they can be associated with the near-surface conductors mapped by airborne
electromagnetic surveys. Geological mapping has shown that the near-surface conductors are
caused by graphite and/or sulphide-bearing metasedimentary rocks. Thus the deep conductors
related with the Proterozoic KB and SB were formed on the surface and transported into the
upper and middle crustal levels in the Savo orogeny. The crust in the Karelian Craton is highly
resistive having only minor resistivity variations in our research area. Also the Archaean lower
crust is resistive on the contrary to the conductive lower crust of the Proterozoic SB and the
Keitele microcontinent.
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scription of the theoretical background of the method and models
can be found, for example, in Berdichevsky & Dmitriev (2009). The

The magnetotelluric (MT) method uses the Earth’s electromagnetic combination of MT and reflection seismic methods has repeatedly
(EM) field as the source for investigating the subsurface electrical proven to be effective in crustal studies because these two meth-
resistivity structure (Tikhonov 1950; Cagniard 1953). Detailed de- ods provide independent data sets and therefore complement each
908 © 2011 The Authors
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other. Magnetotellurics is more sensitive to the texture and con-
ductive fillings of the subsurface rather than volume (Hjelt et al.
2006) and, in addition to conductivity models, also provides in-
formation on the dimensionality and orientation of the structures
(Korja & Hjelt 1998). Consequently models, built in particular on
reflection seismic data, can be tested by MT method, and vice versa
(Jones 1998). Encouraged by this, the MT-FIRE project has acquired
high-resolution MT data around the Finnish Reflection Experiment
(FIRE, e.g. Kukkonen et al. 2006) profiles and along the older deep
seismic sounding line SVEKA (Luosto ef al. 1984).

Results from our profiles in the surroundings of the FIRE-1
transect in eastern Finland (Fig. 1) are presented in this paper.
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Figure 1. Geological and geophysical maps of the study area. (a) Geologi-
cal map of the Central Fennoscandian Shield (modified from Koistinen et al.
2001). The study area is marked with a purple box. FIRE-1, FIRE-3 and
FIRE-3A profiles are shown with thick black lines. Abbreviations: CFGC,
Central Finland Granitoid Complex; EFC, Eastern Finland Complex; IC,
Iisalmi Complex; KB, Kainuu Belt; KC, Kajaani Complex; KGB, Kuhmo
Greenstone Belt; LBBZ, Lake Ladoga — Bothnian Bay zone; OA, Out-
okumpu Area; RC, Rautavaara Complex; SB, Savo Belt. (b) Location of the
MT-FIRE magnetotelluric (MT) soundings and the lithology of the research
area (modified from Koistinen et al. 2001). MT sites are shown as circles.
Filled circles denote sites used in 2-D analysis; red for profile P1, blue for
P2 and green for P3. Open circles are sites omitted from 2-D analyses and
open circles with cross are sites of poor data quality. The common midpoints
of the reflection seismic FIRE-1 profile form a thick blue line. (c) Apparent
resistivity map of the study area. Map shows the near-surface resistivity ob-
tained from airborne electromagnetic surveys (Peltoniemi ez al. 1990; Airo
2005) by calculating apparent resistivities from real and imaginary data us-
ing the approach of Pirttijarvi (1995). Only resistivities lower than 200 2m
are shown with different shades of red. MT sites from SVEKA (Korja &
Koivukoski 1994) and GGT/SVEKA (Lahti et al. 2002) projects are shown
as yellow diamonds. MT-FIRE sites and FIRE-1 profile are shown as in (b).
Scalar audiomagnetotelluric SVEKA profile (Kaikkonen & Pajunpdi 1984)
is shown with a dashed black line. Shotpoints of deep seismic sounding line
SVEKA (Luosto et al. 1984) are shown with stars.
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The seismic transect crosses the boundary zone between the Ar-
chaean Karelian and Palaeoproterozoic Svecofennian parts of the
Fennoscandian Shield. At the surface this palaecosuture features a
mixture of Archacan complexes [e.g. lisalmi complex (IC)], Pro-
terozoic supracrustal belts [e.g. Kainuu Belt (KB) and Savo Belt
(SB)] and oceanic arc lithologies. Our data cover primarily the
palacosuture zone but extend to the Archaean Karelian domain in
the east.

Properties, structure and evolution of ancient continent—continent
collisions help us to understand properties and dynamics of mod-
ern and ongoing processes because the ancient zones reveal the
final structure produced by collisions and usually also the prop-
erties of deeper crustal sections. The structure of the Proterozoic
continent—continent collisional zone in the Central Fennoscandian
Shield was investigated.

Ancient continent—continent collisional zones (palacosutures) of-
ten contain metasedimentary rocks with interconnected conducting
phases, for example, graphite, sulphides and iron oxides (e.g. Duba
et al. 1994), which are effectively imaged by EM methods. Large-
scale crustal conductors can be studied best by magnetovariational
(MV) arrays and MT profiles whereas the mapping of the near-
surface conductivity structures requires methods having denser lat-
eral coverage such as airborne electromagnetic (AEM) measure-
ments made in the area by the Geological Survey of Finland (Airo
2005). The combination of these different data sets provides us a
powerful tool that allows us to investigate in detail both the position
of conductors with respect to geological and tectonic structures and
the internal structure of the conductors themselves (Korja & Hjelt
1998).

Broad-band MT data from several profiles are used to study the
architecture of the crust at the Karelian—Svecofennian collisional
zone and in the Karelian Craton far from the collisional zone. Pri-
mary aims are to define (1) the geometry and properties of the
subduction-related structures between the Karelian Craton and the
primitive island arc complex, (2) the role of the Archaean IC and
Proterozoic KB in collision, (3) the continuation of the KB con-
ductor to the south, that is, to examine if there is an unexposed
connection between the KB in north and the Outokumpu Area in
south suggesting that they form a single sedimentary basin and (4)
the internal structure of the highly resistive Karelian craton.

