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PREFACE

The biannual LITHOSPHERE symposium has become a tradition after the very successful
first meeting of this kind in 2000. The aim of the LITHOSPHERE symposia is to provide a
forum for both geologists and geophysicists for interdiscliplinary discussions, and
presentation of reviews and new results. Once again, the meeting invitation and the call for
papers have been well-received, and as a result there are 46 titles included in this extended
abstract volume representing a wide range of geological and geophysical subjects. The
symposium has been designed around the following themes:

Theme 1: Continents Through Time

Theme 2: The Structure, Composition and Evolution of the Crust and Upper Mantle
Theme 3: Plate Movement of Fennoscandia, Post-glacial Uplift and Quaternary Climate
Theme 6: Open Forum

Theme 7: General Discussion and Poster Awards

The two-day symposium will take place in Otaniemi, Espoo, at the Geological Survey of
Finland, November 9-10, 2006, with participation from the Universities in Helsinki, Turku,
Abo and Oulu, the Geological Survey of Finland and the Finnish Geodetic Institute. The
Symposium will be hosted by the ILP and the Geological Survey of Finland. Posters
prepared by graduate- or postgraduate students will be evaluated and the best will be
awarded.

This special volume “LITHOSPHERE 2006 contains the programme and extended
abstracts of the symposium in alphabetical order.
Espoo, October 24, 2006

IImo T. Kukkonen, Olav Eklund, Annakaisa Korja, Toivo Korja,
Lauri J. Pesonen and Markku Poutanen

Lithosphere 2006 Organizing Committee






9.30-10.00

10.00-10.05
10.05-11.00

10.05-10.50

Break

11.00-11.20
11.20-12.00

12.00-12.20

12.20-12.40

Lunch
13.30-14.50

13.30-13.50

13.50-14.10

14.10-14.30

14.30-14.50

Coffee

15.10-15.30

15.30-15.50

15.50-16.10

16.10-16.30

Xi

LITHOSPHERE 2006 Symposium
Programme

Thursday, November 9

Registration at the Geological Survey of Finland, J.J. Sederholm
Auditorium, Betonimiehenkuja 4, Espoo

Opening of the symposium (Organising Committee)

Session 1: Continents through time (part I)

(Chair I.T. Kukkonen)

D.A.D. Evans. Evidence for pre-Pangea supercontinents, and the search
for accurate reconstructions (invited talk)

J. Vuollo and S. Mertanen. Dyke swarms and plate movements

M. Bilker-Koivula. Global gravity field models from satellite
measurements

R. Lahtinen, A. Korja and M. Nironen. Continent formation: the
Fennoscandian perspective

J. Korhonen: World Digital Magnetic Anomaly Map: Global sources of
anomalies

Session 2: Structure, Composition and Evolution of the Crust (part I)
(Chair O. Eklund)

M. Nironen and A. Korja. FIRE 2 & 2A profile: interpretation and
correlation to surface geology

T. Stalfors, C. Ehlers and A. Johnson. The granite-migmatite zone of
southern Finland — A history of structural control and intrusions

I.T. Kukkonen and L.S. Lauri. Modelling the thermal evolution of a
Precambrian orogen: high heat production migmatitic granites of southern
Finland

L.S. Lauri, M. Cuney, O.T. R4&mo, M. Brouand and

R. Lahtinen. Petrology of the Svecofennian late orogenic granites with
emphasis on the distribution of uranium

P. Tuisku, H. Huhma , P. Mikkola and M. Whitehouse. Geology and
correlation of the Lapland Granulite Belt

Session 3: Plate Movement of Fennoscandia, Post-glacial Uplift and
Quaternary Climate (Chair T. Korja)

H. Koivula, M.Tervo and M. Poutanen. Contemporary crustal motion in
Fennoscandia observed with continuous GPS networks

P.-L. Forsstrom. Modelling the Eurasian Ice Sheet: focus on basal
temperatures and isostacy



16.30-16.50

16.50-17.10

17.10-18.30

Xii

K. Moisio and J. Makinen. Rheology of the lithosphere and models of
postglacial rebound

M. Poutanen and the National ILP Committee of Finland. Upper mantle
dynamics and Quaternary climate in cratonic areas; a proposal for an ILP
Project

Poster session

T. Elbra, I. Lassila, E. Heggstrom, L.J. Pesonen, I.T. Kukkonen and P.
Heikkinen. Ultrasonic seismic P- and S- velocities — the case of the
Outokumpu deep drill core and FIRE profile samples.

