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Integrated studies of aeromagnetic, gravity, petrophysical and geological data 
were applied to tectonic analysis of a Precambrian granite and gneiss area in the 
northem Fennoscandian shield, with a particularemphasis on themagnetic method. 
The aim was to analyze the contribution of various tectonic events to the magneti
zation of high grade gneisses and granitoids in the southeastem part of Finnish 
Lapland. In addition to the tectonic interpretation, which was the practical target of 
this study, the general idea is presented of the magnetic classification of tectonic 
features and stuctural units ofbedrock combined with regional geological interpre
tation . The results stress the importance of detailed petrophysical analysis 
incorporated into aeromagnetic interpretations . 

The structural framework of the study area was constructed during the late 
Archean, and repeatedly reworked during the Paleoproterozoic. All the tectonic 
structures repeat the same three major directions, which dominate the magnetic 
image ofthe area, namely NW-SE, N-S and NE-SW. The same weakness zones 
were kinematically reactivated during various tectonic events, and there are 
signs that they have still been active during the Post-Svecokarelian period. 

The major tectonic events from the geophysical point of view were the 
continental rifting period at 2.5-2.1 Ga ago, and the Svecokarelian deformation 
at 1.9-1.8 Ga ago. The beginning ofthe fragmentation of the Archean Karelian 
craton was a turnover in the tectonic history of southeastern Lapland, by 
producing major block boundaries emerging as extensi ve gravity gradients, and 
the NW -SE trending weakness and fault zones. The influenceofthe Svecokarelian 
continental collision and the associated deformation on the magnetic image was 
so overwhelming that the effects of the earlier late Archean structural events 
were attenuated and are hard to recognize at present. The Svecokarelian 
deformation produced the intense regional anomaly associated with the highly 
magnetic granites, together with their metamorphic zoning and the banded 
magnetic patterns of gneisses and supracrustals which are included in the 
regional granite anomaly. In mafic rocks, deformation is expected to increase 
the remanent magnetization due to the secondary production of finer and more 
irregular grained magnetite, but in the granite gneisses and granites of south
eastern Lapland the effect of deformation was to increase the susceptibility (i .e. 
the amount of magnetic material), which is presently causing the intense 
regional magnetization. The extensive formation of magnetite was possible 
because the Archean precursor of granites already contained magnetic material 
and Fe3+-bearing silicates, enabling additional formation of magnetite. The 
combined gravity anomaly also requires the existence of a deep source with a 
density in the range of mafic igneous rocks or high-grade metamorphic schists. 
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INTRODUCTION 

During recent decades the aeromagnetic methods 
have taken a prominent role in studies of 
regional basement geology of Precambrian shield 
areas . These methods are particularly well-suited 
for characterizing structural and lithologie varia
tions reflected by lateral differences in the physical 
properties of the crystalline crust. Lithospheric 
structures can be classified based on the patterns 
and trends of magnetic anomalies. Distinct chang
es occur across province boundaries, characteriz
ing a typical signature of anomalies for each prov
ince. By identifying and mapping the changes in 
magnetic signatures in combination with gravity 
data, important differences can be revealed in the 
composition, metamorphie grade, deformation his
tory and age of the provinces, which may reflect 
their origin. A simplified structural history may be 
interpreted in terms of a succession of structural 
events. 

The study area in southeastern Finnish Lapland 
consists of Archean granite gneiss complexes in
truded by early Proterozoie granitoids. It is apart of 
the Archean Karelian craton, which was extensive
ly fragmented during continental rifting episodes 
in the early Proterozoie times and reworked during 
the Svecokarelian orogeny. The division of the 
rifted Karelian craton into tectonic and structural 
basement provinces is reflected in the potential 
field maps. Distinct units can be identifed on the 
basis of geophysical anomaly patterns, defined 
above all in terms of anomaly amplitudes, spacing 
between magnetic lineations, and shapes of mag
netic sourees. The character of these units and their 
boundaries in southeastern Finnish Lapland was 
studied by using image processing techniques to 
compare the potential field data with the published 
geologie al information. Utilizing automatie data 
processing techniques in the interpretation of air
borne geophysical data is nothing new. Ever since 
numerical data of large areas became available, 
tectonic blocks have been outlined aiming at geo
logie evolution models. The acquisition and 
processing of airborne data is improving all the 
time, as weIl as the software and hardware abilities . 
As a consequence, image processing is adynamie 
method, and always based on the current facilities. 

Tectonic impressions on aeromagnetic images 
may be large crustal scale structures related to 
plate-tectonic processes, or they may be sm aller 
linear or circular structural patterns related to de
formation, lithologie variations and zones ofweak
ness in the basement. Many structural and plate 
tectonic characteristics are readily distinguished 
on aeromagnetic maps. Regional scale tectonic 
interpretations based on potential field data are 
nowadays routinely applied in continental regions, 
but generally the data grids are coarser than those 
available in Finland. Two different aeromagnetic 
data sets, provided by the Geological Survey of 
Finland (GTK), can be selected to map the bedrock 
structures, depending on the scale of observation 
and the dimensions of the interpreted structures. 
Large scale features, in the order of 50-100 km, 
were interpreted from the coarse regional data grid 
(at 1 km interval). More detailed features were 
interpreted from the higher resolution data (50 m 
grid). 

The present study aims at delineation of diffe
rent structural provinces, investigation of their 
boundaries and dimensions, and correlation of the
se structures with petrophysical data in order to 
explain the reasons for the observed potential field 
variations. Analysis of large petrophysical data 
sets in combination with integrated geophysical 
and geological interpretation is not yet a widely 
used method, although in Finland Puranen et al. 
utilized as early as in 1968 petrophysical data in 
crustal studies to explain the relationship between 
potential field anomalies and geology. After that, a 
systematic collection of country-wide petrophysi
cal reference data has been carried out (Korhonen 
et al. , 1989 and 1993, Puranen , 1991) both for 
purposes of bedrock mapping and the exploration 
of base metals. Methods of analyzing petrophysi
cal data sets and their correlation to magnetic 
mineralogy in the Fennoscandian shield have been 
developed and presented by Puranen (1989a) and 
Henkel (1991, 1994) . I have personally had the 
opportunity to follow closely the development of 
the petrophysical studies at GTK from the late 
seventies, and to draw conclusions about the over
all relationships and laws between lithology, pet-
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rophysical properties and aeromagnetic signatures. 
The present interpretation work has largely benefi
ted from the availability of the petrophysical data 
base, as large data sets are needed for generalizing 
the magnetic properties of rocks and for relating 
the magnetic anomalies to geology. 

Gravity anomalies depend on the major mineral 
content of the underlying rock formations , whereas 
the aeromagnetic anomalies are almost exclusively 
caused by accessory minerals . In metamorphosed 
shield areas the magnetic field variations depend 
on the distribution of magnetite in rocks. As mag
netite is sensitive to the redox conditions during the 
initial crystallization, bulk rock chemistry, and 
metamorphic (deformation) history of rock, mag
netite distribution can tell us much about geology . 
The amount of literature on magnetic mineralogy , 
in the sense of concerning the formation of aero
magnetic anomalies, has progressed slow Iy. Foun
dations for the studies of aeromagnetic mineralogy 
were laid by Haggerty (1979) , who reviewed the 
primary magnetic mineralogy of igneous rocks and 
the oxidation effects in the context of physical 
property measurements. Later, Grant (1985) pre
sen ted an overview on the effects of metamorphic 

processes on magnetic mineralogy. Recently, Clark 
et al. (1992) and CIark (1997) have reviewed the 
methods of magnetic petrology used in the geolog
ical interpretation of magnetic surveys . 

The purpose of this study is to describe and 
discuss the origin and character of those magnetic 
aspects which are regarded as important for con
structing a tectonic model. This geophysical-tec
tonic analysis is part of a larger project carried out 
as cooperation between the Geological Survey of 
Finland and the University ofOulu (UO), aiming to 
refine the overall geological knowledge of south
eastern Lapland. Preliminary resuIts of the project, 
in terms of structural and geochemical aspects and 
age data, have been presented by Airo and Laajoki 
(1996) and by Evins et al. (1997a and b) . The 
regional interpretation of the structure and tecton
ics of southeastern Lapland is now presented from 
the geophysical point of view. The investigations 
stress the importance of detailed geophysical and 
geological information in regional scale studies. 
The results together with the geological structural 
information, provide a foundation for formulation 
of evolutionary models of southeastern Lapland. 

GEOLOGICAL AND GEOPHYSICAL SETTING 

The study area in southeastern Lapland, in the 
northern part of the Fennoscandian shield, is com
posed of granite gneisses and granites of Archean 
and Proterozoic origin, surrounded by Svecokare
lian schist belts (Fig. 1). Its location in the transi
tion zone, where tectonic effects of different ages 
meet, is fruitful for aeromagnetic interpretations. 
In southeastern Lapland, the Archean, early Proter
ozoic and younger tectonic patterns and their geo
physical manifestations cross-cut, overlap and in
terfere with each other. The interpretation was 
focused on an area 180 x 170 km2 in size (outlined 
in Fig. 1), in the central part of the Karelian do
main. Geophysical and topographic maps of the 
study area are displayed in the Appendix as Plates 
1-4, introducing the names and labels referred to in 
the following pages. 

The Archean part of the Fennoscandian shield 
was formed during the Saamian (3.1-2.9 Ga) and 
Lopian (2.8-2.6 Ga) orogenies . It is a typical gran
itegreenstone belt terrain, where tonalite-granodi
orite gneis ses and migmatites comprise a basement 
for 2.9-2.6 Ga old greenstone beIts, and are intrud
ed by granitoids of broadly similar age (Gaal and 
Gorbatschev, 1987; Turchenko, 1992). The Archean 

6 

Kuhmo and Pudasjärvi granite-gneiss complexes 
(Kärki et al., 1993) comprise most of the southern 
part of the study area (Plate 1). After its cratoniza
tion at about 2.5 Ga ago, the Archean crust experi
enced impressive tectonic events as also indicated 
by geophysical imprints. These were the period of 
continental rifting (Smolkin , 1997), accompanied 
by wide-spread tholeiitic magmatism and sedimen
tation between 2.5-2 .1 Ga, and the continental 
collision and thrusting at 1.9-1.8 Ga, from both 
northeast and southwest. Due to the rifting period , 
the monotonous aeromagnetic pattern of the Kuh
mo granite-gneiss complex was enlivened by anom
alies of numerous mafic dykes and bodies of mafic 
intrusive rocks. The most prominent of these pat
terns is produced by the 2.4 Ga old Näränkävaara 
gabbro intrusion . The rifting period culminated in 
disruption and fragmentation ofthe Archean conti
nental crust and in the formation of new Proterozo
ic continental crust and its accretion to the Archean 
domain . The southwestern part of the Karelian 
domain was strongly deformed and imbricated 
during NE-directed thrusting, associated with the 
Svecokarelian orogeny and formation oflarge vol
umes of granitoids. After this, the Karelian domain 
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was disturbed for example by the Sveconorwegian
Grenvillian orogeny l.25-0 .9 Ga aga and the Cal
edonian collision of Laurentia and Baltica and 
orogeny 0.6-0.4 Ga aga (Sorjonen-Ward, 1997). 

On the aeromagnetic map the predominating 
regional positive magnetic anomaly in northern 
Finland is related to the highly magnetic rocks of 
the wide granitoid area in central Lapland (Fig. 2). 
Its NW -SE orientation follows the main early Pro
terozoic rifting direction. Instead of being associat
ed with a gravity minimum as expected for grani
toid areas, this regional magnetic feature, as weIl as its 
continuation in the study area, is characterized 
by gravity highs on the Bouguer anomaly map, 
caused by deeper sources (Fig. 3) . The Kuhmo 
granite-gneiss complex in the eastern part of the 
study area (domain "E" in Fig. 3) is also associated 
with a regional gravity high , as weIl as the Pudas-

Caledonian Orogenie Belt 

Paleoproterozoie granitoids 

Lapland Granulite Belt 

Paleoproterozoie supraerustal rocks 

Layered intrusions 

Arehean granitoids and gneisses 

järvi granite-gneiss complex . In the north, the 
separate positive gravity anomaly is associated 
with the Suomujärvi tonalite-granite complex (do
main "N" in Fig. 3). 

An impressive structural feature in southeastern 
Lapland is the N-S oriented regional negative grav
ity anomaly observed along the highly magnetic 
narrow anomaly bands ("HSZ" in Figs. 2 and 3). 
This anomalous zone crosscuts the regional mag
netic NW -SE trends and separates the weakly mag
netic Pudasjärvi and Kuhmo granitoid-gneiss com
plexes. It coincides with the Hirvaskoski crustal 
scale shear zone (HSZ) described by Kärki et al. 
(1993) . The magnetic N-S short-wavelength trend 
along the HSZ is cut in the south by the Paleopro
terozoic Oulujärvi shear zone (OSZ) (Kärki et al., 
1993), but similar banded magnetic patterns are 
continued southwards and there characterize the 

I' Faults and major shear 
/ , / or thrust zone 

Fig. 1. Geological map of the northem Fennoscandian shield , study area (outlined) is 180 km wide and 170 km high. From Korsman et al. , 1997. 
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Proterozoic Kainuu schist belt (Laajoki, 1991). In 
the north the HSZ-structure seems to infiltrate into 
the NE-SW oriented zone ("Posio-line"), which is 
the western margin of the magnetically irregular 
volcano-sedimentary basin of Kuusamo Schist Belt 

24· 26· 

(Silvennoinen, 1991a and b), the domain "KS" in 
Figs. 2 and 3. 

The NE-SW orientation of short-wavelength 
anomalies characterizes the region northeast of 
Ailanka fracture zone (in domain "N"), but in other 

30· 

kilomet res 

481 
305 
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79 
40 
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-1 9 
-45 
-74 

-104 
-148 
-226 

nT 

Fi g. 2. Aeromag neti c 1 km gri d (GTK), illuminated from northeast. Study area in 
southeas te rn Lapland is outlined. From Korhonen, J 980. 
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parts of the study area, the main trend is NW -SE. 
This trend is parallel to the NW -SE directed Archean 
block boundary (Dobrzhinetskaya et al. , 1995). It 
dominates the direction of both the long-wave
length as weIl as the short-wavelength anomalies 

24' 

within the domain "E" (Kuh mo granite-gneiss com
plex) and within the domain "W", which can be 
regarded as part of the Central Lapland granitoid 
area. 