2 AREA OF INTEREST: GEOLOGICAL
BACKGROUND AND GEOPHYSICS

2.1 Geological background

The East European Craton (EEC) consists of the Fennoscandian,
Sarmatian and Volgo-Uralian crustal segments. The northern and
central parts of the Fennoscandian segment are known as the
Fennoscandian Shield, which is further divided into the Archaean
Karelian, Belomorian and Kola provinces, the Proterozoic Sve-
cofennian Domain (Orogen), and the Southwest Scandinavian Do-
main (Gaal & Gorbatschev 1987; Fig. 1 litological map after Koisti-
nen et al. 2001). Overview of the geological evolution of the research
area in the Fennoscandian Shield is given in Table 1. In the west,
the Shield is flanked by the Palaeozoic Caledonian Orogen. This
study concentrates on the boundary zone between the Archaean
and Proterozoic crustal units, the major tectonic boundary (Ar-Pt
boundary) in the Shield. The study covers also the western part
the Archaean Karelian province in the east. The upper crustal units
along our profiles, approximately from northeast to southwest, are:
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Figure 1. (Continued.)
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Table 1. Geological evolution of the Central Fennoscandian Shield.
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Age (Ga) Orogeny Description
3.1-2.9 Saamian Formation of the Karelian province: a granite-greenstone terrain (rifted crust) with N-S and NNE-SSW
2.9-2.6 Lopian aligned greenstone belts
2.5-1.97 Craton partially covered with sediments and volcanic rocks
Rifting, break-up and opening of a sea; passive margin
1.93-1.91 Lapland-Kola Karelian craton forms a stable nucleus for the Fennoscandian Shield in subsequent orogenies”
1.92-1.76 Svecofennian
Svecofennian®
1.92-1.88 Microcontinent accretion:
Lapland-Savo Accretion of the Norrbotten, Keitele and Bothnian microcontinents to the Karelian craton
Fennian Subsequent accretion of the Bergslagen microcontinent
1.87-1.84 Stabilization by extension:
Large-scale extensional basins filled with psammites and pelites® Mafic dyke and granite intrusions?-¢
1.87-1.79 Continent—continent collisions:
1.84-1.81 Collision of the Fennoscandia and Kola cratons (Laurentia) in the northeast
1.83-1.80 Docking of Sarmatia in the southeast
1.84-1.80 Svecobaltic Unknown continent docking in the southwestern margin
1.82-1.80 Nordic Collision of the Fennoscandian and Amazonian continents in the west
1.79 and 1.77 Stabilization period:

Gravitational collapse, thermal resetting and late tectono-magmatic episodes

“Gorbatschev & Bogdanova (1993).
bKorja et al. (2006).

“Lahtinen et al. (2002).

48talhos (1976).

¢Suominen (1991).

Eastern Finland Complex (EFC), KB, IC, Kajaani Complex (KC)
and Rautavaara Complex (RC) and SB (Nironen et al. 2002).

The Neoarchaean EFC is composed of migmatic tonalites and
trondhjemites. Intrusions of granites and granodiorites are also
present as well as Archaean supracrustal banded amphibolites
(Luukkonen 2001). The EFC is further divided into the Eastern
and Western Kianta Blocks, which are separated by the Kuhmo
Greenstone Belt.

The KB is a Palaeoproterozoic metasedimentary cover between
the EFC and the IC and KC. It is composed of allochthonous pelitic
and turbiditic sequences. The eastern segment of the KB consists
of turbidites but in the western segment also ophiolites are present
(Kontinen & Merildinen 1993).

The KC to the northwest of the KB is rather heterogenous forma-
tion with Archaean granitoids and Proterozoic para-autochthonous
cover sequences of quartzite, dolomite, metadolorite and volcanic
rocks (Korsman et al. 1997). The RC to the south of the KC is
dominated by approximately 2.8-2.7 Ga Archaean migmatites. Fur-
ther to the southwest lies the IC, which consists mainly of 3.2-3.1
Ga Archaean tonalitic—trondhjemitic migmatites, amphibolites and
granulites. Several steeply dipping and NW-SE striking Protero-
zoic diabases are also found in the IC, contrary to the RC, which
is characterized by the rareness of such dykes. The same NW-SE
strike is also common direction for faults and fracture zones in the
area (Paavola 1990, 1999).

The Archaean—Proterozoic suture is marked at the surface by the
eastern edge of the SB. The SB (1.96-1.85 Ga) consists of SE-NW
trending metavolcanic and metaturbiditic rocks interlayered with
gneissic tonalites (Lahtinen 1994). Central Finland Granitoid Com-
plex consists mainly of synkinematic granitoids and granodiorites,
which have been later intruded by post-kinematic granitoids, gran-
odiorites, quarz monzonites and gabbros (Nironen 2003). Remnants
of volcanic and metasedimentary supracrustal belts are also abun-
dant in the area.

© 2011 The Authors, GJI, 188, 908-924
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2.2 Previous EM and seismic work

Fennoscandian crust is generally very resistive and contains promi-
nent elongated conductors (Pajunpii 1987). The deep conductivity
anomalies delineate the boundaries between, for example, the Ar-
chaean and Proterozoic crustal units and are interpreted to represent
closed basins between older crustal blocks (Korja et al. 1993; Korja
1993; Hjelt et al. 2006). Some of these crustal conductors can be
traced up to the surface using the airborne data. The graphite- and
sulphide-bearing schists of the KB are seen as very good conduc-
tors (107!~10 ©m, Fig. 1). Another highly conductive feature is
associated with the eastern border of SB, where the resistivities are
several tens of ohm metres. The conductors of the Outokumpu Area
are located in the southern edge of our research area (Fig. 1c).

The first deep EM work in the research area was done by Adam
et al. (1982). Kaikkonen & Pajunpii (1984) presented a 2-D con-
ductivity model constructed from 1-D interpretations of 140 scalar
audiomagenetotelluric (AMT) soundings (3700-8 Hz). The profile
crosses the Ar-Pt boundary zone in SW-NE direction along the
seismic SVEKA line (Luosto et al. 1984; Fig. 1c). Kaikkonen &
Pajunpii (1984) identified three regions, based on different average
resistivities, of which the middle one is the most conductive. They
interpreted enhanced conductivities to represent either the change
of rock types or fractures in the Lake Ladoga — Bothnian Bay zone
(LBBZ), or both. The area was later covered by magnetometer array
studies (Pajunpédd 1984, 1987), which divided the Finnish part of
the Fennoscandian Shield into four distinct geoelectric regions. The
boundary between the very resistive eastern block (II) and more
conductive middle block (I) coincides with the Kuhmo Greenstone
Belt that is located in the eastern edge of our study area. Further-
more, a minor conductor was detected at the KB.

Korja & Koivukoski (1994) constructed a forward 2-D model
from new broad-band tensor MT soundings (0.1-1000 s) along
the entire SVEKA profile. The 16 easternmost sites of the profile
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coincide with the MT-FIRE research area. The model from this part
of'the profile reveals a prominent SW dipping upper crustal conduc-
tor beneath the KB but does not image any conductors associated
with the LBBZ probably due to the lack of short period AMT data
and large site distance. They further concluded that the Karelian
crust is very resistive in comparison to the Svecofennian crust in
general.

Lahti ef al. (2002, see also Hjelt er al. 2006) extended the old
MT SVEKA profile and presented a 2-D inversion model along
the GGT/SVEKA transect (Korsman ef al. 1999). The main results
for our area of interest are that the LBBZ (Ar-Pt boundary) does
not exhibit major resistivity changes. The strongest regional scale
conductivity boundary is between the resistive Archaean and more
conductive Proterozoic lithosphere beneath the KB about 80 km
NE of the suture. The KB is represented by a southwest dipping
conductor extending to the depth of 20 km under the IC.