K. Hagelberg, P. Peltonen and T. Jokinen. Tyriseva — an ultramafic
intrusion in Vammala Ni-belt: petrography, structure and ore potential

M.J. Holma, V.J. Keindnen and I.M. Lahti. Structurally controlled gold
mineralisation in the lower part of the Kumpu Group, Lake Immeljérvi,
Kittila: Implications for late-orogenic crustal-scale deformation in Central
Lapland

T. Hyvonen, T. Tiira, A. Korja and K. Komminaho. Crustal tomography
in central Fennoscandian Shield

T. Janik, E. Kozlovskaya, J. Yliniemi and FIRE Working Group.
Crust-mantle boundary in the central Fennoscandian shield: constraints
from wide-angle P- and S-wave velocity models and results of FIRE
reflection profiles

F. Karell. Magnetic fabric investigation on rapakivi granites in Finland

T. Kivisaari and P. Holtta. Metamorphism of the Archean Tuntsa-
Savukoski area, NE-Finland: preliminary results

E. Kozlovskaya, M. Poutanen and POLENET/FI colleagues.
POLENET/FI - a multidisciplinary geophysical experiment in Northern
Fennoscandia and Antarctica during the International Polar Year 2007-
2008

E. Kozlovskaya, G. Kosarev, I. Aleshin, J. Yliniemi, O. Riznichenko
and I. Sanina. Composition of the crust and upper mantle derived from
joint inversion of receiver function and surface wave phase velocity of
SVEKALAPKO teleseismic records

Y. Kéhkonen. Geochemistry of coherent andesites at Palvajérvi,
Paleoproterozoic Tampere Belt, southern Finland: evidence for alteration,
petrogenesis and tectonic setting

L.S. Lauri, T. Andersen, P. Holtta, H. Huhma and S. Graham.
Neoarchean growth of the Karelian craton: New evidence from U-Pb and
Lu-Hf isotopes in zircons

T. Ruotoistenmaki. Classification of Finnish bedrock sub-areas using
lithogeochemical analysis of Finnish plutonites

H. E. Ruotsalainen, S. Hietala, S. Dayioglu, J. Moilanen, L. J. Pesonen
and M. Poutanen. Keurusselka impact structure — preliminary geophysical
investigations



18.30-20.00

9.00-10.00

9.00-9.20

9.20-9.40

9.40-10.00

Coffee
10.20-11.00

10.20-10.40

10.40-12.00

Xiii

J. Salminen and L.J. Pesonen. Paleomagnetic and petrophysical
investigation of the Mesoproterozoic monzodioritic sill, Valaam, Russian
Karelia

H. Silvennoinen and E. Kozlovskaya. 3-D structure and physical
properties of the Kuhmo Greenstone Belt (eastern Finland): constraints
from gravity modelling and seismic data and implications for the tectonic
setting

T. Siren and 1.T. Kukkonen. Three-dimensional visualization of FIRE
seismic reflection sections (computer demo)

P. Sorjonen-Ward, A. Ord, Y. Zhang, P. Alt-Epping, T. Cudahy, A.
Kontinen and U. Kuronen. Numerical simulations of geological
processes relating to the Outokumpu mineral system

T. Torvela. Deformation history of a ductile, crustal-scale shear zone in
SW Finland - reactivation and deformation partitioning

M. Tuusjarvi and L.S. Lauri. Modeling the source of the Svecofennian
late orogenic granites: a case study from West Uusimaa, Finland

K. Vaittinen, I. Lahti, T. Korja and P. Kaikkonen. Crustal conductivity
of the central Fennoscandian Shield revealed by 2D inversion of
GGT/SVEKA and MT-FIRE datasets

J. Woodard and C. J. Hetherington. The composition of fluorapatite and
monazite from the Naantali Carbonatite, southwest Finland: implications
for timing and conditions of carbonatite emplacement

Networking, snacks & wine at the GTK lobby

Friday, November 10

Session 4: Structure, Composition and Evolution of the Crust and
Upper Mantle (part I1) (Chair A. Korja)