28' 30' 

-12 
-1 5 
-18 
-20 
-23 
-25 
-27 
-30 
-32 
-35 
-39 
-42 
-47 

mGal 

kil ometres 

Fi g. 3. Bouguer-anomaly map (da ta fro m the Finni sh Geodetic Inst itute ) combined with 
aeromagneti c shaded relief (I km grid), illuminated from northeast. Study area outlined. 
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DATA ANALYSIS 

Aeromagnetic data 

Aeromagnetic data produced by both the na
tional airborne mapping programs conducted by 
the GTK were used to classify magnetic struc
tures, but their interpretation was mainly based on 
the detailed, high-resolution aeromagnetic meas
urements of the second mapping program (Pel
toniemi, 1982; Poikonen et al., in press). These 
low-altitude surveys are flown with a mean ter
rain clearance of 35 m and with a 200 m line 
spacing, using two wing-tip magnetometer sen
sors. Data grids are interpolated at 50 m intervals. 
This kind of magnetic data is espeeially effeetive 
in describing both the long-wavelength variation 
and the high magnetic relieftypieal ofPrecambri
an basement in Finland. 

Regional features and the eompositional dif
ferences of the struetural basement units were 
interpreted from the high-altitude magnetic data, 

measured during the first national airborne mapping 
pro gram 1952-1972 (Puranen et al. , 1968). The 
surveys covering the whole country were eondueted 
with a me an terrain clearance of 150 m and a line 
spaeing of 400 m. The total intensity data have been 
digitized from the original eontour maps and con
verted to IGRF-65 anomaly values . The data grid at 
a 1 km interval was published as the Aeromagnetic 
Map of Finland (Korhonen, 1980). Where low-alti
tude data from the study area were not available, but 
discrimination of more detailed scale features was 
necessary, a denser grid than 1 km was digitized 
from the high-altitude contour maps. On the magnet
ic composite map (Plate 1), the different data sets in 
parts of the study area explain the variation in data 
resolution. All the aeromagnetic images illustrated 
in the present study are anomaly maps with the 
IGRF-65 removed from the data. 

Gravity data 

Gravity data of the Finnish Geodetic Institute 
with an average station spacing of 5 km were 
available from the whole southeastern Lapland. 
Composite maps (Fig . 3, Plate 2) plotted with the 
aeromagnetic relief were proeessed from these 
data, for interpreting large scale structures and 
their compositional variations. For detailed mod-

eling of specific targets , GTK measured ground 
gravity profiles with astation spaeing of20 m. These 
profiles were interpreted together with magnetic 
profiles that were picked from the low-altitude aero
magnetic data, in order to investigate the most 
important structural features: at HSZ, on the Posio
line and in the Ailanka fraeture zone. 

Digital elevation da ta 

The National Land Survey of Finland has pro
vided a 25 x 25 m data grid for the topography of 
Finland. A terrain model prepared from these data 
is presented as Plate 3 (data points at 100 m 
intervals). The use of digitized topography in 
tee tonic studies has been demonstrated by Henkel 

(1988) . Glacial processes will enhance or obliterate 
pre-glaeial tectonic imprints depending mainly on 
the direction and intensity of ice flow . The thiekness 
of Quaternary overburden in Finland varies normal
ly from a few meters to tens of meters. 

Electromagnetic data 

Conductive zones in Archean granite-gneiss 
regions are rare, but may be indicative of fracture 
or shear zones. The electromagnetic (EM) indica
tors observed within the Proterozoic volcano
sedimentary series were investigated from the in
phase component of frequency domain EM data 
and the apparent resistivity images. Specifica
tions and development of the airborne EM system 
at GTK have been described in more detail by 
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Peltoniemi (1982) and Po ikonen et al. (in press). The 
mineral carriers of magnetism, namely magnetite or 
pyrrhotite, can be routinely distinguished from the 
combination of aeromagnetic and EM anomalies 
(Airo, 1997a and b). Magnetite anomalies are associ
ated with negative in-phase anomalies, whereas pyr
rhotite anomalies are magnetic and highly eonduc
tive. 
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Petrophysical data 

The petrophysical data set representing the study 
area now comprises 6259 sampies, partly collected 
in the course of the present cooperation project, and 
for the most part extracted from the regional petro
physical data base of GTK. The density and mag
netic property data were measured at the petro
physical laboratory of the GTK. The data set was 
completed by sampies collected for the follow-up 
of magnetic anomalies during field trips , and in 
addition to laboratory determination of magnetic 
susceptibility, a large number of in situ susceptibil
ity measurements were made in seJected areas . The 
data base of GTK contains information on the 
lithology and location of the sampIes. The lithol
ogy of the sam pies collected during the present 
study has been determined by correlating the visual 
inspection of the collected hand sampies, typical 
petrophysical properties of rock groups, their mag
netic anomaly signatures , and results of thin sec
tion studies or the chemical analysis for extra, 
typical representative sampies from the University 

of Oulu. 
Reference data describing the general petro

physical properties of different rock types and 
different regions were derived from the regional 
petrophysical data base at the GTK. It currently 
contains density and magnetic property data meas
ured on more than 130 000 sampies from all over 
Finland. The sampies have been collected in con
nection with bedrock mapping and exploration, 
and completed during a systematic petrophysical 
sampling pro gram 1980-1997 (Korhonen et al., 
1989, 1993 and 1997; Puranen, 1989b and 1991). 
During this pro gram the typical magnetic anomaly 
patterns for each map sheet in Finland were searched 
and at least 2-3 sampies were collected from every 
possible outcrop. Such a systematically collected 
data set replaces field work in many places, be
cause the geology observed on outcrops can be 
extrapolated to unexposed areas based on magnetic 
anomalies after their petrophysical identification. 

Geological data 

Regional scale geological information concern
ing tectonic features and lithological boundaries in 
southeastern Lapland were obtained from the Bed
rock Map of Finland (Korsman et al., 1997) . Out
lines of geological units with their detailed litho
logical information have been provided by the 
University of Oulu. The essential geological fea-

tures of the study area have been examined and 
discussed du ring common field trips. As the study 
area is heavily covered by glacial drift and in parts 
contains only few exposures, geophysical informa
tion combined with the geological data provide a 
valuable basis for detailed outlining of lithological 
and deformational variation. 

METHODS OF INTERPRETATION 

1. Image processing techniques 

The image processing techniques applied in 
specific cases depend on the interpretation target 
and the seJected or available potential field data 
grids. As the qualitative interpretation is often 
highly subjective, the technique used also depends 
on the interpreter. Naturally, the choice of method 
also depends on the capabilities of the available 
software. In the present study the magnetic, gravity 
and topographic data were processed to enhance 
structural features by using the Oasis Montaj Data 
Processing and Analysis System by Geosoft Inc. 
The system allows two or three multiple data grids 
and overlays of vector data, such as line plots and 
petrophysical data plotted as symbol maps for easy 
simultaneous comparison. Processed images ofthe 

magnetic data were first analyzed separately and 
then related to the gravity and topographic data and 
the EM indicators . Colored and shaded images 
were produced by plotting the original grid in 
color, together with the gray-shaded grid. Because 
in shaded-relief images the structural features , 
which are parallel to the light source direction, tend 
to be subdued, several illumination directions were 
applied to ensure that all features became visible. 
The horizontal derivatives in x-and y-direction 
appeared to be more effective than the shaded
relief images for enhancing the short-wavelength 
anomalies due to local and near-surface geology. 
The analytic signal , calculated from the horizontal 
and vertical derivatives, enhances structurally dis-
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tinct regions and suits better the regional data sets 
than the low-altitude data, wh ich are too dense to 
be informative in this kind of processing. The 
popular Euler deconvolution technique used for 
depth estimations (for example McDonald et al., 
1992) is generally more informative when applied 
to coarser data grids than the low-altitude data of 
GTK. Similarly, the second vertical derivatives 
seem to be more suitable for coarser grids, such as 
the present gravity data. 

In practice, the low-altitude total intensity data 
as such are the most appropriate for the geological 
interpretation of aeromagnetic images, especially 
when the field magnitude is presented as shades of 
gray . From this kind of data an experienced inter
preter can discriminate anomalies produced by 
different magnetic mineralogies, and correspond
ingly, different lithological types can be recog
nized by their specific magnetic textures and fab
rics. Illuminating tends to enhance certain structur
al trends , but at the same time others are faded out. 
The colored low-altitude images tend to enhance 
the variation of magnetic field level , wh ich may 
influence observation of false lineaments . 

The horizontal derivative of magnetic field in x
or y-direction (used in Plates 2 and 4 of the Appen
dix) yields the best results in characterizing the 
magnetic trends within various tectonic bedrock 
provinces, and their boundaries . Regional trends 
were determined from the 1 km grid-data, whereas 
the detailed interpretations of lithological types 
and boundaries, faults and fracture zones , magnet
ic lineations and dislocations were investigated 
from the low-altitude data. A specific, in a way 3-

dimensional, illusion of geological structures was 
obtained by plotting the magnetic derivative data, 
which display near-surface structures , together with 
Bouguer anomaly data (Plate 2). The gravity image 
presents the deeper crustal density variations , the 
magnetic method focuses on the u pper crustal rocks, 
and the topographic data reflects the surface struc
tures. Therefore, the surface projections of the 
anomalous sources may not be exactly at the same 
place on each data set, as shown by the domain 
boundaries in Plate 2. The displacement between 
the aeromagnetic, gravity and topographic anoma
lies of some structures may be indicative of dip . 
The grid interval of gravity and magnetic data 
determines the depth of investigations of the anom
alous body. Magnetic anomalies from a specific 
source decrease with distance faster than the grav
ity anomaly from the same source. For example, 
according to Hinze (1996), the minimum depth of 
investigation utilizing regional data grids (6 km 
gravity and 2 km magnetic grid) for relatively 
concentrated sources is about 2 to 4 km. Thus the 
regional data sets are not suitable for interpreting 
near surface structures. Also, since the potential 
field anomalies from different depths will superim
pose and interfere with each other, very deep struc
tures interpreted from these data, are truly ambig
uous and should be treated with great scepticism. 
This is the case also for the regional aeromagnetic 
(1 km grid) and the gravity data (5 km grid) , 
utilized in the present study. In contrast, the anom
aly sources of the systematic low-altitude data are 
closer to the surface and their interpretation is more 
straightforward. 

2. Structural interpretations 

In the present study the main objectives of 
structural interpretations were: 1) lineament anal
ysis, 2) outlining of geophysical units based on 
gridded data, 3) geological feedback and sources 
for the geophysical variations through petrophysi
cal analysis, and 4) modeling ofthe geometry ofthe 
units and their boundaries. 

Various gravity and magnetic signatures char
acterize lithospheric structures . Magnetic and grav
ity anomaly trend patterns have long been used to 
subdivide continents into areas of different defor
mational characteristics. On the basis of anomaly 
patterns and amplitudes and their spacing, geo
physical data sets are divided into geophysical 
units . Sub-parallel anomaly trends in these units 
are related either to compositional or deformation
al variation of near-surface geological structures, 
or deep and regional sources. Magnetically quiet 
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zones often indicate crustal block boundaries. Dis
turbances or terminations of continuing patterns , 
or abrupt changes in magnetization occur at the 
boundaries. When such features are observed si
multaneously in magnetic and gravity data, the 
subdivision of crust into blocks with a different 
structure and history can be made with reasonable 
confidence. Anomalies due to deep or shallow 
sources can be separated by petrophysical analysis, 
and the compositional variations of surface rocks 
in the geophysical units can be observed. Weak
ness zones , often susceptible to weathering, may 
also follow linear anomaly trends. According to 
Henkel (1988) and Henkel et al. (1994) , faults and 
fracture zones in geophysical maps are shown by 
linear discordances in the anomaly pattern, dis
placement of reference structures and linear or 
slightly curved magnetic gradients or minima. Fault, 
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fracture and shear zones are often also marked by 
conductive EM indicators. Since fault zones com
monly coincide with linear depressions in the to
pography , the digital elevation data can be used to 
corroborate the magnetic interpretation. 

Image processing techniques have been widely 
used in the simultaneous analysis of different data 
grids (e.g ., Chandler, 1990; Olesen and Sandstad, 
1993; Southwick and Chandler, 1996; Atekwana, 
1996). However, detailed magnetic investigations 
have seldom been applied in those studies . Excep
tions have been for example West and Ernst (1991) , 
who interpreted the tectonic evolution of the Ka
puskasing Structural Zone in Canada, and Lidiak 
(1996), who utilized magnetic property data in 
tectonic studies on the eastern Midcontinent USA. 

The identification and localization of particu
larly the low gradient anomalies is often highly 
subjective. As proposed by Reeves (1985 ), at
tempts to make automatic structural interpretations 
have been carried out. For example Jessel et al. 
(1993) have presented a method for the integrated 

forward modeling of the structure and geophysical 
response of multiply deformed bedrock. The meth
od is based on characterizing the structural history, 
which may be developed from a set of events, like 
folds, faults, unconformities, shear zones etc. Each 
of these can be defined in terms of their shape, 
position, orientation and scale. The development 
of a three-dimensional structural model to account 
for the observed outcrop patterns is always diffi
cult, since the downward continuity of structures at 
depth can only be guessed . The added constraints 
provided by gravity and magnetic data sets help to 
avoid some of the ambiguities. 

The identification and tracing of a lineament is 
still best done as human pattern recognition by an 
experienced interpreter, but difficulties arise when 
the results should be presented in vector form, for 
changing data sets and scales. Henkel et al. (1994) 
constructed a vector editor for tectonic lineament 
studies. Oasis Montaj program allows a similar meth
od, which was extensively used during the present 
study for analyzing lineaments in different data grids. 

3. Magnetic petrophysics and petrology 

Variations in rock density and magnetization 

By applying petrophysical analysis in the inter
pretation of low-altitude aeromagnetic data, the 
regional scale of observation level can be trans
formed to mesoscopic scale, even to outcrop scale . 
Studies of magnetic petrology, such as the hyster
esis measurements, lead further to microscopic, 
even submicroscopic scale. Based on my correla
tions of petrophysical data , optical studies and 
magnetic property determinations of sampies rep
resenting different rock types, in many cases the 
expensi ve and time-consuming hysteresis meas
urements can be replaced by simple petrophysical 
analysis of the systematically collected petrophys
ical data. Time and money will be saved. This 
experimental work has shown that in detailed aero
magnetic images the different rock types can in 
most cases be classified according to their dis
tinctive aeromagnetic signatures. The classifica
tion is based on the fact that the magnetic fabric is 
largely correlated with the petrofabrics of 
(Fe,Mg)silicates in a rock (Bouchez, 1997) . Mag
netite, either as individual grains or grain clusters , 
has a tendency to align preferentially parallel to 
other crystals such as biotite, and therefore the 
biotite grain fabric s together with the magnetic 
fabric are reflected in the aeromagnetic patterns. In 
rocks of sedimentary origin , the magnetic proper
ties are continuous along the sedimentary layers 

and discontinuous across them. Thus , representa
tive sampies from every magnetic horizon are need
ed to explain the magnetic variation in layered rock 
types . On the other hand, in plutonic rocks the 
biotite petrofabrics generally are disseminated, and 
oriented fabric s are only found near the bounda
ries. Therefore, several sampies are needed for 
describing the magnetic variation of plutonic rocks . 
By using averages for a large number of sampies, 
the local variations can be smoothed out, in the 
same way as they are smoothed out in gridded 
aeromagnetic data. Although large magnetic vari
ations are possible even over small areas, the vari
ations of magnetic properties for given lithologies 
are generally greater between geological provinces 
than within them (also Clark, 1991) . 