Refraction seismic studies (Luosto 1991, 1997; Korja et al. 1993;
Korsman et al. 1999) suggest that in general the Archaean crust is
thinner than the Proterozoic. The average crustal thickness in the
Karelian province is 40 km, while the thickest crust of about 60
km is found beneath the LBBZ. Most of the variations in the Moho
depth are due to variations in the high-velocity lower crust. The areas
of thin crust have been subject to extensional events and the areas
of thicker crust have reached isostatic balance by crustal density
variations caused by magmatic intra- and underplating.

The most recent geophysical work in the area is the reflection
seismic FIRE project (Kukkonen & Lahtinen 2006). The reflectivity
pattern of the upper crust in the FIRE-1 profile is well correlated
with surface lithological units (Korja ef al. 2006). They interpret the
upper crustal reflectivity pattern by lithological contacts or shear
zones or their combination. The KB and autochthonous units at
the western edge of the EFC are characterized by 30-45° westerly
dipping band of reflections, which are cut by steeper (<60°) west-
dipping poorly reflective zones. The gently dipping strong reflectors
are correlated at surface with the greywacke-pelite association. The
units of KB can be traced at least to the depth of 10 km based on
the reflectivity pattern (Korja et al. 2006). The shallow Salahmi
autochthonous cover at the western edge of IC has steep (70°) west-
dipping reflectors. Based on the reflection data, this formation might
be a few kilometres deep. The contact of the mica gneisses in the SB
is marked by abrupt change to moderately (25-30°) west-dipping
reflectors (Korja et al. 2006) in the upper crust. Deeper below the
SB, the reflectors dip to the east. In the MT-FIRE research area,
also gravimetric, magnetic, geothermal and rheological studies have
been carried out as a part of the GGT/SVEKA transect compilation
(Korsman et al. 1999) and the FIRE project (Kukkonen & Lahtinen
20006).

3 MEASUREMENTS AND DATA
ANALYSIS

3.1 Measurements and time-series processing

Broad-band MT soundings were carried out at 104 sites during
2003-2005 using instruments recently developed in the University
of Uppsala (Smirnov et al. 2008). Magnetic field was measured
with induction coils from Metronix (MSFO05) and electric field with
two perpendicular electric dipoles (Pb-PbCl non-polarizable elec-
trodes). Length of the dipoles varied from 50 to 100 m. The in-
struments are equipped with EarthData recorder, which allows ac-
quisition at two sampling frequencies simultaneously. The 20 Hz

recordings were continuous for a minimum of 1 d at each site,
while the 1000 Hz was recorded for 2 hr after midnight (burst mode
recording) to enhance signal-to-noise ratio with higher world thun-
derstorm activity and less cultural noise. The 3000 Hz data were
acquired for 0.5 to 1 hr before or after the main recording phase.
Concerning transfer functions, these sampling frequencies mean
period range from 1/1000 s to 1000 s and even longer at sites where
recordings lasted several days. Depending on the subsurface con-
ductivity in the research area, these periods allow us to investigate
the structures of the crust and upper lithospheric mantle, except for
the uppermost few kilometres.

Distances between the sites vary from 1 to 5 km. High-resolution
data with broad frequency range and short distances between the
sites make it possible to gain a very detailed picture of the under-
lying earth. In comparison to the older MT measurements in the
research area (Korja & Koivukoski 1994; Lahti et al. 2002), the
new transfer functions cover almost three more decades of periods
and the site distances are five—ten times shorter. Data measured in
geomagnetic coordinates were rotated to geographic coordinates,
using declination maps provided by the Finnish Meteorological In-
stitute. The declination in the study area changes from 7.5° in the
west to 9.5° in the east.

The site locations were selected to get a good coverage across
the palaeosuture and to make 3-D modelling of the KB conduc-
tors possible in the future. To effectively correlate the results with
seismic studies, some sites were located as close as possible to the
FIRE and SVEKA profiles. However, since the FIRE project used
the Vibroseis method, the reflection seismic profiles are located at
the main roads. On the other hand, to minimize EM noise the MT
sites need to be far from the roads and buildings. Therefore most of
the MT sites do not coincide with position of the seismic profiles.
The southernmost sites form a profile to determine if there is an
unexposed connection between the conductors in KB and in the
Outokumpu Area. The location of our measurements as well as the
FIRE profiles is shown in Figs 1(a) and (b), and the location of older
MT, AMT and seismic work with the near-surface conductivity map
in Fig. 1(c).

The data were processed using the robust multiremote reference
code by Smirnov (2003). It is based on robust statistics that have
been shown to be very efficient against outliers. The data recorded at
3000 Hz data were subject to single site (SS) processing only as no
remote reference (RR) recordings were available in this mode. Most
of the sites were recorded in RR mode, which improves the quality
of transfer functions. The distances between the local and remote
site were usually not less than 20 km, which proved to be enough to
improve the data quality. The most significant improvement of RR
processing over SS in the frequency was noted in the range from
1 to 100 Hz. Different Fourier transform lengths were examined
during processing. Usually 3—10 different Fourier windows, whose
lengths ranged from 32 to 26 2144 samples, were used for each
three sampling frequencies (20 Hz, 100 Hz and 3000 Hz). The final
transfer functions are averages over all individual estimates. Only
six sites out of the initial 104 were rejected due to very low quality
of the final transfer functions, caused by severe local EM noise.

The transfer functions are very consistent with gradual variations
from site to site and they share common regional features. Over-
all quality of the transfer functions is excellent and their strange
behaviour at some sites is most likely due to complexity of the geo-
electric structure rather than any measuring or processing errors.
For example, at sites on top of the RC, the determinant impedance
phases are abnormally high reaching and even exceeding 90° after
10 s (Fig. 2, ‘bad’ sites). At these sites, there is also a large split

© 2011 The Authors, GJI, 188, 908-924
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Figure 2. Examples of observed data from three characteristic sites, the good (left), the bad (middle) and the ugly (right). Apparent resistivities from all tensor
components and determinant average are shown in upper panel and phases from off-diagonal tensor components and the determinant average in lower panel.
Vertical bars denote real confidence limits. Responses are shown in the coordinate system rotated to the strike of —15°. Blue curves are xy- and yx-responses
and red curves determinant averages. Data from sites P3—20 (20th site from west on profile P3) and P2—15 represent typical sites measured in the Eastern
Finland Complex and the Savo Belt (Fig. 1), respectively. The site P3-20 represents a ‘good’ site for all 2-D inversions, not only for the determinant. P2—-15 is
an example of an ‘ugly’ site, where one of the polarizations cannot be used in 2-D inversion, but the determinant inversion is possible. Data from site P1-14,
which is measured on the Kainuu Belt—Rautavaara Complex boundary, represents ‘bad’ sites where even the determinant phases exceed 90° at long periods.
These are the sites where periods longer than 10 s had to be excluded from 2-D inversion.

between xy- and yx-phases, where one of the polarizations goes out
of quadrant and the apparent resistivity curve resembles a line de-
scending in a 45° angle as would be the case for so called perfect
conductor. In addition at most of the sites in the SB area either xy-
or yx-phase is out of quadrant, but usually the determinant phase
remains below 90° and is consistent with determinant apparent re-
sistivity (Fig. 2, ‘ugly’ sites). At some sites cultural noise (e.g.
electrical fences) or instrument malfunction (fuses burnt by light-
ning) caused failures in electric field measurements so that only
tipper data are available. Also at a few sites, the vertical magnetic
field was not measured.