Volume susceptibilities (MS) are applied 
throughout this article. Bulk density is controlled 
by the amount of mafic minerals in a rock, and 
therefore the density variation reflects primarily 
the lithological variation . The paramagnetism of 
mafic silicates determines the background suscep
tibility of a rock to aeromagnetic interpretations, 
reflecting , together with the densities, the main 
mineral content of rock (Puranen, 1989a). Above 
this background, defined by the paramagnetic ma
fic silicates (about 1000 .10-6 SI) , the susceptibility 
of rocks is mainly due to ferrimagnetic minerals. 
These two groups, the paramagnetic and ferrimag
netic minerals, are behind the typical bimodality of 
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the magnetic properties of rocks. The susceptibility 
of rocks increases with increasing mafic mineral 
content and, at a much higher rate , with increasing 
amounts of ferrimagnetic minerals. Due to the 
capricious occurrence of ferrimagnetic minerals, the 
crustal magnetic properties show a wide variation. 

Puranen (l989a) and Henkel (1991,1994) have 
developed methods for analyzing petrophysical 
data sets. These simple statistical methods were 
applied in this work. Frequency histograms were 
used for general evaluations of the densities and 
magnetic properties in the sampie set. The scatter 
diagrams for density (D) and susceptibility (MS) 
describe compositional variations , and the scatter 
diagrams for the Königsberger-ratio Q (ratio of 
remanent to induced magnetization) and suscepti
bility reflect the magnetic mineralogy. The centers 
of distinct clusters in the scatter diagrams can be 
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regarded as representative of magnetic anomalies . 
The petrophysical data base at GTK provides the 
scatter diagrams with the background points to be 
compared with the data of the studied sampies. 
Comparisons of aeromagnetic signatures, petro
physical da ta and results of magnetic petrology for 
various data sets from Finland have shown that a 
large petrophysical data set provides compositional 
and magnetic-mineralogical estimates with sufficient 
accuracy for the needs of regional , and often also of 
local, geological interpretations (Puranen et al. , 1978; 
Airo, 1997a and b). The petrophysical analysis in 
combination with the aeromagnetic low-altitude 
data is quite effective in classification of geophysi
cal units according to different tectonic patterns 
and deformation styles. 

Variations in rock density and magnetization 
were used to get an overall idea of mineral compo-
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Fig. 4. Petrophys ical properties, summary for the study area (n = 6259) . D = dens ity (kg/mJ), MS mag ne ti c susceptibility 
( 10.6 SI), R = remanence intensi ty (mAl m ), Q = Königsberger ratio . N = number of sa m pies. 
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sitions and magnetic mineralogy in southeastern 
Lapland. The sampling locations of the 6259 sam
pIes are shown in Plate 4, where each location 
represents from one to several sampies collected 
from the same site. Their petrophysical properties 
are summarized in FigA. In the frequency histo
gram of densities the main peak at about 2600 kg/m3 

shows the predominance of felsic rocks (granite 
gneis ses and granites) in the area. Mafic rocks with 
densities of about 3000 kg/m3 are responsible for 
the other weaker mode. The susceptibility histo
gram shows typical bimodality, and its first mode , 
reflecting the paramagnetism of mafic silicates, 
predominates by containing about 75 % ofthe sam
pIes with susceptibilities lower than 1000 (10-6 SI
units). Because the felsic rocks with a relatively 
low content of mafic silicates predominate in the 
sampie set, the paramagnetic susceptibility values 
plot mainly between 100 and 1000 (10-6). The 
second mode, caused by ferrimagnetic minerals, 
peaks at about 10 000 (10-6). This is a typical 
susceptibility for the magnetic granites and tonal
ites in the area. The scatter diagram between den
sity and susceptibility clearly indicates the great 
proportion of highly magnetic felsic rocks, with 
susceptibilities in the range 10 000-30 000 (10-6). 

A large group of mafic sampies with densities of 
about 3000 kg/m3 is also evident, which can be seen 
as a separate peak in the density histogram. 

In plutonic and metamorphic rocks of crystal
line shield areas, the induced magnetization typi
cally dominates over the remanent magnetization. 
The induced magnetization is proportional to the 
magnetic susceptibility and the present geomag
netic field strength, while the remanence carries 
information about the ancient geomagnetic field. 
The importance of remanence for the magnetiza
tion and magnetic anomalies of rocks can be esti
mated from their Q-ratios . An elevated remanence 
characterizes many of the mafic and ultramafic 
igneous rocks in northern Finland. In other areas in 
Finland, I have observed that, in addition to a fine 
magnetic grain size, high remanences are also 
caused by the irregular shape of magnetite grains. 
Q-ratios of 3 to 4 were typical for sampies which 
contained quite coarse but broken and irregular
shaped grains of magnetite in mafic and ultramafic 
igneous rocks , and they were characterized by the 
pseudo-singledomain (PSD) behavior (Airo, 1993). 
According to hysteresis results of various sampie 
sets from different parts of Finland (e.g., Airo, 
1993; Mertanen , 1995; Mertanen, pers.com.), no 
signs of SD-(singledomain) magnetite have been 
observed in the measured sampies . From these 
investigations, it can be concluded that in Finland 
the fine magnetic grain size always actuaIly means 

PSD-grains of magnetite. In the study area of south
eastern Lapland, the Q-values are less than 2 in 
about 70% of the sampies, illustrating the predom
inance of induced magnetization and coarse mag
netic grain sizes . This means that here the rema
nence has a minor effect on the magnetic anomaly 
patterns, and therefore systematic collection of 
oriented sampies for additional remanence meas
urements was not considered necessary. The basic 
idea of relating the magnetic patterns to the mag
netic mineralogy of Finnish rocks , with petrophys
ics as the link between them, has been earlier 
briefly reported by Airo (1995). 

The amount, composition and grain size of fer
rimagnetic minerals affect the scatter diagrams 
between the susceptibility (MS), density (D) and 
Königsberger-ratio (Q) in Fig. 4 . In order to repre
sent the magnetic anomaly source, the sampies 
must have susceptibilities at least above 1000'10-6 SI. 
Based on the Q-ratios mainly <2 of such sampies in 
the MS-Q diagram (Fig. 4) , the magnetic anomalies 
in southeastern Lapland are predominantly caused 
by coarse grained magnetite. Ofthe other magnetic 
minerals, monoclinic pyrrhotite is commonly asso
ciated with a high remanence and Q-ratios greater 
than 10, but unlike magnetite, pyrrhotite has the 
generally lower susceptibilities - typically below 
10000 .10-6 SI. Magnetite behaves in a complicated 
manner in metamorphic and deformation process
es, but pyrrhotite simply seems to increase in abun
dance with deformation, as indicated by studies of 
pyrrhotite-bearing early Proterozoic metamor
phosed black shales (Airo and Loukola-Ruskeenie
mi, 1991; Airo, 1997a and b). Some sampies with 
Q-ratios in the range 1-10 and susceptibilities low
er than 10000 (10-6) might be pyrrhotite-bearing, 
such as supracrustal rocks and intermediate gneiss
es in the area. Fig. 5 shows a thin section with the 
typical coarse-grained magnetite in granitoid rocks. 
The sharp grain edges of magnetite and the almost 
euhedral grain shape refer to the MD-behavior and 
dominantly induced magnetization. More fine
grained Fe-Ti oxides in biotite schists are shown in 
Fig. 6. The magnetite grains are in close relation
ship with biotite f1akes and a high Q-ratio is expect
ed owing to the fine magnetite grain size. 

My correlations of aeromagnetic signatures, 
petrophysics and known geology of several pluton
ic rocks all over Finland have shown that specific 
intrusions can be recognized on the basis of their 
distinctive and relatively uniform densities and 
magnetizations. This applies particularly to mafic 
and ultramafic dykes and intrusions with simple 
deformation histories, as weIl as to granitoids from 
different tectonic settings . Unmetamorphosed ma
fic dykes are typically associated with uniform 
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magnetizations, while metamorphosed dykes gener
ally have two magnetic modes . A summary of these 
correlations suggested that primarily the magnetic 
properties for coherent rock formations may be either 
weak or strong, but they are uniform in general (Airo, 

in prep. ). As a consequence, the typical magnetic 
bimodality in Precambrian rocks is caused by ef
fects of repeated deformations and metamorphic proc
esses, which either produce or consume magnetite 
and thereby make the magnetization more complex. 

Fi g. 5 . Pho tomicrog raph show in g coarse-g rained mag netite (mgt) in g ranito id rocks. Mag nifi ca ti on 33 x, 
crossed nico ls. Photo by N. Ahtonen 
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Fig. 6. Pho tomi crograph showing bi o tite (bt ) flak es and fin e-gra in ed magnetite (mgt) in b io tit e schi sts. 
Magni fication 33x, one ni co l. Photo by N. Ahtonen. 
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Magnetite in geological processes 

Several factors control the formation of ti
tanomagnetites and the magnetic properties of rocks 
during the geological history. Among the factors 
guiding magnetite build-up are the redox state and 
chemical composition of the protolith, in addition 
to the conditions that prevailed during the primary 
cooling and later deformations. In terms of region
al magnetic interpretation , the laterally continuous 
factors controlling the overall oxidation condition 
are most important. Such factors are temperature 
and press ure which depend on the depth of em
placement. Several local factors also affect the 
magnetic properties and must be considered in 
more detailed interpretations . 

A review of the aeromagnetic mineralogy and 
the main factors controlling the magnetization of 
igneous rocks has been given by Haggerty (1979). 
Titanomagnetite formation and thus the magnetic 
properties of rocks are largely defined by reactions 
between Fe-oxides and ferric iron (Fe3+) in the 
silicates (0 'Reilly , 1984; Grant, 1985 ; Frost, 1991 a 
and b; Butler, 1992; Shive et al. , 1992). These 
reactions also govern the formation of magnetite in 
pro grade and retrograde metamorphism. 

While correlating the compositional and mag
netic variations of Proterozoic mafic dykes in Fin
land , it became evident that those mafic dykes were 
highly magnetic which contained clinopyroxene 
(augite) in their early or present composition (Airo , 
in prep .). The coexistence of magnetite and clinopy
roxene is probably related to the presence of ferric 
iron in both of these minerals . In the reactions 
between Fe-oxides and mafic silicates , pyroxenes 
can accommodate only limited concentrations of 
ferric iron compared to the more hydrous iron 
silicates biotite and amphibole . Therefore, ferric 
iron is left over for magnetite production in clinopy
roxene-bearing compositions . Under the high pres
sures of water vapor in the mid-crust, and in crus
tal-scale compressional shear zones, formation of 
hydrous biotite and amphiboles is favored . These 
minerals consume the available ferric iron at the 
expense of magnetite, and under the poorly oxidat
ing conditions , no further production of ferric iron 
is possible. In the upper crust, close to the surface, 
and in extensional circumstances, where the water 
vapor press ure is low, the ferric iron that was left 
over from augite, can be consumed to form magnet
ite. In those mafic rocks which contain primary 
clinopyroxene, the often high magnetite content 
originated during primary cooling. Some ferric 
iran bound in silicates can be released to form 
magnetite especially during the transition from 
amphibolite to granulite facies . This stage affects 

especially clinopyroxenes and leads to formation 
of secondary magnetite. The above generalizations 
seem thus to be valid for the primary cooling of 
mafic magmas as weIl as for later metamorphic 
changes. For comparison, Cadman et al. (1990) 
have shown that formation of either primary 
clinopyroxenes or more hydrous mafic silicates in 
mafic dykes from Labrador depended on their em
placement depth , which controls the overall oxida
tion state and water activity . 

Fracture zones are commonly characterized by 
extensional tectonics and a low water pressure, at 
least at near-surface levels. Oxidation of magnetite 
to hematite is possible at higher crustal levels, 
where oxidizing conditions prevail (Henkel and 
Guzman, 1977) . However, in many regions these 
parts of crust have been eroded in shield areas. The 
section of deep fractures which is now exposed, 
represents mid-crustal conditions, high pressure 
and constant oxidation state. Hydrous mafic sili
cates are formed and magnetite is destroyed in the 
same reactions (Grant, 1985 ; Clark, 1997). Be
cause of the destruction of magnetite and the high 
water pressure unfavorable for production of new 
magnetite, crustal scale shear and fracture zones, 
formed at mid-crustallevels, appear as magnetical
ly quiet zones in the aeromagnetic data. The deep 
roots of the fracture zones may have experienced 
later compressions, resulting in further decrease of 
magnetization. 

During prograde metamorphism magnetite is 
commonly produced by reactions in which hydrous 
silicates are replaced by pyroxenes, but the grain 
size and shape of the produced magnetite depend 
on the oxidizing conditions and strongly influence 
the resulting magnetic properties. This is quite 
justified, because the regional pro grade metamor
phism at mid-crustal levels is characterized by a 
moderately constant oxidation state. During the 
silicate dehydration reactions , only minor amounts 
of oxygen are available, resulting in limited pro
duction of secondary magnetite (see Fig . 6) which 
is not able to form euhedral crystals. Then the 
secondary magnetite grains grow along the grain 
boundaries ofthe ferric-iron bearing silicates. Un
der conditions of a higher metamorphic grade, 
minor magnetite inclusions precipitate especially 
within the grains of plagioclase and augite (Schlin
ger and Veblen, 1989; Olesen et al., 1991; Butler, 
1992). The magnetization of such magnetite grains, 
the fine grained inclusions and the irregular shaped 
grains, is dominated by remanent magnetism. Based 
on my correlations between the magnetic proper
ties and the magnetic patterns for different geolog
ical formations in various parts of Finland, the 
effect of a strong remanent magnetization on mag-

17 



Geologian tutkimuskeskus, Tutkimu sraportti - Geological Survey of Finland, Report of Jn vestigation 145, 1999 

Meri-Liisa Airo 

netic anomaly patterns is that the intensities and 
shapes of anomalies are locally enhanced. Rema
nence components have been acquired at different 
times during the magnetic his tory of rock. These 
components have various orientations, which re
flect the magnetic field direction at the time of 
formation of the magnetic minerals . The deviation 
of these directions from the present Earth ' s field 
(PEF) direction influences the shape of the magnet
ic anomaly . Under more oxidizing conditions, as at 
higher crustallevels, ferric and ferrous iron may be 
available in suitable proportions, resulting in for
mation of euhedral magnetite crystals with multi
domain (MD-) behavior (see Fig. 5). MD-magnet
ite is dominated by induced magnetism, and thus 
the susceptibility of the rock grows and affects the 
intensity of magnetic anomalies . Also, the intensi
ty of remanent magnetization increases, but the 
remanence of coarse, MD-grains of magnetite grad
ually acquires a viscous nature. The overall magnet
ization of the rock grows and the anomalies will be of 
more regional type than for those formations charac
terized by the more sporadically distributed second
ary PSD-magnetite. According to the above obser
vations, conclusions about the overall composition 
and grain size of magnetic minerals can be drawn 
from the appearance and outlook of magnetic anom
aly patterns in detailed aeromagnetic data sets . 

Production of magnetite requires free oxygen , 
but the free oxygen content of geologic fluids is 
negligible (Frost, 1991 b), so that under most con
ditions only very small amounts of magnetite will 
be produced or consumed by these reactions. Oxy
gen is conserved in the reaction between magnetite 
and silicates that contain ferric iron. Ferric iron can 
be an important constituent in epidote, chlorite, 
biotite, hornblende, clinopyroxene and garnet. The 
progress of reactions between such minerals is not 
inhibited by the availability of oxygen because no 
oxidation or reduction necessarily takes place. It 
seems likely that in most igneous rocks the oxygen 
fugacity , instead of being determined by extern al 
conditions , depends on the composition of the 
primary melt of the rock, and on the mineral reac
tions that occurred during the formation ofthe rock 
(Shive et al. , 1992). In metasedimentary rocks , the 
iron content and redox conditions during the depo
sition and diagenesis guide the magnetite forma
tion and the capacity of rock to produce secondary 
magnetite in metamorphie processes. 

In retrograde reactions magnetite is generally 
destroyed due to the oxidizing role of water. Under 
mid-crustal conditions , where the water vapor pres
sure is commonly high and where a constant oxida
tion state prevails, ferric iron is preferentially in
corporated into hydrous iron silicates at the ex-
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pense of magnetite. The oxidation environment 
may change during the uplift of crustal segments , 
resulting in retrograde metamorphism and possible 
formation of magnetite (Frost, 1991b). 

Felsic melts are highly oxidizing, and much of 
their small iron concentration is oxidized to ti
tanomagneti te in the magneti te-series granites (lshi
hara, 1977). As the amount of mafic silicates is 
minor, production of magnetite during the second
ary processes is limited. As a consequence the 
overall magnetic properties of felsic rocks (plu
tons) are determined largely by their primary mag
netite content, which depends on the composition 
and ambient redox state of the protolith and the 
conditions during emplacement and cooling. An 
important reaction for the production of magnetite 
in fel sic plutons takes place between potassium 
feldspar , magnetite and biotite (KMB). The reac
tion works in both directions and applies both to the 
primary cooling (Frost, 1991 b) and later deforma
tions . For example, when biotite begins to break 
down at about 500 oe, under high oxygen pressures 
magnetite is formed along wi th potassium feldspar, 
while under low pressures the ferrous iron released 
from biotite is consumed for production of Fe
olivines, resulting in no magnetite. 

(KMB ) 2 KFe3AIS iOP IO(OH)" H 2KAISi JO, + 2Fep.+H,O 
biotite K-fe ldspar magnetite 

As a summary of the previous discussion , the 
geological interpretation of aeromagnetic data pre
sen ted in the next pages will be based on the 
following petrophysical conclusions: 

I) The crustal levels which we presently ob
serve on outcrops in Precambrian regions represent 
generally the mid or deeper crust, which means an 
originally constant oxidation state and a high water 
vapor pressure. Thus , continuous regions of high 
magnetization can be regarded as indications of 
laterally continuous highly oxidative conditions 
that once prevailed in mid- or deeper crust. 

2) The effect of prograde metamorphism is to 
strengthen the original magnetization, but 

3) originally weakly magnetic rocks can never 
produce secondary magnetite in such great amounts 
that they would substantially change the primary 
magnetization. 

4) In an originally highly magnetic rock, the 
magnetization will not be significant1y changed 
due to metamorphic processes, because the relative 
volumetric concentration of secondary magnetite is 
still small compared to that of the primary magnetite. 

5) The secondary magnetite produced in meta
morphic processes of mafic ( and intermediate) rocks 
will be fine-grained or irregularly shaped, and 
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therefore dominated by the remanent magnetiza
tion. Its presence can be recognized from the aero
magnetic signatures. 

6) The production of secondary magnetite in 
metamorphic processes of felsic rocks will mainly 
take place by the increase of titanomagnetite grain 
size and its composition approaching that of pure 
magnetite. Then the induced magnetization in
creases and Q-ratios decrease, resulting to an over
all high magnetic level and magnetic patterns of 
more regional nature. The formation of magnetite-

bearing felsic rocks needed a precursor having a 
high concentration of magnetite. 

7) Such changes in mineral compositions, which 
involve magnetite and Fe3+ -bearing silicates, re
quire radical changes of conditions in the crust. In 
Finland, temperatures high enough for a large 
scale production of secondary magnetite in mafic 
rocks were reached for the last time during the 
Svecokarelian deformation . 

8) The magnetic fabric is a function of the biotite 
petrofabrics in the rock. 

STRUCTURAL INTERPRETATIONS AND CORRELATIONS 

Tectonic lineaments based on gridded data sets 

Lineaments in southeastern Lapland were traced 
by using the gridded aeromagnetic, gravity and 
elevation data in sequence, as combinations oftwo
grid data sets, and on scales ranging from detailed 
studies to regional summaries. The lineaments were 
presented in vector form using the Oasis Montaj 
program. The horizontal derivatives (dx, dy) ofthe 
aeromagnetic grid were most informative for de
tection of surface structures, and preferred by the 
present author, although almost the same informa
tion is obtained from shaded-relief presentations. 
In order to display the anomalies derived from 
deeper sources, the colored total field data were 
used in combination with the derivative data. 

Characteristic features of deep faults in the 
magnetic and gravity data are 1) linear steps in the 
magnetic and gravity field levels and the associated 
gradients, 2) linear local anomalies of both signs, 
3) linear disturbances in regular anomaly patterns, 
or boundaries between them (Gri shin and Ilinskaja, 
1991; Henkel et al. , 1994). In digital elevation data , 
faults commonly coincide with linear depressions 
in the topography. Lineaments representing tec
tonic features are seldom seen as straight lines over 
longer distances, but rather as a combination of short 
lines forming curved overall structures. Faults are 
developed in the brittle upper crust, and in the deeper 
region of plastic deformation they have a ductile 
counterpart. In old shield areas (e.g. Fennoscandia), 
both deformation patterns may exist simultaneously. 
Brittle deformation has reactivated the ductile struc
tures, which have been brought to the surface by 
erosion and tectonism. 

The interpretations reveal three main lineament 
orientations in southeastern Lapland, namely NW
SE, N-S and NE-SW, which emerge in all the three 
gridded data sets: aeromagnetic, gravity and topo-

graphic data. These orientations are broadly con
sistent with earlier interpretations concerning the 
Karelian craton in general (Petrov, 1970; Talvitie, 

28' 
o 50 

(km) 

Fig. 7. Domain boundaries based on aeromagnetic , grav ity and 
elevation data , shown on the horizontal derivative (dx) aeromag
netic (1 km grid) image . Leiters denote names of geophysical 
domains used in text. Study area outlined . 
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1979; Gaal and Gorbatschev, 1987; Vuorela, 
1992), and the study area (Saltikova, 1991 ; Elo, 
1991a and b; Ruotoistenmäki, 1991) . In the mag
netic data the structural elements follow magnetic 
anomaly trends or weakness zones , and interrup
tions in their orientation mark block boundaries. 
In the gravity image the regional fault zones and 
block boundaries emerge as linear gradients . The 
horizontal derivative of the regional magnetic 
data grid at 1 km illustrates the general magnetic 
trends in southeastern Lapland (Fig. 7) . These are 
the following: 

The NW -SE trend, particularly typical in the 
southeastern (domain "E") and northwestern (do-

main "CG") parts, where it emerges as narrow mag
netic anomaly bands and numerous fault and frac
ture zones, e.g. "Ailanka fracture zone". In the 
regional scale data , this trend controls the steps in 
magnetic and gravity field levels. 

The N-S trend, in the southwestern part (domain 
"P") this direction dominates the magnetic struc
tures and the steep gravity gradient (at "HSZ"). 

The NE-SW trend, the prominent feature in the 
northeastern part (domain "N") of the study area. It is 
seen as the magnetic anomaly arms reaching towards 
the northeast, and it is related to the major fault and 
fracture zones (e.g. "Posio-line" and the outlines of 
domain "KS ") throughout the whole region . 

Geophysical domains outlined from regional data sets 

Structural subdomains were outlined on the 
basis of aeromagnetic and gravity trends. They 
were called the western (W), the northern (N) , the 
eastern (E) domains and domain KS correspond-

ing to the Kuusamo schist belt. Block boundaries of 
the geophysically determined structural units ofbed
rock were outlined on the basis of gravity , magnetic 
and elevation data, and may in some cases be shifted 
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) , magnetic susceptibilities ( 10.6 SI), and intensities of remanent magnetization (mAl m) between the 

geophysical domains P, Wand E. 
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relative to the magnetic lineaments . The boundaries 
of each structural domain are not precise, and the 
domain size depends on the scale of observation. On 
the regional scale, four major magnetic domains 
were readily distinguished according to the orienta
tion of structural elements. Later it became neces
sary to define two additional domains, namely the 
domain CG covering a piece of central Lapland 
granite area and the domain P in the southern part of 
domain W. The main domain boundaries and the 
focus of the present structural interpretation are 
(Plates 1-3 , Fig. 7): 

1) the north-south trending gravity gradient be
tween domains P and E, the "HSZ"-line, 

2) the NE-SW trending discordance in the mag
netic anomaly orientation between domains Wand 
KS , the "Posio-line", and 

3) the NW-SE trending series offaults and mag
netic anomalies between domains N and W, the 
"Ailanka fracture zone". 

The frequency histograms of densities and mag-

netic susceptibilities for the six domains were ex
amined to find their major compositional and mag
netic characteristics (Fig. 8) . Susceptibility histo
grams are bimodal, as expected, but so also are the 
density histograms. This is explained by the poor 
representation of the intermediate lithologies in the 
sampie set, leaving a gap between the mode of 
felsic rock densities « 2670 kg/m3

) and mafic rock 
densities (> 2900 kg/m3

). In the susceptibility his
tograms, domain P is characterized by one broad 
mode at paramagnetic susceptibilities, but the me
dian value at 1400 10-6 is higher than that of the 
other domains , where it is 1000 -1100 (10-6) and 
which correspond to the general values in Finland. 
Domains CG and N display a major peak at the 
ferromagnetic susceptibilities indicating a great 
proportion of highly magnetic sampies and ex
plaining the high magnetizations of these domains. 
In the domain N very few mafic lithologies are 
represented, but they have the highest susceptibil
ities , above 20 000 (10-6). A wide range of suscep-
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Table I. Average de nsities (kg/m 3) for the main litho log ica l types in domains E , Wand N. 

E W 

tonalite 2670 2640 
granod iori te 2640 2620 
granite gnei ss 2690 2640 
mica gne iss 2707 27 15 
grani te 2635 2600 

tibilities is associated with the mafic lithologies in 
domain KS. 

The ferromagnetic peak: is at about 50 000 00-6) 

for domain E, while it is at 14000-17000 Cl 0-6) for 
domains W , N and CG. The high susceptibilities of 
domain E are associated with local bodies of mafic 
igneous rocks. Because mafic rock types are more 
numerously represented in domains E and KS , they 
raise the average densities ofthese domains. On the 
gravity anomaly map, domains E and Ware readily 
distinguished based on the 20-30 mG al difference 
in their mean Bouguer anomaly levels (see Fig. 3). 
The changes in the average densities of the do
mains do not explain this difference, which could 
possibly be caused by the great subsurface volume 
of the mafic bodies within domain E, as suggested 
by Elo (1991b). 

In domains Wand CG the predominating litho
logical types represented in the data are granites. 
Their mean density of 2620 kg/m3 corresponds to 
the lower density peak in the density histograms. 
Granite gneis ses predominate in the domains E and 
P, with mean values of 2690 and 2620 kg/m3, 

respecti vely, indicating a compositional difference. 
In domain N, granites and tonalites predominate. 
The tonalites raise the median density, and they are 
also an important constituent in domain E. Domain 
KS is composed of a wide variety of metamor
phosed volcano-sedimentary rocks, and correspond
ingly its petrophysical characteristics differ from 
those ofthe other domains. The lower density mode 
at 2650 kg/m3 corresponds to sedimentary rock 
densities. The ferromagnetic susceptibility peak at 
100 000 (10-6) is mainly due to the mafic and 
ultramafic intrusive rocks of domain KS. 

The average densities of the main rock types in 
domains E, Wand N are compared in Table 1, and 
it shows that the densities in domain E are the 
highest and in domain W the smallest. For compar
ison , the crustal modes in Finland are 2610-2660 
for granitic crust and 2690-2720 for granodioritic 
crust (Elo, 1997) . 

The geophysical subdivisions of southeastern 
Lapland broadly correspond to the geological sub
units of the Karelian domain as described by Kärki 
et al. (1993). The western and eastern parts of the 
study area belong to the Archean Pudasjärvi and 
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N 

2660 
2630 
2640 
2724 
2640 

Kuhmo granitoid-gneiss complexes, respectively 
(Plates 1-4). The northern part (domain "N") com
prises ortho- and paragneisses intruded by Proter
ozoic granites . The poss ible Archean origin of 
these gneisses is one of the subjects of the cooper
ation project. 