Based on the extreme behaviour of the phases as explained above
12 sites and, at five sites on top of RC, the periods longer than
10 s were excluded from further analyses and inversion. For final
analyses and inversion the accepted sites were divided into three
roughly east—west directed profiles: P1 in the north (24 sites), P2
(34 sites) in the middle and P3 (23 sites) in the south (Fig. 1). From
88 sites suitable for 2-D analyses nine sites were excluded from this
study because of their long distance to the selected profiles. The
remaining 79 sites are used to analyse dimensionality and strike
properties of the area as well as to perform 2-D inversions along the
selected profiles.

Induction arrows (Parkinson 1962; Wiese 1962) are a graphical
presentation of the magnetic transfer function (tipper). They gener-
ally identify the direction and magnitude of conductivity changes.
In the study area, they are generally rather small: at periods from
1 to 100 s, 80 per cent are below 0.3 (Fig. 3). The anomalous in-
duction arrows (>0.3) from this study and from the older data set
(Pajunpdd 1984, 1987) are shown in Fig. 3. Periods selected from
MT-FIRE data are 1 s, 10 s and 100 s (from blue to green) and from
the old data 100 s, 300 s and 1000 s (from green to yellow). The
directions of the arrows for the selected data set are stable except
for two locations at the period of 1 s. On contrary, the directions of
arrows shorter than 0.3 and at periods smaller than 1 s, vary greatly
indicating local induction effects. The selected thresholds leave a
reasonable amount of tipper data for inversion only in the eastern
part of the profile P1 (KB, Fig. 9). The selected tipper data are also
used in the strike analysis (Fig. 5).

© 2011 The Authors, GJI, 188, 908-924
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3.2 Dimensionality and strike analyses

The MT transfer functions allow the investigation of the dimen-
sionality and directional properties of the subsurface in the research
area. The knowledge of the dimensionality of the area ensures se-
lection of proper tools (1-D, 2-D and 3-D) to invert and interpret the
data. In the case of 2-D earth, the strike direction must be found to
decompose impedance tensor into E and H polarizations. It is also
important to project the measured sites to a profile perpendicular to
the strike to get a correct geometry of the model even if the inversion
of a rotational invariant such as determinant is used.

The skew of the impedance tensor is a measure of dimensionality.
In general, the larger the skew values are, the more the underlying
structures deviates from one or two dimensions. Bahr (1988) sug-
gested regional skews which take into account near-surface 3-D dis-
tortions in otherwise 1-D or 2-D earth. According to Bahr’s (1988)
recommendation, the regional 1-D indicator (3-D/1-D skew) should
be below 0.1 for regional 1-D structure and below 0.3 for regional
2-D structure. Note, however, that this condition is necessary but
not adequate, that is, there might be cases (see, e.g. Ledo et al.
2002) where 3-D structures produce skews <0.3. In our area, the
3-D/1-D skew is always higher than 0.2. The 3-D/2-D skews (shown
in Fig. 4) are generally below the limit of the 2-D regional struc-
ture. However, in the profile P2, under the IC (21.-26. site) and the
eastern part of the SB (11.—17. site), the skews are systematically
higher than 0.3.

There are several ways to estimate the geoelectric strike from
MT and geomagnetic depth sounding (GDS) data. The phase sensi-
tive strike (principal superimposition model) of Bahr (1988, 1991),
QO-function strike (Zhang et al. 1987; Smirnov & Pedersen 2009)
and the induction arrows are used in this study. The Bahr strike is
defined for underlying 2-D regional structure in the presence of 3-D
near-surface inhomogenities. In the Q-function analysis the strike
direction is found by minimizing the object function (Q-function)
as discussed by Smirnov & Pedersen (2009). The Q-function is the
sum of normalized squared misfits between the measured diago-
nal elements and those predicted from the off-diagonal elements in
the same column of the impedance tensor at several periods and
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Figure 3. Reversed induction arrows (Parkinson 1962) longer than 0.3 as a function of period. Arrows drawn in blue to green are from this study and in green
to yellow from earlier magnetometer array studies (Pajunpdd 1984, 1987). Background as in Fig. 1(c).
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Figure 4. Bahr 3-D/2-D skew values (Bahr 1991) for profiles P1 (left panel), P2 (centre panel) and P3 (right panel). Threshold of 0.3 is marked by the change
of colour from blue to red. Overall the skews are small, and the largest values are obtained at central parts of P2 beneath the Savo Belt and lisalmi Complex.

sites. However, the direction estimated from the impedance tensor
is subject to 90° ambiguity. This ambiguity can be resolved using
induction arrows, which in 2-D environment are perpendicular to
the geoelectric strike. In Fig. 5 the results from three different strike
analyses are shown, including Bahr’s (1988) regional strikes (Fig. 5
upper row), Q-function strikes (Fig. 5 lower row), and the strike
direction determined from induction arrows (red overlay in both
figures).

In the Bahr and Q-function analysis, strikes were calculated at
seven frequencies per decade at each site to get statistically more
reliable results. Yet frequencies higher than 1 Hz were omitted from
the analysis, because the highest frequencies are the noisiest and

they only represent the uppermost parts of the subsurface. For in-
duction arrows one period per decade is used, starting from 1/100s.

The strikes estimated from the induction arrows and from the
impedance tensor are in a good agreement at the profiles P1 and
P3, but differ at profile P2. In the profile P2, the induction arrows
are not equally distributed along the whole profile (Fig. 3). In the
west, the spatial sampling is denser and H, was measured at each
site, whereas in the east, the site distances are longer and H, was
measured only at every second site. Thus the statistical analysis
is not very reliable in this case. The Bahr strikes for each profile
are scattered over a wide range of directions while the O-function
strikes seem to define a more stable direction (—10° to —30°/4-80° to

© 2011 The Authors, GJI, 188, 908-924
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Figure 5. Rose diagrams showing the strike directions estimated from
impedance tensor and induction arrows that are longer than 0.3. In the
upper row, Bahr (1988) regional strikes are shown as black roses and the
strike direction determined from induction arrows as red roses. In the lower
row, the strike directions determined from the O-function analysis (Zhang
et al. 1987) are shown as black roses and the strikes from the induction
arrows as red. The length of each class is normalized so that the length is
one for the class with the most frequent strike. Since the goal is to find a
regional strike direction, data at periods longer than 1 s are used in both
cases. P1, P2 and P3 stand for the profiles.