The most extensive posi tive regional NW-SE 
trending magnetic anomaly on the Aeromagnetic 
map ofFinland (Korhonen , 1980) reaches from the 
study area to northern Sweden. Subdomains Wand 
N seem to include the southeasternmost part ofthis 
regional anomaly, as there is no regional magnetic 
anomaly resembling this to the east of the Posio
line or in the Russian region . Korhonen (1981) has 
emphasized that the positive regional magnetic 
anomalies correlate with areas containing Sve
cokarelian granites, and proposed a highly magnet
ic Archean origin for these granites. The large areal 
extent of the regional magnetic anomaly suggests a 
wide area with laterally continuous formation con
ditions. The high and even magnetite content ofthe 
granites in Lapland must be related to the compo
sitions and conditions favoring magnetite produc
tion during their ascent and emplacement. Puranen 
(l989a) has compared the chemically analyzed 
iron contents and magnetite contents in Lappish 
granites with other areas in Finland. According to 
hirn, in spite of the quite low iron-content of the 
Lappish granites, the high oxidation ratio of iron, 
the relatively high iron/magnesium-ratio and the 
low titanium content have favored the magnetite 
formation. He explains the even magnetite distri
bution in Lappish granites as due to the homogene
ously oxidized source material , presumably of a 
sedimentary origin on the basis of the low concen
tration of iron. However, similar to the Suomujärvi 
complex (domain N), the southern part of the gran
ite area elsewhere in Lapland is associated with a 
positive gravity anomaly (Plates 1 and 2). Linea
ments, which are parallel to the Posio-line, have 
divided the regional magnetic as weil as the gravity 
anomaly into equally wide and "interlocked" seg
ments, currently observed as separate gravity highs. 
As the exposed rocks are predominantly of felsic 
composition, these gravity highs must have a more 
dense (densities > 2750 kg/m3) source under the 
felsic rocks . 
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Lithology, petrophysical properties and magnetic images 

When moving from the regional scale to the 
mesoscopic scale represented by the low-altitude 
aeromagnetic data , the patterns and lineaments 
characterizing geophysical units can be interpreted 
in greater detail (Plate 1). Variation of aeromagnet
ic signatures and petrophysical properties between 
the structural domains in southeastern Lapland are 
mainly related to variations oflithology and defor
mation styles. They are discussed in the following 
based on magnetically typical subareas outlined in 
Fig. 9, and will be broadly c1assified on the basis of 
their main lithological types. 

The granite gneisses and migmatites of the 
Archean Pudasjärvi and Kuhmo granitoid-gneiss 
complexes (domains P and E, Plate 1) form the 
weakly magnetic background observed in subareas 

26° 27" 28° 

26° 27° 28· 

1, 2 and 7 (Fig. 9). The banded magnetic signatures 
are due to supracrustal rocks and mafic dykes. 
Most ofthe bodies of mafic and ultramafic plutonic 
rocks are highl y magnetic . In magnetic and gravity 
images the two complexes P and E are alike in 
terms of the variation of anomaly amplitudes and 
frequency, but they differ in terms of the orienta
tion of structural elements (Fig. 10). Their mutual 
boundary is characterized by the N-S trending 
"HSZ", the belt of weak banded magnetic anoma
lies and associated with an extensive gravity gradi
ent. This belt, about 10 km wide, located to the west 
of the intense N-S trending banded anomalies , 
corresponds to the migmatites and K-granites of 
the Hirvaskoski shear zone (Kärki et al. , 1993) . 
According to the petrophysical data, weakly magnet-
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Fig. 9. Subareas di scussed in tex t are highlighted on the low-alti tude image. 
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Fig. 10. Aeromagnetic map of subarea I , and locations of gabbro and ultramafic rock sampies (b lack triangles). Petrophysical 
diagrams: gabbros and ultramafic rocks (red symbols) , compared with alJ rocks (grey symbols) from the whole study area. 
D = density (kg/m3), MS = magnet ic susceptibility (- 10.6 SI), Q = Königsberger ratio. 
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ic granite gneisses and migmatites also occur within 
subarea 2, at the margin between the domains E and 
KS. There migmatization is likely to have decreased 
the susceptibility of the bedrock, as proposed also 
by OIe sen and Sandstad (1993), w ho descri be weakl y 
magnetic migmatized parts of a greens tone belt in 
northern Norway. Earlier, Grant (1985) brought up 
the reducing effect of migmatization on magnetic 
properties. Unlike those in the eastern domain "E", 
the granite gneisses in the northern domain "N" are 
strongly magnetic, indicating more favorable condi
tions for magnetite production. 

The N-S or more NW-SE directed magnetic 
trend within the granite gneiss complexes is largely 
due to mafic and ultramafic plutonic rocks (Fig. 
10), observed especially in Figs. 2 and 3 within 
domain P. This is evident on the basis of the 
petrophysical data set, when the sampling sites of 
the gabbros and the ultramafic rocks from domain 
E are plotted on the potential field maps. Because 
oftheir high densities , exceeding 2900 kg/m3, they 
cause local gravity maxima within subareas 1 and 
2, and their combined large volume is responsible 
for the regional gravity high associated with the 
domains P and E. Within domain E, bodies of 
layered igneous rocks of age 2.5-2.4 Ga at Koillis
maa (Alapieti , 1982; Mertanen et al. , 1989) and 
Näränkävaara show a highly magnetic appearance 
(Plate 1), affected by their strong remanent mag
netization. The Koillismaa layered intrusions are 
disrupted discordantly at the western margin of 
domain E (Fig . 10), and there is no geophysical 
evidence of similar formations on the other side of 
the domain boundary, west of HSZ, within do
mains P or W. A subdomain of domain E, contain
ing the Koillismaa intrusions and some highly 
magnetic mafic bodies (in Fig. 10, susceptibilities 
more than 100000 and Q-ratios < 1) can be outlined 
especially on the basis of the gravity data, but also 
separated by a weak magnetic lineament due to a 
fault zone (belongs to fault series 2 in Plate 2) . 

NW-SE trending mafic dyke swarms dominate 
the magnetic pattern in domain E in subarea 2 (Fig. 
11 and Plates 1 and 2). The Näränkävaara gabbro 
intrusion has the same orientation as the mafic 
dykes, and it causes the strongest magnetic and 
gravity anomalies in subarea 2. The dyke patterns 
in domain E are strongly disturbed by NE-SW 
directed tectonics, which also divide the gravity 
anomaly of the Näränkävaara gabbro intrusion into 
two parts. The outcropping eastern part of the 
intrusion is 6 km wide and 10 km deep, as deter
mined by the quantitative interpretation of a mag
netic and gravimetric ground profile by Elo (1991 b). 
The values of Q-ratios are about 4 so that the body 
has a strong remanent magnetization, studied in 

detail by Pesonen (1970) . The Näränkävaara intru
sion together with the parallel dyke swarms and 
weakness zones, as formed by tensional fracturing, 
are considered in the present study as signs of the 
main rifting period about 2.4-1 .97 Ga ago . The 
dyke swarms can be traced from the enhanced 
aeromagnetic data, and they also hide within the 
irregular magnetic pattern of Kuusamo schist belt 
(domain KS). Inside the Posio greenstone forma
tion there are similar weak indications of dykes. 
Within domains Wand N the magnetic signature of 
these dykes has not been observed, but the regional 
magnetic anomaly crossing all northern Finland 
follows the same orientation and seems to be a NW 
continuation of the rifted eastern block. 

In the petrophysical scatter diagrams the magnetic 
susceptibilities of dolerites/diabases in the region of 
southeastern Lapland form two main clusters (Fig. 
11). According to my comparisons of magnetic anom
aly patterns, petrophysical properties and mineral 
compositions of mafic dykes elsewhere in Finland, 
the mafic dykes of tholeiitic composition gene rally 
show magnetic duality, but they are predominantly 
weakly magnetic (paramagnetic). The dykes with 
ultramafic composition are mainly highly magnet
ic and are recognized by their characteristic mag
netic signatures (Airo, in prep .). The paramagnetic 
values characterize the dykes within domain E 
(sampling sites are plotted on the map in Fig. 11). 
The coherent group centering at the high MS-value 
of 30000 (10-6

) and having Q-ratios of about unity, 
represents differentiated doleritic sills from the 
Kuusamo schist belt. Here and all over Finland the 
differentiated sills can be recognized on aeromag
netic maps due to their characteristic, intense anom
aly signatures with sharp gradients. 

Granite gneisses and tonalites are an important 
constituent of domains E and N. Within domain N, 
corresponding to the Suomujärvi complex (Plate 
1), they are typically highly magnetic. Tonalites 
outcrop inside the magnetic anomaly are , particu
larly in its southern part, as shown by sam pIe 
locations in subarea 3 (Fig. 12). An Archean age of 
2825 ± 27 Ma has been determined for the tonalite 
in the Suomujärvi complex (Evins et al., 1997b). 
The narrow density distribution of tonalites, fo
cused at about 2600 kg/m3, indicates quite a ho
mogenous composition in terms of the relative 
proportion of mafic silicates. The magnetic group 
of tonalites has susceptibilities in the order of 5000 
- 1500000-6), and the Q-ratios are <1 indicating 
a coarse grain size of magnetite. Indeed, large 
euhedral magnetite crystals are visible at some 
outcrops. The occasionaUy irregular magnetic pat
tern, and especially the conjugate fracturing ob
served in the derivative maps (Fig . 12, see also 
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Fig . I I. Combined gravity (data from the Finnish Geodetic Institute) and aeromagnetic shaded relief image of subarea 2. Locations of 
diabase/ dolerite sampIes indicated by black triangles. Petrophysical diagrams: diabases/ dolerites (red symbols) , compared with all 
rocks (grey symbols) from the whole study area. D = density (kg/m J) , MS = magnetic susceptibi lity (10-6 SI), Q = Königsberger ratio. 
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Plates 1 and 2), is typical of granodiorites, according 
to my comparisons of magnetic images representing 
various regions in Finland. It is assumed here that the 
tonalites locally grade into granodiorites, as a result of 
potassium alteration. Part of the high magnetite con
tent could be a by-product according to the reaction 
(KMB), which was discussed above in association 
with "Magnetite in geological processes". 

A great deal of the NE-SW trending magnetic 
banded patterns in domain N are caused by para
gneis ses (highly magnetic biotite schists, Fig. 12) 
as verified by the field-studies and follow-up of 
magnetic anomalies. They are also topographically 
high er compared to the orthogneisses between them. 
According to field observations, their contacts with 
the orthogneisses are not intrusive, but more strati
graphic, and the magmatic foliation is parallel to 
the NE-SW anomaly trend. The magnetization 
seems to attenuate towards the northeast (see also 
Plate 1), but no decrease in the amount of iron 
silicates or oxides and no changes in the metamor
phic degree were observed. This attenuation may 
be explained by crustal tilting, but the tilting in the 
magnetic level must have a deeper source, as there 
is no change in the magnetic properties of the 
outcropping rocks. 

A combined gravity and aeromagnetic shaded 
relief image of the same subarea 3, the Suomujärvi 
complex, is presented in Fig. 13. The gravity high 
of about 15 mGal cannot be explained by the 
densities ofthe outcropping felsic rocks, but a more 
mafic source is needed. For comparison, subsur
face mafic igneous bodies were interpreted as re
sponsible for the Bouguer anomaly in domain E. 
The reasons for the gravity high in domain N will be 
further discussed below. The Ailanka fault zone caus
es only a small depression in the magnetic profile 
data, marked by "A" atthe profile LI. On the map, the 
zone is not associated with a linear gravity minimum. 
These facts suggest that the Ailanka fault does not 
necessarily reach deep into crust, which was also 
verified by modeling several profiles. 

Highly magnetic granites (Fig. 14) define the 
color on the aeromagnetic maps of subareas 3, 4, 6 
and 7, broadly corresponding to domains Wand 
eG. About half of the petrophysical sampies from 
southeastern Lapland are granites, regarded as Sve
cokarelian. The gneisses, tonalites and granodior
ites occurring in connection with the granites are 
highly magnetic. The regional magnetic anomaly 
due to granites is overlain by sharp short-wave
length anomalies caused by supracrustal rocks and 
somewhat weaker remnants of anomalies due to 
supracrustals and gneisses. 

The domain W is characterized by a regional 
gravity low, mainly caused by the low granite 

densities (Plate 2). The density distribution of gran
ites in Fig. 14 is narrow with a median value of 
2600 kg/m3

, indicating a low content of mafic 
silicates. The susceptibilities have a wide range, with 
a great proportion of values clustering at 10000 .10.6 SI 
and their Q-ratios are <1 as expected. The low
gradient magnetic anomalies within domain W 
show local variations, such as the oval-shaped 
magnetic highs due to Pernu granitoids. The mag
netic ovals are oriented parallel to the gentle SE
NW trend, which is characteristic of weakness and 
fracture zones throughout the area of southeastern 
Lapland. 

The narrow magnetic elongated anomalies with
in and to the north of the Ailanka fracture zone 
follow almost the same orientation, with a more 
northwesterly trend. The petrophysical sampling 
sites in Fig. 14 show where granites outcrop. Ac
cording to field evidence, the magnetic trend is 
caused by the magmatic foliation in highly magnet
ic granites, which have intruded parallel to the fault 
zone. These lenticular granite intrusions are inter
preted to be syn-kinematic and crystallized from a 
highly magnetic melt, and the magmatic foliation 
formed during the intrusion . Together with the 
highly magnetic granite gneisses, these granites 
form the arc-Iike magnetic structure surrounding 
the Archean tonalite dome in domain N. 

Generally the banded magnetic patterns through
out the whole study area are mainly associated with 
paragneisses, amphibolites and different kinds of 
schist. This was verified in the field by in situ 
susceptibility measurements and also from the petro
physical data base. The petrophysical properties 
and magnetic signatures of these rocks are com
pared in Figs. 15 and 16. The strong banded pat
terns in the northeastern part of domain Wand in 
the southeastern part of domain N in subarea 5 (Fig. 
15) are most often associated with amphibolites in 
the petrophysical data base. The lithologic group 
amphibolites in the petrophysical data base in
cludes rocks derived from various sources, they 
may be greenstones, dolerites or of supracrustal 
origin. The metamorphic equivalents of green
stones in the study area can roughly be separated by 
their paramagnetic susceptibilities (e.g. "Posio 
greenstones" in Plate 1 and Fig. 16) . 

The northwestern contact between domains KS 
and N (white dashed line in Fig. 15) would not seem 
to be tectonic, because the banded magnetic anom
alies are continuous across the "boundary". The 
"boundary" may be formed by the different me
chanical responses of rocks to folding. Dense (> 2800 
kg/m3

) and highly magnetic schists, petrophysical
ly quite similar to amphibolites, are also found 
along the Posio greenstones, at the eastern margin 
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of domains N and W (subareas 5 and 1) and within 
domain KS, where they are strongly folded. The 
petrophysical comparison of schists with gneisses 
(including a wide variety of compositions) shows 
that their susceptibility histograms are broadly sim
ilar (Fig. 16), but on an average the densities of 
gneis ses are lower. 

The sedimentary-volcanic sequence ofthe early 
Proterozoic Kuusamo schist belt (Silvennoinen, 
1991 b) with the intercalated differentiated diabase 
sills is a clearly outlined area (domain KS), charac
terized by banded magnetic patterns. The strongly 
folded magnetic pattern of the domain KS was ob
tained during the Svecokarelian orogeny. Within do
main KS there are two kinds of magnetic signatures 
associated with schists. A more irregular pattern with 
alternating intense highs and lows is observed espe
cially for the northern part and at the western margin 
of domain KS. Such irregular magnetic patterns are 
commonly caused by the relative increase of rema
nent magnetization, which often results from the 
production of secondary fine-grained magnetite . The 
difference in the metamorphic degree can explain 
the difference in magnetic signatures of the schists, 
which is in harmony with Silvennoinen ' s (l991b) 
metamorphic description of the area. A higher 
metamorphic grade is typical of the northern part, 
with formation of biotite and garnet. In the south
ern part of the schist belt the metamorphic grade is 
that of greenschist facies. 

The metavolcanic rocks in southeastern Lap
land relate to several volcanic cycles and they are 
in many places stratigraphic markers, as for exam
pIe the three greenstone formations within the 
Kuusamo schist belt, described by Silvennoinen 
(1991 b) . The geophysical classification of those 
greenstones has been presented by Elo (1991 a) and 
Ruotoistenmäki (1991). For the most part, the green
stones in the study area are weakly magnetic. The 
Salla greenstones border the area in the northeast 
along a tectonic contact according to Ruotoisten
mäki (1991) . Another weakly magnetic zone, cor
responding to the Posio greenstones, runs several 
tens of kilometers along the western margin of 
domain KS, and is mainly caused by amphibolites 

(see Fig. 16). Their position and geometry have 
been interpreted from the gridded gravity and aero
magnetic data and from ground gravity profiles 
measured by GTK. They form an eastwards dip
ping sequence together with gneisses, amphibo
lites and schists dipping along with them, under the 
KSB. This interpretation will be discussed below in 
greater detail. 

Domain KS is bordered in the south by green
stones petrophysically similar to the Posio green
stones. They outcrop within the granite gneiss area 
close to the southern contact between domains KS 
and E. According to the interpretation by Elo (1991 a), 
this contact is partly tectonic, partly concordant, and 
it dips gently to the north. Silvennoinen (1991b) 
describes the alteration of the granite gneiss into 
strongly foliated chlorite and sericite-rich schist in 
many places near the contact. This, along with the 
greenschist facies metamorphism of metavolcanites, 
tends to decrease the magnetization. The alteration is 
seen as a zone of weak magnetization following the 
contact region (Plate 1). 

In subarea 6 (Fig. 17), the domain CG is charac
terized by an intense regional magnetization. About 
2/3 of the petrophysical sampIes collected from 
this domain are highly magnetic granites. Overly
ing the regional anomaly there are intense short
wavelength anomalies, caused by alternating beds 
of quartzites, amphibolites, gneis ses and metavol
canic rocks. The volcano-sedimentary units are 
associated with conductive zones. The zones which 
are both magnetic and conductive are caused by 
pyrrhotite bearing rocks, largely graphite schists 
and black schists (metamorphosed black shales). 
The magnetic almost E-W lineation follows the 
margin of domain CG towards the Pudasjärvi gran
ite gneiss complex (Plates 2 and 4). The dominat
ing tectonic features in that area were formed dur
ing the Svecofennian deformation (Perttunen et al. , 
1996). Similar magnetic signatures were earlier 
described in connection with subareas 4 and 5. It is 
proposed here that the magnetic signatures and 
orientations were formed under the same tectonic 
circumstances and during the same stages of Sve
cofennian deformation. 

RESUL TS AND DISCUSSION OF BLOCK BOUNDARIES 

Ailanka fracture zone 

The Ailanka fracture zone is composed of sev
eral faults and fractures running NW -SE (with 
orientations from N30° to 500 E), following the 
main rifting direction and the orientation of the 

mafic dykes within domain E (Plate 1; fault series 
1 in Plate 2). The fracture zone corresponds to 
Talvitie's (1979) Lapland fracture zone, which 
runs across Lapland all the way to the Norwegian 
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coast. It has a counterpart also in the east, as it 
coincides with a reverse fault in the series of faults 
(about 50 km apart) traversing Russian Karelia 
(Petrov, 1970). According to Petrov, these dextral 
strike-slip faults also have a vertical component, 
and they existed as displacements already in the 
late Archean and early Proterozoic. In Turchenko ' s 
(l992)presentation the counterpart of the Ailanka 
fault belongs to the rift-formed fault system which 
initiated the fragmentation of the Archean conti
nental crust (2.5-2.3 Ga). 

The aeromagnetic image of the Ailanka fault 
system is dominated by curved banded narrow 
magnetic anomalies associated with granite gneisses 
and granites. The faults and fractures have con
troled the distribution of highly magnetic granites 
within the zone. The granites are characterized by 
their banded, lenticular patterns and magmatic (and 
magnetic) foliation parallel to the fault zone. These 
facts support the syn-kinematic emplacement of 
these granites. 

The geometry of the surface units related to the 
Ailanka fault zone was interpreted by quantitative 
modeling of ground gravity profiles (measured by 
GTK). The interpretations indicate that a vertical to 
steeply northeast dipping structure of the outcrop
ping rocks is responsible for the magnetic short
wavelength anomalies. The depth extent of their 
source was interpreted to be quite shallow. In order 

to interpret deeper structures , profiles extracted 
from the low-altitude aeromagnetic data and re
gional gravity data were modeled , too. Based on 
the modeled profiles, the Ailanka fault zone does 
not necessarily reach to a great depth. The fault 
zone is expressed most prominently in the digital 
elevation data and causes only a small depression 
in the magnetic profile, as shown earlier in connec
tion with Fig. 13. The Ailanka fault system proba
bly got its structural framework during the early 
rifting stage under a tensional regime, and it was 
originallyaseries of deep strike-slip faults. Its 
present magnetic appearance was mainly formed 
during the Svecokarelian compression and rework
ing, which completed the series of reverse and 
thrust faults. A minor indication of compressional 
tectonics is the conjugate fault network within 
tonalites and granodiorites (referred to earlier) , 
visible in shaded-relief and derivative images on 
both sides of the Ailanka fault zone. As compared 
to the series of parallel brittle faults, observed 
within the central Lapland granite area, the Ailanka 
zone must have also been reactivated after the 
Karelian crust was already rather consolidated. 
According to the seismic data by Talvitie (1979), 
these faults have been active recentIy. A brittle 
behavior due to a younger reactivation has been 
enhanced by glacial reworking, as observed in the 
topographic data in Plate 3. 

The gravity maximum at the tonalitic-granodioritic dome 

Aeromagnetic images illustrate many similari
ties in the magnetic patterns of domain N and the 
central Lapland granite area, some ofthem marked 
by arrows in Fig. 18. The regional magnetic granite 
anomaly is divided into equally wide segments by 
NE-SW trending lineaments (fault series 2 in Plate 
2). Inside these segments the internal magnetic 
structures are dominated by an overall NE-SW 
orientation. The highest magnetizations, positive 
gravity anomalies and E-W to gently NE-SW trend
ing banded magnetic local anomalies are associat
ed with the southern parts ofthese segments. With
in domain N, the Suomujärvi complex, there is a 20 
mGal gravity high immediately northeast of the 
Ailanka fault system (Plate 2), in the region of 
tonalitic and granitic rocks. Similarly, a regional 
positive gravity anomaly and large-scale aeromag
netic banded patterns are associated with the 1.8 
Ga old Vettasjärvi granite in northern Sweden 
(Öhlander et al. , 1987), where foliated varieties, 
gneissic ghost structures and gradual transitions 
from biotite-rich gneiss to granite have been ob
served. The Vettasjärvi granite is concluded to be 
produced by crustal anatexis of Archean rocks, 

which ended the Svecokarelian orogeny 1.8-1.75 
Ga ago . 

The densities of the exposed granite gneisses, 
granites and tonalites do not explain the positive 
gravity anomaly within domain N. The needed 
density contrast of about 200 - 300 kg/m3 would 
require rocks of mafic composition (diorites, am
phibolites, gabbros) or schists and gneisses of a 
high metamorphic grade, underlying the exposed 
rocks . They should also be highly magnetic, as 
indicated by the regional magnetic anomaly. The 
bandlike relict anomalies, encountered within the 
granitoid rocks in southeastern Lapland , are often 
related to biotite-gneisses. The average densities 
for biotite-gneisses are 2650-2700 kg/m3

, so that 
they are not dense enough to be the source of the 
gravity anomaly. Rather, the dense and magnetic 
pyroxene-gneisses or amphibole-gneis ses could 
represent the source, as they have densities of about 
2800-2900 kg/m3 and high ferromagnetic suscepti
bilities. When biotites and amphiboles in rocks are 
progressively replaced by pyroxenes during the 
high-grade regional metamorphism, both the den
sity and the magnetic properties of rock are affect-
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ed. Increasing rock densities during the transition 
from greenschist facies to amphibolite facies have 
been encountered for example in the Archean gran
ite-greenstone area in Australia (Bourne et al. , 
1993). The high Bouguer anomaly in the western 
Uusimaa region, southern Finland, also has been 
interpreted to arise from the increasing densities of 
all rocks towards the granulite facies area (Laine, 
1998). As to the high magnetization, granulite 
facies metamorphism of rocks containing mafic 
silicates generally produces secondary magnetite 
in connection with the breakdown reactions of 
hydrous silicates. This secondary magnetite is 
formed as inclusions within amphibole and pyrox
ene grains during the transition from amphibolite 
to granulite facies. Olesen et al. (1991) have report
ed an example from Vesteralen , N orway, where the 
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metamorphic boundary between the amphibolite 
and granulite grade rocks was recognized by an 
increase in magnetization . Granulite grade rocks 
were more magnetic than their amphibolite grade 
equivalents also in Lofoten, Norway , where submi
crometer-sized Fe-Ti oxides within clinopyroxene 
are responsible for the stable remanence (Schlinger 
and Veblen, 1989). 

The extremely high crustal magnetization in the 
study area cannot be totally produced by metamor
phic processes , but a highly magnetic precursor is 
required, as suggested already by Korhonen (1981). 
Either mafic underplating or high grade metamor
phic gneisses are needed deep underneath the gran
itoids , to explain both the high regional magnetiza
tion and the positive gravity anomalies . Continen
tal rifts are enriched in iron over magnesium. Ac-
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Fi g . 18. Aeromagneti c data of Ail anka fracture zone , plotted on gravity data (Finni sh Geodetic Institute). Arrows mark the 
mag netic NE trending arm s, white and light blue dashed lines illustrate the main lineament orientation s and bl ack lines mark 
the segments, di scussed in text. 
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cording to Smolkin (1997) , the continental rifting 
in North Karelia produced abundant tholeiitic ba
salts and ferropicrites . The deeper sections of such 
rocks appear to be originally weakly magnetic, 
because the ferric iron is rather incorporated into 
hydrous mafic silicates instead of magnetite. As 
discussed before, the regional metamorphism would 
produce finer-grained secondary magnetite, but 
this would not be enough to entirely change the 
originally weak magnetization. The possible retro
grade alteration often connected with tectonically 
uplifted bedrock blocks would generally mean par
tial destruction of (coarse-grained) magnetite. 1t 
was stated earlier that for highly magnetic precur
sors, the secondary effects would not be totally 
destructive, but only reducing or enhancing the 
earlier magnetization. For the reasons discussed 

above, high-grade (amphibolite to granulite grade) 
metamorphic gneisses are preferred over mafic or 
ultramafic igneous rocks as the source of the grav
ity high within domain N. 

Several profiles crossing the gravity anomaly 
in different directions were modeled, but the shape 
of the dense and magnetic formation underneath 
the outcropping granitic rocks could not be reliably 
determined. Either tilting or thinning of the mag
netized body towards the northeast is required to 
explain the smooth attenuation of the magnetiza
tion towards the northeast. The best modeling re
sult, although not quite satisfactory, was obtained 
with a den se and magnetic body terminating at the 
Ailanka fault zone, with a south edge dipping 
steeply NE. 

Petrophysics and modeling of HSZ 

The most prominent geophysical expression of 
the Hirvaskoski shear zone (HSZ), separating the 
Kuhmo and Pudasjärvi granitoid-gneiss complex
es, is the 30-40 mGal gravity minimum (Plate 2) . 
The eastern margin of this N-S trending, about 40 
km wide zone is steep, but the western margin is 
more gently sloping (Fig. 19). The gravity low is 
partly due to the granites and migmatites which 
have intruded into the zone. Because of the low 
density contrast between these rocks and the sur
rounding granite gneisses, there must exist in addi
tion a deep zone of fractured rock to explain the 
gravity low. Based on the modeled gravity profile, 
there is a vertical to westerly dipping low density 
structure about 10 km wide and at least 5 km deep 
(density contrast of200 kg/m3

), close to the eastern 
margin of the zone distinguished by short-wave
length magnetic anomalies. They are related to 
gneisses , schists and amphibolites and are topo
graphically high, and they are discordant to the 
adjacent structures of the granitoid-gneiss com
plexes. 1t seems that these anomalies have formed 
into the fractured zone in connection with tectonic 
movements. 

HSZ runs parallel to the Baltic-Bothnian (Paja
la) and North Karelian megashears, proposed by 
Berthelsen and Marker (1986a and b) and dis
cussed by Kärki et al. (1993). The formation of the 
megashears is associated with the post-collisional 

------------------------------------------ --------

stages of the Svecokarelian evolution. Their char
acteristic ductile deformation was renewed by later 
movements giving ri se to brittle deformations. 
According to Berthelsen and Marker (l986a and 
b), the North Karelian megashear postdates the 1.9 
Ga Kola colli sion suture and predates the intrusion 
of ca. 1.8 Ga old relatives of the so-called Nat
tanen-type granites in Kola Peninsula. HSZ is 10-
cated in the middle of the crustal segment outlined 
by the Pajala and the North-Karelian megashears, 
and may have been a tectonically active zone si
multaneously with them, that is between 1.9 and 
1.8 Ga ago. Other N-S directed structures, Archean 
greenstonebelts in the Karelian domain, lie only 
about 100 km east of HSZ, and the deep structures 
at HSZ most probably originated already during 
the Archean . From the geophysical point ofview it 
seems possible that the formation of HSZ is bound 
to the megashears ' kinematic evolution. Due to the 
intense gravity gradient, HSZ is regarded here as a 
block boundary. Based on modeled magnetic and 
gravity profiles, the mafic, dense crustal section is 
closer to the present surface on the eastern side of 
HSZ than it is on its western side. A vertical 
displacement of about 1 km would be enough to 
explain the difference in the Bouguer anomaly 
level. The vertical movement may have been si
multaneous with the lateral movement caused by 
the shearing. 
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Domain Wand its southern boundary 

The magnetic field intensity within the study 
area increases gently from the Pudasjärvi complex 
(domain P) northeast towards the Ailanka fracture 
zone in small steps (Fig. 20 and Plate 1). The NW
SE trending steps are marked by anomaly peaks 
and remnants of supracrustal rocks, and by topo
graphie features such as the Korouoma ravine . 
Turchenko (1992) has mapped the continuations 
of these steps in Russian Karelia as NE-trending 
thrusts . They also have a connection with the 
thickness variation of Kuusamo schist belt (see 
below). The gradual change in magnetization be
tween the domains P and W most probably corre
sponds to a gradual change in composition . The 
zone of 5 mOal gravity low, shown by the dashed 
line in Fig . 20, and parallel to the fault series (Plate 
2), is regarded here as the "geophysical boundary" 
between domains P and W. Based on modeled 
profiles this "boundary", which actually means the 
upper surface of the magnetized body, dips gently 
southwards. 