+60°) probably due to better constraints. In the Q-function analysis
the solution was obtained for averaging over three periods and three
sites. The induction arrows suggest a strike direction of —10° to
—30°. Thus the strike is around —20° rather than +70°. This direc-
tion is also in agreement with the large-scale surface lithological
features.

O-function analysis (Fig. 5) suggests strikes of —15° or —30° for
the profile P1, —15° for profile P2 and —30° for profile P3. For P1,
the strike of —30° is also supported by induction arrow directions.
However, to carry out 2-D inversion the area has to be assumed
to be 2-D, the same strike is selected for all profiles. To find out
which of the two strikes (—15° or —30°) suggested by the O-function
analysis satisfy better the 3-D/2-D assumption, the Q-function at
each site and period for both strikes was calculated (Fig. 6). The
upper row shows Q'/2-value at the strike of —15° and the lower
row at —30°. Basically, the value of one means, that the impedance
tensor satisfies regional 2-D assumptions while the larger values
indicate deviations from it. Differences between these two strikes
are not remarkable, therefore, with the same level of confidence
a common strike between —15° and —30° can be chosen. Another
result of this test was that it is mostly the longest periods that do
not satisfy the 2-D assumption, thus it was decided to reject the
periods longer than 100 s from this study. In most cases the longer
periods already carry information from the mantle, while this study
concentrates on crustal structures. For periods shorter than 100 s,
the strike of —15° is slightly better and was used to project data for
inversion.

4 INVERSION AND DISCUSSION ON
MODELS OBTAINED

The traditional approach in 2-D inversion of MT data has been
fitting the data in the E-polarization and H-polarization. The po-
larizations have been fitted either separately or jointly, without and
later also with the tipper. In our case, one of the phases, either
E- or H-polarization, is out-of-quadrant in several sites (Fig. 2,

© 2011 The Authors, GJI, 188, 908-924
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‘ugly’ sites). This results in high skew values (>0.3, Fig. 4) and
also indicates 3-D effects. Consequently the 2-D inversion of ei-
ther polarization (or joint inversion of the polarizations) proved to
be problematic. For example, the test inversions of TE/TM modes
gave rms errors of 10—13. In comparison, rms for the final determi-
nant models is 1.0-1.5, while for homogeneous half-space (starting
model) rms is approximately 17. To improve the fit of the TE + TM
inversion, several sites should have been omitted: in the profile P2,
this would mean 62 per cent of all data. To significantly increase
the amount of measured data usable for 2-D inversion, the phase
and apparent resistivity estimated from the determinant average of
the impedance tensor Zpgr = /ZyZ,y, — Zy, Z, (Berdichevsky
& Dmitriev 1976) were used. Moreover, they demonstrated that
the use of effective impedances (e.g. determinant) considerably re-
duces the 3-D distortions of the MT responses. Pedersen & Engels
(2005) numerically compared the determinant and two polarization
responses for different synthetic 3-D/2-D models, and concluded,
after several inversion tests, that the Z,; response is the smoothest
and more robust against 3-D effects.

The determinant is rotationally invariant, that is, the impedance
data to be inverted do not depend on the strike direction at all.
Thus the variations in the strike direction along the profile and
as a function of the period, caused by 3-D effects, do not have
that much effect on the determinant inversion results. The only
aspect the strike affects in the determinant inversion is the relative
site distances along the profile. In contrast to traditional approach,
where the strike must be found to rotate the data to the principal
coordinate system, in the determinant inversion the strike is only
needed to project the profiles perpendicular to it. This ensures that
the true earth geometry is preserved in the model.

Prior to inversion, the sites were projected to new profiles perpen-
dicular to the strike (N75E). At this stage, five sites were omitted
since the distances between the sites along the projected profile
would have been only few hundreds of metres. Minimum of 1 km
for the site distance along the profiles was used. The three profiles
have respectively 23, 34 and 24 sites used in inversion with cor-
responding average site distances of 4.2, 4.1 and 7.2 km when the
projected profile lengths are taken into account. Three sites from the
GGT/SVEKA data set were added to the western end of the profile
P3.

In general, data from 700 Hz to 100 s was included in the
inversion. The determinant responses of this period range can
be fitted with 1-D model for most of the sites. Thus the phase
and apparent resistivities are consistent with each other indicat-
ing that the dispersion relations (Weidelt & Kaikkonen 1994;
Berdichevsky & Pokhotelov 1997) between them are satisfied and
the data quality is good. The periods longer than 100 s do not sat-
isfy the 2-D assumption for the selected strike direction as seen in
Fig. 6.

The final grid has 200 cells in the vertical direction and, depend-
ing on the profile length, 230-330 cells in the horizontal direction.
The bottom of the grid is at 1500 km and 10 exponentially grow-
ing air cells are added above the ground surface. The model edges
are 2300 km away from the ends of the profile. A homogenous
half-space with the resistivity of 1000 2m is used as a starting
model.

Galvanic effects may seriously distort the impedance tensor thus
introducing bias in final models. Error floor weighting has typi-
cally been used to reduce this effect by assigning larger error floors
to the apparent resistivity than the phase and tipper. Additionally,
the inversion can create small-scale near-surface inhomogenities to
compensate for static shift. The error floor was 16 per cent on the
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Figure 6. The Q'/? values calculated for the data. If Q'/? value equals 1 then the data satisfy the assumption of 3-D/2-D structure within the error floor of 5
per cent. The highest Q'/2 value of 4 in this data set means that all data would fit the 3-D/2-D assumption within the error floor of 20 per cent. This can be used
in inversion by increasing the error floor into this level and therefore to ensure that probable 3-D features in data are not fitted.

apparent resistivity to allow enough freedom for the inversion to
overcome static distortions and to prevent most of the 3-D features
to be fitted with artificial 2-D structures. On the impedance phase,
the absolute error floor of 3° was used. The REBOCC code (Siripun-
varaporn & Egbert 2000) modified for the determinant inversion by
Pedersen & Engels (2005) was used in the inversion.