Domain W resembles the domains N and CO in 
terms of the regional magnetic anomaly, but in 
domain W there are fewer short-wavelength anom
alies overlying the regional anomaly . Also the 
geophysical marks ofHSZ disappear in domain W 
(see Plate 2). The reason for the lack of short
wavelength anomaly relics could be a more thor
ough crustal anatexis or differential rates of uplift 
and erosion. 

Fig. 20. Aeromagnetie (upper image) and gravity (lower image, data 
from the Finnish Geodetie Institute) profiles illustrating the do 
main s Wand P (subarea 7). Dashed line shows their proposed 
boundary. The seale in aeromagnetie profiles is 500 nT/ern and in 
gravi ty profiles 10 mGallem, respeetive ly. 
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Posio-line, greens tones and Kuusamo Schist Belt 

The N-S striking gravity gradient associated 
with the Hirvaskoski shear zone (HSZ) is contin
ued in the north by a zone of gravity gradient and 
magnetic anomaly bands oriented about N45°E 
(Plate 1, fault series 2 in Plate 2). For simplicity this 
zone has been called here the Posio-line. The asso
ciated magnetically quiet zone is related to the 
metavolcanics or amphibolites of the so-called 

km 

~ 2400 

Posio greenstones. The eastern part (e.g. domain 
W) of the earlier mentioned regional positive mag
netic anomaly in central Lapland terminates quite 
abruptly at this zone and it also marks the western 
margin of the Kuusamo schist belt (KSB). Korho
nen (1981) has discussed the role of this line and 
suggests that it is a zone of major horizontal dis
placement between blocks of bedrock. He presents 
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a reconstruction model of the aeromagnetic image, 
utilizing the parallelism of the Posio line and the 
Oulujärvi shear zone ("OSZ" , Plate I), and con
nects the regional anomaly observed on the aero
magnetic map of Finland on the southern side of 
OSZ to the central Lapland granite anomaly along 
the Posio-line . 

In the course of this study, aseries of aeromag
netic and gravity profiles (ground gravity measure
ments by GTK and regional gravity data from the 
Finnish Geodetic Institute) were modeled in order 
to investigate the geometry of the magnetically 
quiet Posio greenstones , characterized by the about 
10 mGal gravity high . Interpreted from gravity 
data, and verified by petrophysical sampling , their 
me an density of about 2860 kg/m3 corresponds to 
that ofthe lowermost greenstone unit (Vik1) by Elo 
(1991 a) in the Kuusamo schist belt. Based on the 
modeled gravity profiles, the Posio greenstones dip 
eastwards under the KSB and extend to a depth of 
3 km (Fig. 21). KSB is marked by the two highest 
anomaly peaks and the lower peaks between them 
on the magnetic profile. The magnetic profile shown 
in Fig . 21 was not modeled in detail , but to display 
the overall shape of the anomal y. On both sides of 
the Posio greenstones there are schists, including 
dense and magnetic garnet-staurolite schists, which 
belong to the same structural unit as the green
stones. The susceptibility (50000 1O-6SI) used for 
the modeled body in Fig. 21 is a combination of the 
high susceptibilities of schists (up to 100000 1O-6SI) 
and the weakly magnetic greenstones. The western 
schists underlie the greens tones, and the eastern 
schists lie between the greenstones and the Kuusa
mo schists . The western schists are divided by a 
fracture zone into two categories: the NS-directed 
schists (see Plate 1) and those running along the 
strike of the greenstones and dipping under them. 

Further to the east within domain E, the gravity 

anomaly forms a regional high. This is observed as 
the increasing gravity field, not produced by the 
Posio greenstones, at the southeastern end of the 
modeled profile in Fig. 21. It must have a deeper 
source which could be represented by the outcrop
ping mafic rocks of the petrophysical data, and 
having densities high enough to explain the gravity 
maximum. As proposed earlier, these rocks must 
have an unexposed volume greater than that seen 
on the surface outcrops. The schists of the Kuusa
mo belt produce the 4 mGal depression in the 
regional gravity anomaly , and its thickness at this 
site is about 1.5 km. The schist belt is thin in the 
south , but thickens stepwise towards the north , 
based on the gravity and topographie data. The 
lineaments due to the steps are visible in the aero
magnetic data, and their continuations are observed 
within domains and W (they were discussed in 
connection with Fig . 20) . They coincide with the 
fault series described by Petrov (1970), and they 
were also mapped by Turchenko (1992). The re
gional gravity low, west of the Posio greenstones, 
is related to granites and granite gneisses. 

The Posio-line and the enclosed basin of the 
Kuusamo schist belt belongs to the series of NE
SW trending strike-slip faults in northern Finland. 
They can be followed on aeromagnetic and Bougu
er-anomaly maps for at least 100-150 km, which 
indicates also a great depth extent. Petrov (1970) 
has described Archean sinistral movements in Rus
sian North Karelia with a similar strike to these 
strike-slip faults. The same, originally Archean, 
zones of weakness could have been activated as 
transcurrent faults related to the early Proterozoic 
continental rifting, and during the Svecokarelian 
deformation, as the Posio-line approximately is 
parallel to the OSZ, and they both reach in the south 
up to the margin of the Karelian craton. 

Post-Sveeokarelian tee tonic features 

From the recent aeromagnetic low-altitude data 
representing the region of Koillismaa intrusions 
within domain E, a keen insight to the anomaly 
patterns was obtained. The horizontal derivative 
maps (Plates 2 and 4) illustrate the detailed mag
netic structure of the region, dominated by dyke 
anomalies striking mainly parallel to the paleorift 
direction . Also, the mafic dykes on the top of the 
Näränkävaara intrusion, mentioned by Elo (1991 b), 
are clearly visible. The dyke anomalies bend 
smoothly along the NE-SW trending zone, which 
also di vides the upper sequence ofthe Näränkävaara 

gabbro intrusion into two parts. A vertical dis
placement of about 1-2 km has been interpreted for 
the eastern part of the Näränkävaara intrusion (Elo, 
1991 b). The western part ofthe Näränkävaara gab
bro intrusion was interpreted to be nearly vertical 
or dipping slightly towards the south. High rema
nences are observed particularly in the eastern part 
of the Näränkävaara intrusion (Q-values in the 
order of 4). Frost (1991 b) has mentioned the possi
bility that in metaperidotites the PSD magnetite 
can be formed by retrograde reactions which could 
be connected with tee tonic uplift. Such processes 

41 



Geologian lUlkimuskeskus. TUlkimusraporlli - Ge%gica L SurFe)' 0/ Fin Land. Repo rr o/In vesrigarion /45. /999 

Meri -Liisa Airo 

most probably have also been involved with forma
tion of PSD-magnetite in Näränkävaara. A vertical 
dis placement of about 1 km at HSZ between the 
domains P and E was discussed in connection with 
Fig. 19. This, together with the 1-2 km vertical shift 
of the eastern part of the Näränkävaara intrusion , 
suggests a stepwise uplift of crustal segments by 1-
2 km towards the east or northeast. 

The NE-SW trending fault zone "OSZ" within 
domain E has previously been interpreted as a 
continuation of the Auho fault (Kärki et al. , 1993) . 
It has also been referred to as the Kantalahti -
Puolanka fault zone, with a sinistral strike-slip 
component of about 10-15 km (Ruotoistenmäki, 
1991; Elo, 1991b). Petrov (1970) describes the 
Kantalahti-Puolanka fault zone in North Karelia, 
as a combination of sinistral displacements, thrusts 
and reverse faults . As illustrated in Plate 2, the zone 
of disturbed anomaly patterns proved to be 5 - 10 
km wide and a sinistral displacement is very clear, 
not only at the Näränkävaara intrusion but also in 
the dyke swarm pattern. In addition to a lateral 
sinistral movement, such a pattern could have been 
formed during the upward movement of the south
eastern block. The straight lines within the dis
turbed zone are surface projections of the dyke 
anomalies. A slightly reduced magnetization is 
observed within the disturbed zone (Plate 1). How
ever, the dyke anomalies within the zone are not 
much changed, and thus this fault seems to have 
disturbed the structures of rather brittle crust. Kärki 
et al. (1993) reported both ductile and brittle struc
tures along OSZ, the brittle ones being more dom
inant in the northern part of the zone. They ex
plained these two types of structures as caused by 
difference in the depth of the crustal section they 
represent. If so, the vertical shift should start at the 
junction of HSZ and OSZ. Based on the gravity 
data, this is possible , as domain E is clearly out-

lined by extensive gradients in the gravity grid. A 
closer look at the fault orientations makes it clear 
that there is a change in trend at the block boundary 
HSZ, between the domains E and P . 

S ilvennoinen (1991 a) classifies this fault "OSZ" 
as Post-Svecokarelian, less than 1.6 Ga in age. The 
aeromagnetic shear signatures may represent this 
young deformation stage, because there is no change 
in the intensity or shape of the dyke anomalies, but 
they are only displaced. This can be observed 
especially in Plate 2 at the displacement zone of the 
Näränkävaara intrusion between two faults of se
ries 2. This kind ofbrittle behavior would imply the 
conditions of a rather cold, consolidated crust. 
However, the shapes of the magnetic deep anoma
lies seem to be outlined by straight margins along 
the fault, so that their counterparts within the zone 
seem to have disappeared. 

It is reasonable to ass urne that these, as weil 
other weakness zones, were activated several times 
during their his tory , and the present magnetic sig
natures summarize all these events. Recent activity 
has been observed (Talvitie, 1979; Talbot and Slun
ga, 1989) in parts of the megashears proposed by 
Berthelsen and Marker (1986b), and signs of active 
shear have been mapped along HSZ. Kuivamäki et 
al. (1998) have summarized the postglacial and 
recent bedrock movements in Finland and Russian 
Karelia. Recent horizontal and vertical relative 
movements within and between the main tectonic 
units have been investigated by analyses of geo
technical rock measurements, as weil as seismic 
and geodetic data (Kakkuri, 1997). These investi
gations indicate that the maximum horizontal com
pression in Scandinavia is currently in the NW -SE 
direction. The push from the Mid-Atlantic ridge 
was considered to be the main cause of the horizon
tal stress. 

A petrophysical perspective on the evolution of gneisses 

The Kuhmo granite gneiss complex (domain E) 
is composed oftrondhjemitic, quartz-dioritic, grano
dioritic and granitic gneisses which grade into 
each other (Silvennoinen, 1991 b) . Mica gneiss and 
hornblende gneiss occur as inclusions of varying 
size. With the present petrophysical data set at 
hand , it was tempting to test the magnetic evolution 
series presented by Krutikhovskaja et al.(1979) for 
the Archean gneisses in the Ukrainian shield. Dur
ing the gradual change from pyroxene gneisses -> 
diorites -> tonalites /granodiorites -> migmatites
> granites, the magnetization in this series increas
es first from moderate to a maximum for tonalites, 
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where the Curie-point of magnetite (570 - 580 °C) 
is reached . With a further rise of temperatures, the 
magnetization begins to reduce until the final melt
ing product (granites) are developed. Fig. 22 com
pares the petrophysical properties of such a rock 
series in southeastern Lapland. The modal densi
ties decrease from the mafic gneisses to the gran
ites , mainly reflecting the decrease in the relative 
proportion of mafic silicates. This decrease is also 
seen in the susceptibility histograms as the de
creasing median value of the paramagnetic mode. 
The ferromagnetic evolution in this rock series is 
not so clear, because the Fennoscandian basement 
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Petrophysical histograms 
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has been repeatedly deformed, resulting in un
known changes in the amount of magnetic materi
al. Possible uplifting associated with retrograde 
metamorphism mayaIso have complicated the 
magnetic image. Furthermore, these histograms 
represent sampIes from the whole study area and 
therefore various tectonic blocks are represented in 
the same data set. The magnetic evolution from 
gneisses to granites should be studied within a 
single tectonic basement block. For example, the 
histogram for granites represents several granite 
types of different origins and the relative propor
tion of highly magnetic granites is exceptional. 
Ultrametamorphosed granites or those deri ved from 
granulite facies mafic gneis ses are probably re
sponsible for the highly magnetic part in the sus-

ceptibility histogram of granites. Within the rock 
series the median of the ferromagnetic mode de
creases from the high value (> 100000 10-6 ) in the 
gneisses to about 10000 -10-6 in the granites. The Q
ratio of tonali tes is dosest to uni ty_ 

Despite the deficiences in the petrophysical 
comparison, the increasing magnetization values 
from northeast to southwest seems to follow the 
gradual change from pyroxene (or mafic) gneisses 
through tonalites and granodiorites to granites . 
These gneis ses also magnetically di splay Archean 
structures and could represent the Archean precur
sors of domain N. Really the granites in the region 
often grade into migmates similar to the Archean 
basement gneisses of eastern Finland, as stated by 
Lauerma (1982). 

CONCLUSIONS ON GEOPHYSICAL TECTONIC FEATURES FROM THE LA TE 
ARCHEAN TO THE PRESENT DA Y 

Before Svecokarelian time ( l.9- l.8 Ga) south
eastern Lapland shared a common geological hi s
tory with Ru ssian North Karelia as apart of the 
Karelian craton. Therefore, analogical tectonic 
patterns have been sought from the formation s east 
of the study area. The detected tectonic signatures 
and the three main tectonic orientations, namely 
NE-SW, SE-NW and N-S , where all repeatedly 
kinematically reactivated at different evolutionary 
stages of the northern Fennoscandian shield. The 
tectonic history presented is in good harmony with 
Petrov 's (1970) and Saltikova's (1991) overviews 
concerning North Karelia, and the results also fa
vor the idea of continental scale shearing by Ber
thelsen and Marker (1986b) . 