The final inversion models obtained are shown in Fig. 7. Char-
acteristic for the entire study area is a strong contrast between the
resistive and relatively homogeneous eastern part (B1, B2, B3; Ar-
chaean EFC) and generally more conducting and heterogeneous
western part (complex mixture of Proterozoic and Archaean rocks).
Main features in the western part are (1) westward dipping con-
ductors Al and A2, (2) an eastward dipping conductor E in profile
P2 and its absence G in profile P3 forming another strong con-
trast/gradient in the models and (3) conductors D1 and D2 below
resistive upper crust (C1, C2) and conductor K in the middle crust
in the profile P3. Minor distinguishable features are a near-surface
conductor F at profile P2, a faint conductor I at profile P3 and the
conductivity changes in the lower crust and mantle in the western
part of profile P3 (J) and in the eastern part of the study area (H1,
H2, H3).

Comparison of observed data and model responses as well as
their difference (misfit) are shown in Fig. 8. Misfits are normalized
by data errors, that is, misfit of one means perfect fit within the
data errors. The fit of the data is generally good. Particularly, the
apparent resistivity is fitted with rms below one along the whole
profile and at all periods. In the phase misfit plot, there are higher
misfits, the worst of which (rms > 2) are painted black in Fig. 8 for
an easy identification. In the profile P3, a few higher misfit values are
found more randomly scattered along the profile, that is, there are no
clearly problematic areas in P3. The worst misfits are related to the
abnormally high phases, for example, in the profile P1 starting from
40 km. It seems that the inversion algorithm cannot generate models

with high enough phases to fit our data. Another problem might arise
from a large variation in the phase values between two neighbouring
sites: as seen in the measured data (@), the phases rapidly change
from 85-90° to 60—70° (P1 ~55 km, P2 ~107 km). The difference
between the measured and model phases has its maximum of about
10° at these sites. Thus the final model conductivities (Fig. 7) could
be slightly lower than the true conductivities. The high observed
phases may also be due to 3-D effects as suggested by the Q-analysis

(Fig. 6).

4.1 Model testing and discussion

4.1.1 Tipper tests

The conductor A is one of the most prominent features in our
models, but according to model fit it is also quite a problematic
area. The conductor coincides spatially with the near-surface con-
ductivity anomalies observed by airborne measurements (Fig. 1c),
which suggests that the near-surface conductors represent the ex-
posed parts of the deep conductor. Measurement of the electric field
right on the top of the near-surface conductors failed resulting in an
increased MT site distance and consequently reduced model reso-
lution near the surface. The lack of data in this critical area affected
the resulting determinant model, where the top of the conductor A
appears to be at the depth of 3—4 km. Since the induction arrows
were also exceptionally large and stable in this area, it was possi-
ble to include them in the inversion of the profile P1 to gain some
additional information on the nature of conductor A. The magnetic
fields were successfully recorded at each site which added one extra
tipper site for the inversion on top of A. The comparison of the
models is shown in Fig. 9: the joint inversion result confirms the
suggestion that the conductors detected both by the airborne and
MT measurements represent the same structure.

© 2011 The Authors, GJI, 188, 908-924
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Figure 7. Final 2-D inversion models for all profiles in the direction of N75E. Models P1 and P3 are shifted to the east to preserve geographical relations
between the profiles. Each mesh cell forming the model is drawn and coloured according to their resistivities. The uppermost graph shows conductance (S)
values for each model integrated from the surface to the depth of 70 km. The conductance is expressed as § = |, hhlz o (z)dz, where o(z) = 1/p(z) (Sm™ ") is
the conductivity distribution with the depth z, p (Q2m) is resistivity and /| and 4, are depth limits along the profile. Inverted triangles show the locations of
soundings. The locations of the near-surface conductors mapped by AEM is shown by red in a thin stripe above each profile. Letters A—K mark features that
will be discussed and/or interpreted. If the feature can be tracked in several profiles, also a number is assigned to it.

very strong constraints for the inversion, that is, the resulting model

4.1.2 Prior/synthetic model tests is obtained in the vicinity of a priori model. Small changes are pos-

A few different prior models were used in test inversions for each sible to improve the rms fit, but the inversion cannot significantly
profile to determine which structures are needed to fit the data and to change the prior model. If large changes to the chosen prior model
test how stable our inversion models are. The prior model provides were needed to improve the fit, the inversion would result in an

© 2011 The Authors, GJI, 188, 908-924
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Figure 8. Pseudosections of observed (obs.) and model (mod.) responses and their misfits for each profile P1, P2 and P3. Each column represents one site.
Misfits are normalized by data errors or error-floor in case it is larger than actual error. Apparent resistivities pobs, Pmod and pmissit in the three upper rows and
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Figure 10. Resolution tests of the obtained models. Simplified alternative models (A) for the profiles were derived from the final inversion models (Fig. 7),
which are redrawn in the lower panels (C) for comparison. Other geophysical information (reflection seismic models) was taken into account when the simplified
models were created. Responses from simplified models were used as data for resolution analysis. Real errors were attached to synthetic responses, which were
inverted to find the features that can be recovered. Results of these inversions are shown in the middle panel (B). Using the alternative models (A) as prior
models the observed data could be inverted to roughly the same rms fit as the final inversion models, meaning that this kind of model can explain the measured

data as well as the smooth models.

unrealistic model with clear artefacts. In conjunction with prior
model tests described earlier, the sensitivity of the alternative mod-
els were tested by inverting their synthetic responses with the same
data errors and same frequency and site distribution as in the ob-
served data. One selected example for both P1 and P2 is shown
in Fig. 10 (panel A). The results of the inversion of synthetic data
are shown in Fig. 10 (panel B). The comparison of the synthetic
inversion model with the original unconstrained inversion model
(Fig. 10, panel C) indicates if the model (A) is among the geophys-
ically acceptable models. Moreover, the comparison of the models
(A) and (B) indicates which features can be recovered in the inver-
sion process. This kind of synthetic testing answers for example on
the questions of the penetration depth under the proposed structures.

The physics of EM methods and therefore natural application of
Occam’s type of inversion gives smooth models as a result. Those

© 2011 The Authors, GJI, 188, 908-924
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smooth models might not be easy to interpret in geological terms,
since the real boundaries for different units tend to be sharper. The
alternative models used in prior model testing were created by mod-
ifying the final inversion results, while considering the results from
seismic reflection studies as well as geological background infor-
mation. For example, the conductor A is replaced for model testing
with a thinner layered conductor having a same conductance as in
the original thick model. Using this kind of layered-type conductor
(Fig. 10) in the prior model for the inversion, it is possible to get a
result that fits the data equally well as the final smooth model shown
in Figs 7 and 10.

Besides the conductor A, the properties of the conductors E, D1
and D2 and their relations to A were studied using prior models
and synthetic testing. These tests in the profile P1 revealed that
right under the conductor Al the model resolution is very poor.
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This was expected, since in the middle of this conductor, the data
were restricted to 10 s. However, as there are data in the resistive
areas to the east and west of the conductor, there is some resolution
under its edges. Therefore the lower crustal conductor D1 should
continue to the east under the conductor A, although it is uncertain
how far to the east. Under the western edge of the conductor A,
a thicker conductor or another conductor below A is required to
produce the type of model seen in Fig. 7. A test model with only
a single conductor A (10 km thick, 10 000 S conductance) in an
otherwise resistive environment clearly produces resistive material
below it although the data from the sites right above the conductor
cannot penetrate through it. Model structure and properties in the
profile P2 are similar to P1, and according to our dimensionality
analysis this area is mostly 2-D, therefore it is assumed that also D2
can continue under A2. The top of the conductor D1 (and thus, most
likely also D2) is not solved properly in the inversion of synthetic
test data. This is seen for P1 comparing the models (A) and (B) in
Fig. 10, where the top of D1 is below 40 km and at about 35 km,
respectively. According to synthetic tests, this is due to the high
contrasts in model resistivities (10 2m/10 000 @m). With lower
contrast, the top is better resolved. As the top is at the same depth in
both inversion models (B) and (C), the real structure is most likely
also below 40 km as seen in (A).

Conductor E in P2 was also replaced with a thin layer for testing.
Several models were used for the tests. In one set, the thin E conduc-
tor was a short conductor in the western part of the profile whereas
in the other set, the thin elongated E conductor extends from the
western end of the profile under A in the east. This alternative com-
bines the conductors E and D2 (Fig. 7) into a single one (E-D2).
The models had also either resistive or conductive lower crust (for
the model of conductive lower crust, see the simplified model of P1
in Fig. 10). For the profile P2, a model with a long E conductor and
resistive lower crust, is shown in Fig. 10 (panel A) together with
the inversion result of that model (panel B) and the original uncon-
strained inversion model (panel C). In the case of a thin (<10 km)
and continuous E-D2 with the conductance of 1000-8000 S, the
synthetic model tests suggest a penetration through the conductor
(Fig. 10, panel B). However, as seen in Fig. 7 and panel C in Fig. 10,
in the model of P2, the whole western middle and lower crust is
conductive. This indicates that conductive material is needed below
the thin conductor E-D2. For example, a thicker conductor E-D2
or conductive lower crust to the west of the KB could solve the
problem of missing conductive material. Another possible model
geometry for P2 is a shorter thin conductor E that dips to about 40
km and a continuous lower crustal conductor D2 (below 40 km)
underneath both E and A. In the final inversion model it is impossi-
ble to distinguish overlaying conductors E and D2 in the west, but
together they can produce the observed inversion model. Further-
more, the strongest 3-D effects according to Q-function analysis are
found at 20—40 km in P2, possibly indicating that the conductor E is
local and explaining why E is not seen at P3. The different nature of
the conductors A and E is already observed in the data (Fig. 8)—in
the case of E the phases grow higher slowly and steadily over the
periods (P2 first 20 km), whereas in the case of A they rise fast (P1
40-60 km).

In the relatively homogenous profile P3, a small deep conductive
formation (K) was detected in the middle of the profile. This conduc-
tor is needed to fit the data. To find constraints for the interpretation,
several models with simple geometries that would support different
hypotheses on the origin of the conductor (vertical, east/westward
dipping plates) were tested. The best fit is obtained with a horizon-
tal plate model, but all other tested geometries also provide a better

fit than the original smooth conductor. The western part of P3 (J)
would be consistent with the idea of conductive lower crust (D1
and D2) in the models for P1 and P2. According to prior testing,
a model with moderately conducting lower crust explains the data.
However, the conductivity of J should be clearly lower (max 100
Qm) than in D1 and D2 (10 2m). Also the top of J should be deeper
than D1 and D2.

Other features tested with prior models are the conductors H1-H3
and F (Fig. 7). The results of the synthetic tests (not shown in
the paper) suggest that the conductors H1-H3 are rather unstable
features and possibly artefacts. Inverting of responses from models
with extremely conductive slab A where eastern crust is totally
resistive occasionally results in similar lower crustal conductors in
the eastern part of the profile. On the other hand, in prior model tests,
where resistive Archaean crust is set at 10 000 Qm, the inversion of
measured data systematically creates the conductors HI-H3. Thus
a part of the conductivity in the eastern edges is probably due to
lateral effects from A, but slightly conductive material H in the east
is probably needed to fit the data. It would be interesting to continue
the profiles to the east to verify the presence of these conductors,
but as they are mostly in the depth of upper mantle already they are
not the main concern of this study. The near-surface conductor F is
observed in the profile P2 and can be seen in the airborne EM maps
(Fig. 1b). The tests of the downward continuation and a possible
connection of F with the crustal conductor E revealed that F and E
are most likely the separate conductors.

5 GEOLOGICAL INTERPRETATION
AND DISCUSSION

The interpretation based on conductivity models and FIRE reflec-
tion seismic model (Fig. 11) is shown in Fig. 12 and is discussed
later. Note that for profile P2, two alternative interpretations are
given (the two middle panels in Fig. 12). The conductors Al and
A2 can be replaced by thinner layered-type conductors as shown
in Fig. 10. A few kilometres thick moderately conducting layer is
equivalent to a resistive layer hosting several very thin highly con-
ductive sheets as long as the total conductance is the same. In the
thin conductor model, resistivity of 1 2m and thickness of 10 km
are used for A, which gives the total conductance of 10 000 S. The
same conductance can be achieved with a layer having a thickness
of 5 km and resistivity of 0.5 @m. This kind of stacks of alter-
nating resistive and conductive sheets with graphite are found in
the Lapland Granulite Belt (Korja et al. 1996). Good near-surface
conductors in the KB area are clearly seen on AEM maps (Fig. 1c).
Geological mapping has shown that the near-surface conductors
are caused by graphite and/or sulphide-bearing metasedimentary
rocks. In the Outokumpu Area, Rekola & Ahokas (1987), for ex-
ample, identified several very thin black schist layers in drill holes
at the depth of about 1 km. The thickest layer has a thickness of 77
m and resistivity of 0.01 Q2m yielding 7700 S for total conductance.