The true timing of the faults, which have been 
reacti vated several times during their history , is not 
straightforward. In particular the last deformation 
dominates their magnetic signature, assuming it 
was sufficiently severe . In southeastern Lapland 
the tectonic features are superimposed by those due 
to the Svecokarelian deformation, and the patterns 
formed during earlier events are obscure and hard 
to trace . Many are related either to the increase of 
magnetization during deformation or to the de
crease in magnetization associated with fault and 
shear structures. In paleomagnetic investigations , 
a strong Svecokarelian magnetic overprint has been 
observed all over the Fennoscandian shield (Mer
tanen, 1995). In the present study the pre-Sve
cokarelian tectonic features have mainly been de
termined on the basis of the combined major im
pressions in both the gravity and magnetic fields. 
The post-Svecokarelian features mainly abused the 
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earlier weakness zones. Postglacial and recent 
movements of bedrock are considered too small
scaled to emerge in the aeromagnetic data, and too 
short-lived for magnetomineralogical alterations, 
but they may be investigated by other geophysical 
methods, such as electrical and electromagnetic 
methods (Kuivamäki et al. , 1998). The fault series 
presented in Plate 2 were all activated several times 
during their history , but what we now observe in 
geophysical data are features reflecting the Sve
cokarelian period. 

The summary of the tectonic features that are 
regarded as important for solving the tectonic evo
lution of the study area is presented in Fig. 23 . The 
major geophysical observations leading towards 
the evolutionary model are next briefly outlined. 

The most prominent magnetic feature in Finnish 
Lapland is the wide regional positi ve anomaly (Fig. 
23a) associated with the Svecokarelian granitoid 
rocks, and the positive gravity anomalies coincid
ing with the exposed tonalites and granites (Fig. 
23b and c). Based on the gravity modeling and 
comparison of petrophysical properties, it was con
duded thatin the Suomujärvi complex (domain N), 
the granulite facies regional metamorphism of mafic 
rocks is needed to produce both the high regional 
magnetization and the observed gravity anomaly. 
The regional magnetic anomaly is sharply delineat
ed only at its eastern margin and it has a tectonic 
contact at the Posio-line. At the northeast and 
southwest margins the anomaly smoothly decreas
es; in the southwest it gradually disappears into the 
Archean granitoid-gneisses ofthe Pudasjärvi com
plex . One reason for this magnetic attenuation is 
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the gradual change from granodioritic composi 
tions in the center of the regional anomaly zone 
towards more trondhjemitic compositions in the 
Pudasjärvi complex. Trondhjemites in the petro
physical data base have lower densities and suscep
tibilities (in the range 100-200 10-6 SI) compared 
to granodiorites. 

The regional magnetic anomaly is segmented 

o 

c 

by NE-SW trending deep faults (black dashed lines 
in Fig . 23), and the southern parts ofthese segments 
are more intensively magnetized and associated 
with positive gravity anomalies. This is explained 
by the underlying highly magnetic and dense gran
ulite facies mafic rocks having been upthrust to
wards the SE where they are closer to the surface, 
as was shown by modeling ofprofiles. The magnet-

d 
Fig. 23. Main tectonic features in the study area. a) aeromagnetic, b) combined aeromagnetic and gravity (data from the Finnish Geodetic 
In st itute), c) grav ity with lithological boundaries (based on Korsman et al., 1997) and d) trend ofblock movement (heavy arrows). Black so lid 
and dashed straigh t lines indicate the main lineament directions. The main movement took place along the NE-SW lineament patterns 
following the trend of the heavy arrows. Curved dashed blue lines emphasize the folded magnetic struc tures, and yellow curved dashed lines 
show the main deformationa l trend of the geophysical domain boundaries. 
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ic anomalies at these fragmented segments seem to 
be sinistrally shifted , or interIocked, relative to 
each other. Such a shifting can be caused by merely 
a vertical displacement associated with tilting of 
the uplifted blocks, instead of large horizontal 
movements. Petrov (1970) has described sinistral 
movements striking N45° to 50°, which were con
temporaneous with the Archean folding, and formed 
the Archean structural framework with the NE 
strike in Russian North Karelia. 

The magnetic NE strike is illustrated especially 
in the northern part of study area, the Suomujärvi 
complex, Domain N (see also Fig. 18 and Plate 1) , 
which is characterized by the elongated magnetic 
anomalies attenuating towards the NE. These north
east trending anomalies may reflect the original 
Archean structural pattern, but their present ap
pearance is most probably due to the Svecokarelian 
deformation. Similar magnetic structures are found 
in granitoid areas also in the northern part of the 
granitoid area in central Lapland, and they are met 
also within the so-called Hetta-type granitoids near 
the Norwegian border. These remnants show that 
the genesis of the granitoids is related to different 
degrees of crustal anatexis. The more intense nar
row anomaly bands correspond to paragneissic 
units. Their magnetic petrofabric orientation, ver
ified also at outcrops, would require a NW -SE 
directed compression. In addition to the Archean 
period, a NW -SE compression prevailed during 
the Svecokarelian time in connection with a conti
nental shearing (Berthelsen and Marker, 1986b). 
This shearing affected the crustal segment between 
the Baltic-Bothnian and North Karelian megashears 
located in Sweden and Russian Karelia, and would 
have developed a N-S or NE-SW cleavage within 
the region of southeastern Lapland. The Archean 
ages for the orthogneisses determined in the Suomu
järvi complex (Evins et al. , 1997b and Evins and 
Mansfeld, op.cit.) and the originally Archean struc
tures interpreted from the geophysical data support 
the similarity of the area to the Archean gneiss 
areas in Russia. In North Karelia, anticline-fault 
uplifts that are composed ofultrametamorphic gran
itoids with relics of the old substrata were formed 
by intense structural and metamorphic reworking 
of both basement and overlying strata al ready dur
ing the late Archean (Saltikova, 1991). 

Fragmentation ofthe Karelian continental block 
is displayed in the geophysical data as extensive 
negative gravity anomalies which characterize the 
block boundaries of the fragmented Karelian cra
ton (Plate 2). These weakness zones are also asso
ciated with chains of lakes and waterways, ob
served in the digital elevation model (Plate 3) and , 
for example, on the bedrock map ofFinland (Kors-
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man et al. , 1997) . The continental rifting warmed 
up the rocks of Archean blocks (Smol kin, 1997), 
and the tensional regime also enabled abundant 
magnetite to form at mid-crustal levels. The 
Näränkävaara mafic intrusion and the mafic dyke 
swarms were emplaced along the rift-related deep 
and parallel tensional fractures (fault series 1 in 
Plate 2). The Ailanka fracture zone is one of these, 
too. Petrov (1970) has considered the NW -striking 
dextral strike-slip faults , such as the Ailanka fault, 
as late Archean . It seems that precursors of the 
Ailanka fault zone were al ready in existence as 
displacements along strike-slip and reverse faults 
before the rifting period. The tensional fractures 
later acted as thrust faults during the Svecokarelian 
NE-trending subduction, as they control the grad
ual change of magnetization observed within do
main W (fault series 3 in Plate 2). The deep crustal 
NE-SW trending strike-slip faults of probably 
Archean origin (fault series 2 in Plate 2), were 
reactivated as transcurrent faults in connection 
with the rifting. 

A compressional regime characterizes the Sve
cokarelian geophysical patterns in southeastern 
Lapland . The southern margin of the granite areas 
is characterized by banded, folded high-intensity 
short-wavelength anomalies with mainly E-W ori
entation , which seem to have been be nt by com
pression from the SW. The enhanced magnetiza
tion of supracrustal rocks is due to changes in shape 
and orientation of magnetic grains as a result of 
stress. The petrofabrics and magnetic fabrics of 
rock aligned normal to the compression produce 
the magnetic foliation (cleavage), observed as the 
oval outlines of the Pernu granitoids and their NW
SE oriented internal magnetic fabrics . In the len
ticular-like narrow granite bodies within the Ailan
ka fault zone, the magnetite grains and K-feldspar 
crystal s are oriented parallel to the fault zone. This 
indicates that the magnetic foliation was formed 
during the emplacement and cooling of these gran
ites. In pyrrhotite-bearing supracrustal rocks, addi
tional pyrrhotite is formed in places of local pres
sure release, such as cleavage planes or fold hinges 
(Airo and Loukola-Ruskeeniemi, 1991). 

Some of the structures formed during the Sve
cokarelian period are ductile, some are more britt1e 
in character. The mainly E-W trending banded 
magnetic structures and the high regional magnet
ization surrounding them are indications of ductile 
deformation and conditions where reactions pro
ducing magnetite were possible. Relative move
ments of tectonic blocks took place mainly along 
faults trending NE-SW (curved, bIue, dashed ar
rows in Figs. 23c and d), introducing compression 
at the weakness zone region reaching from the 
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Ailanka fracture zone up to central Lapland. 
The N-S directed magnetically quiet zone char

acterizing the Hirvaskoski shear zone is due to 
migmatitic and granitic rocks . The associated nar
row magnetic anomaly bands at the eastern margin 
ofthe shear zone, due to amphibolites and gneisses , 
were formed during the block movements. These 
patterns as weIl as the other N -S trending structures 
got their present magnetic expression in connec
tion with the kinematic evolution of the North 
Karelian and the Baltic-Bothnia megashears, be
tween 1.9-1.8 Ga ago. However, they may have 
formed along old (Archean) weakness zones. About 
100 km apart, both to the east within domain E and 
to the west within domain P, there are N-S directed 
Archean formations, such as greens tone belts and 
banded iron formations. Also fault series 3 in Plate 
2 was kinematically activated during the formation 
of the megashears. These faults control the present 
appearance of certain fold structures , especially 
within the domain CG (Plates 2 and 1). Within 
domains Wand P they are associated with linear 

steps in magnetic field level. 
Crustal sc ale fault and shear structures are com

monly associated with a decrease in magnetization. 
The decrease is generally caused by the reactions 
between mafic hydrous silicates and iron oxides, 
and require mid-crustal conditions, in which duc
tile deformation is possible. In the upper crust, 
where brittle behavior prevails, the conditions are 
not severe enough to destroy magnetite unless it is 
mechanically removed. There is evidence of the 
neotectonic and brittle nature of small-scale faults 
all over central Lapland, either parallel or normal 
to fault series 2 in Plate 2 (e.g. , Kuivamäki et al., 
1998), often characterized by linear magnetic mini
ma. Because magnetite cannot be easily destroyed 
by upper-crustal processes, it is assumed here that 
the destruction of magnetite took pi ace in connec
tion with an earlier kinematic activation and deeper 
in the crust. Thus, the present brittle nature of the 
faults was developed later than the magnetic ap
pearance. 

SUMMARY 

The special advantage of geophysical investi
gations is that they provide a three-dimensional 
impression of structures and geological units . While 
gravity data reflect deeper sources, the magnetic 
data indicate surfacial and shallow sources . The 
qualitative interpretation presented in this study 
was largely based on generalizations of lithologi
cal types and their magnetic properties and simpli
fications ofthe structures. This isjustified because 
the potential fields summarize the effects of under
lying sources. It is suitable in regional interpreta
tions, because the regional lithological maps are 
also generalized from sparse outcrops . Processing 
and enhancing the gridded geophysical data ena
bl es studies on different scales: from the regional 
scale to the more local scale provided by high
resolution magnetic data, and even to the outcrop 
scale when studies of magnetic petrophysics and 
petrology are made. The local scale observations 
on lithological characteristics can be extended to 
larger regions through the corresponding signa
tures of magnetic anomalies so that lithological 
outlines and structurally coherent geological units 
can be determined . Abrupt changes in magnetiza
tion locate the places where laterally continuous 
environmental conditions during the formation and 
deformation of rock units are disturbed. The mag
netic properties are sensitive to deformation ef
fects, and correspondingly the aeromagnetic imag
es bring along visible information about the geo-

logical his tory of rock. Because of the complicated 
nature of magnetic data, the distinguishing marks 
are often difficult to interpret and the impressions 
we get are highly subjective, but we do see far more 
of the geometry than we do from outcrop evidence. 

Based on aeromagnetic and petrophysical in
vestigations, the original Archean structural pat
tern in southeastern Lapland was reactivated dur
ing the early Proterozoic continental rifting (2 .5-
2.1 Ga) and enhanced by the Svecokarelian defor
mation (1.9-l.8 Ga). The same weakness zones 
have been active until recent times . The Archean 
structures are mainly remnants of earlier mafic 
formations and marks of folding or faulting within 
younger granitoids , but they have reworked during 
the later deformations. The highly magnetic gran
itoids had a highly magnetic pre-Svecokarelian 
precursor or the precursors were capable of pro
ducing magnetite during deformational processes. 
This implies that they contained Fe3+ -bearing sili
cates (e.g. biotite, hornblende, augite) or that ferric 
iron could be produced under appropriate circum
stances , under high temperatures and oxidizing 
conditions . The gradual change of magnetic gran
itoid rocks into the surrounding weakly magnetic 
Archean granite-gneisses also indicates crustal 
anatexis as the genesis of the granites. 

The early Proterozoic continental fragmenta
tion produced block boundaries, which emerge as 
wide negative gravity anomalies. During the Sve-
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cokarelian period, these blocks moved both lateral
ly and vertically relative to each other. Differential 
vertical uplift of the blocks is indicated by steps in 
the regional magnetic anomaly level within the 
study area and further to the west at the southern 
margin of the central Lapland granite area. The 
lateral movement is displayed in the aeromagnetic 
data as sinistral displacement along the crustal 
scale strike-slip faults, which were formed already 
in the Archean time . The vertical shift of 1-2 km, 
interpreted from modeled profi les, is demonstrated 
at the Hirvaskoski shear zone as weakly magnetic 
sheared rocks and the vertical banded magnetic 
anomalies along the eastern margin of the shear 
zone. The E-W magnetic banded patterns within 
the granitoids, in the overlying supracrustals and in 
the magnetic arc characterizing the Suomujärvi 
complex, were a result of the compression from the 
southwest during the Svecokarelian deformation. 
These patterns are associated with the alignment of 
magnetic fabrics with the petrofabrics (of mainly 
biotite) in the deformed rock. N-S and NE-SW 

directed schistosity and sheared patterns were pro
duced throughout the whole study area in connec
tion with the kinematic activation (at 1.9-1.8 Ga) of 
the two megashears. 

The practical objective ofthis work was to bring 
a geophysical perspective to the interpretation of 
the tectonic history of southeastern Lapland. Geo
physical methods were applied in regional tectonic 
interpretation, with the main emphasis on the mag
netic method . The magnetic characteristics related 
to deformation have been discussed and evaluated 
in the light of the known evolution of Precambrian 
high-grade metamorphic rocks . Petrophysical anal
ysis was applied to explain the geophysical varia
tions between structural bedrock units , and the 
qualitative interpretation of numeric data sets was 
carried out in an integrated manner, by using aero
magnetic, gravity and digital elevation data. The 
magnetic classification of the tectonic features and 
the structural blocks in southeastern Lapland yield
ed the synthesis derived from geophysical observa
tions and from geological information. 
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APPENDIX Geophysical maps of southeastern Finnish Lapland 
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