The conductors Al and A2 are interpreted as a stack of graphite-
bearing metasedimentary rocks of the KB dipping from the east
under the Archaean RC and IC, represented by upper crustal resis-
tive units C1, C2 and C3. The enigmatic conductor below IC (K
in P3; Figs 7 and 12) could represent an unexposed southwestern
continuation of the stack. The 2-D models show the dip angles of
about 20° on P1 and closer to about 45° on P2 indicating lateral
changes in the geometry of the KB and IC above it. According to
the interpretation of the FIRE reflection seismic data, the under-
thrust SB cuts the westward dipping KB and obviously marks also
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Figure 11. Geological interpretation of the reflection seismic FIRE-1 line for the eastern part of the line redrawn from Lahtinen ez al. (2009). The area where
the FIRE-1 is parallel to our profile P2 is outlined with a black box. Appreviations: Lithological units: Ar, Archaean rocks in the Eastern Finland (EFC), lisalmi
(IC) and Rautavaara (RC) Complexes; S, sedimentary rocks in the Kainuu (KB) and Savo (SB) Belts; V, volcanic and sedimentary rocks on the Savo Belt (SB);
G, Calc-alkaline/subalkaline granitoids in the Central Finland Granitoid Complex (CFGC). Interpreted units: Ar, Archaean crust; Arc, arc rocks; Acc, accreted
material; CLC, granulitic lower crust (continental); OCL, granulitic lower crust (oceanic); M, upper-mantle rocks with reflections in refraction data; Z, shear

zones; LBBZ, Lake Ladoga — Bothnian Bay zone.

the bottom of the IC (Lahtinen et al. 2009). Consequently, the depth
of the KB conductors define the maximum thickness of the IC (see
Fig. 12). The interpreted thickness of the IC in P1 (15 km) is com-
patible with the FIRE interpretation. According to our results, the
IC is thickening in P2 to 25 km.

The resistive features C1-C3 are considerably thicker than the
interpreted thickness of the IC, indicating, that the upper part of
the SB is also mostly resistive and not distinguishable electrically
from the Archaean IC. However, prominent conductors (E, F and
D1, D2) are found within the SB. Likewise the conductor A, the
conductor E is also interpreted as a stack of alternating highly
conductive and more resistive metasediments (Figs 10 and 12).
This stack dips eastwards approximately to the depth of 40 km
under the lithological border between SB and IC. Two possible
interpretations for the geometry of E are given in Fig. 12 (P2-a and
P2-b). In the first model, E continues to the east under the KB. In
this model, middle crustal E and lower crustal D2 together explain
the enhanced conductivity in the central part of the profile P2. In
the second model, E is confined to the western part of the SB and
D2 represents solely the enhanced conductivity mentioned earlier.
The near-surface conductors in the western part of P2 (conductors
F) represent a shallow formation of metasediments not connected
to the larger and deeper conductor E.

The conductor D2 seems to continue to the west under E, possibly
crossing the lower crustal boundary between the SB and the Keitele
microcontinent (Fig. 11). Thus the enhanced conductivity is not
related only to SB lithologies. It was found out during inversion

© 2011 The Authors, GJI, 188, 908-924
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testing that these conductive rocks may continue eastwards under
the KB, which is consistent with the FIRE-1 interpretation. At P3,
the lower crust is not as conductive as at P1 and P2. However, the
observed enhanced lower crustal conductivity J might be related
to D1 and D2. Especially in the case of interpreted conductor E
continuing far to the east and under KB, the whole conductor D can
be explained as the superposition of J and E (Fig. 12).

The conductive Proterozoic lower crust has previously been ob-
served in the GGT/SVEKA profile (Korja & Koivukoski 1994;
Lahti et al. 2002). The possible causes of enhanced lower crustal
conductivity in stable shield areas such as Fennoscandia are widely
discussed (e.g. Jones 1992; Korja et al. 1996), and include min-
eralogy, graphite and fluids. According to Moisio & Kaikkonen
(2001), the suggested lower crustal high conductive layer could
be connected to rheologically very weak layer, provided the lower
crust is wet or the strain rate is low enough. However, fluids are
highly implausible explanation for enhanced lower crustal conduc-
tivity on very old stable areas as they would require long retention
time unless a continuous recharge can be provided. Instead, in-
terconnected graphite films from an organic or inorganic source
provide a more likely conductivity mechanism (see references e.g.
in Korja et al. 1996). A comparison of P3 with FIRE-1 geological
interpretation suggests that the feature J is connected to granulitic
lower crust of the Keitele microcontinent (Figs 11 and 12). Con-
sequently, the granulite facies metamorphosis, that is, CO, from
the mantle (e.g. Newton et al. 1980), might explain the presence
of conductive graphite in the lower crust. Alternatively, the carbon
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Figure 12. Schematic geological interpretation for profiles P1-P3, based on interpretative models discussed in Sections 4 and 5. Certain features that cannot
be distinguished with MT (such as the boundary between two resistive units IC and SB) are modified from the interpretation of FIRE-1 (Lahtinen et al. 2009).
The most accurately resolved features in our models are the tops of the conductive metasedimentary rocks: they are marked with black lines. Two possible
structures for P2 are proposed based on different relative geometries of the conductors E and D2 (Fig. 7). The lower boundary of the highly conductive
metasedimentay rocks is drawn as a dashed line denoting that the most uncertain parts of the model are beneath the conductors. The other features presented
below the metasedimentary rocks—SB-EFC boundary and CLC-K—are also uncertain due to reduced resolution. Moho depth taken from Grad ez al. (2009).

could have originated from sedimentary source, as suggested by
Korja et al. (1996) for the origin of the carbon in Lapland Granulite
Belt.

According to our models (B1-B3 in Fig. 7) the resistivities of the
entire Archaean crust range from a few thousands of ohm metres to
tens of thousands of ohm metres. The resistive Archaean material
from EFC most likely continues under the conductors of KB (Figs 10
and 12), as also suggested by the FIRE-1 geological interpretation
(Lahtinen et al. 2009). The faint conductor I coincides with a major
fault zone between the IC and the EFC. As seen in Figs 1(b) and (c),
the strike of the fault zone is in general perpendicular to our profile,
but the zone makes a curve where profile P3 crosses it. This likely
explains why it is seen as a wider conductive area in the model.

6 CONCLUSIONS

Based on the results of 2-D inversions from three M T profiles across
the Archaean—Proterozoic boundary zone, the following conclu-
sions on the conductivity structure are drawn:

The conductors related to the Proterozoic KB and SB were
formed on the surface and transported to deeper crustal levels in the
collision of the Karelian Craton and Keitele microcontinent (Savo
orogeny). They form a bowl-shaped structure under the resistive
Archaean IC and RC.

Electrically the SB is heterogeneous. It is composed of highly
resistive and highly conductive blocks. The eastward dipping con-
ductors of the SB are located in the lower parts of the formation and
extend to the east possibly cutting the westward dipping KB, which
is flanked above and below by the Archaean IC/RC and EFC.

There are no prominent crustal conductors between the KB and
the Outokumpu Area to the south. The moderately conducting fea-
ture between these areas most likely represents the shear zones
between the Archaean IC/RC and EFC.

The crust in the Karelian craton is highly resistive having only
minor resistivity variations in our research area. In particular, also
the Archaean lower crust is resistive on the contrary to the conduc-
tive lower crust of the Proterozoic SB (granulitic lower crust of the
Keitele microcontinent).

© 2011 The Authors, GJI, 188, 908-924
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