P. Heikkinen, I.T. Kukkonen and FIRE Working Group. FIRE
transects: reflectivity of the crust in the Fennoscandian Shield

K. Sundblad, M. Beckholmen, O. Nilsen and T. Andersen. Palaeozoic
metallogeny of Raros (Norway); a tool for improving Palaeoproterozoic
crustal models in Karelia

N. L. Patison, V.J. Ojala, A. Korja, V. Nykanen & the FIRE Working
Group. Gold exploration and the crustal structure of northern Finland as
interpreted from FIRE seismic reflection profiles 4, 4A & 4B

Session 5: Continents through time (part I1) (Chair M. Poutanen)

A. Deutsch, L.J. Pesonen, S. Dayioglu. Impact cratering: its geological,
biological and economical Role

Session 6: Structure, Composition and Evolution of the Crust (part
I11) (Chair M. Poutanen)



10.20-10.40

10.40-11.00

11.00-11.20

11.20-11.40

11.40-12.00
Lunch
12.50-13.50

12.50-13.10
13.10-13.30

13.30-13.50

Coffee
14.10-14.30

14.30-14.50

14.50-16.30

16.30-17.00

Xiv

P. Sorjonen-Ward. Orogenic processes and mineralization through time
— some general concepts and comparisons with FIRE 3 and 3A reflection
seismic interpretation

J. Karhu and A. Torppa, Evidence for organic carbon subduction from
Paloeproterozoic carbonatites

M. Pajunen, M.-L.Airo, T. Elminen, I. Manttari, M.Vaarma, P.
Wasenius and M. Wennerstrom. Tectonic and magmatic evolution of
the Svecofennian crust in southern Finland

A.V. Luttinen, V.Lobaev, O.T. Ra&md, M. Cuney, B.G.J. Upton, V.
Lindqvist. Geochemistry of basalt dykes and lavas from Inkoo and Lake
Ladoga: Widespread 1.53-1.46 Ga high-Ti and-Zr magmatism in southern
Fennoscandian Shield?

Discussion

Session 7: Structure, Composition and Evolution of the Crust and
Upper Mantle (part 1V) (Chair P. Heikkinen)

O. Eklund. The magmatic end of the Svecofennian orogeny

P. Kosunen, A. Korja, M. Nironen and FIRE Working Group. Post-
collisional extension in central Svecofennian, Central Finland

E. Kozlovskaya. Seismic studies of the upper mantle in the Fennoscandian
Shield: main results and perspectives for future research

H. O"Brien, P. Peltonen, M. Lehtonen and D. Zozulya . Mantle
stratigraphy of the Karelian craton: a 620 km long 3-D cross section
revealed by mantle-derived xenocryst chemistry

T. Korja, P. Kaikkonen, I. Lahti, L. B. Pedersen, M. Smirnov, K.
Vaittinen, BEAR WG and EMTESZ WG. Electrical conductivity of
upper mantle in Fennoscandia

Open forum/Short presentations/Discussion

IGCP projects

ICDP

IODP

IPY 2007-2008

Final Discussion and Poster Awards

Concluding Remarks



EXTENDED ABSTRACTS

XV



XVi



LITHOSPHERE 2006 Symposium, November 9-10, 2006, Espoo 1

Global gravity field models from satellite measurements

M. Bilker-Koivula

Finnish Geodetic Institute, P.O. Box 15, FIN-02431 MASALA
E-mail: Mirjam.Bilker@fgi.fi

Since the launch of the dedicated gravity satellites CHAMP and GRACE, many new global gravity field
models have become available. An overview of the models is given in this paper. Static global models
derived from CHAMP and GRACE data show a significant improvement in the long-wavelength components
of the models compared with pre-CHAMP models. Monthly global gravity models derived from GRACE are
available for nearly all months starting from August 2002 up till present. The models have been corrected for
solid earth, ocean and pole tides and non-tidal atmospheric and ocean variability. The resulting gravity
variations are mainly due to continental water storage and good agreements can be found between mass
variations derived from GRACE and variations predicted by hydrological models.

Keywords: gravity field, gravity satellite, CHAMP, GRACE

1. Introduction
Recently, our knowledge of the Earth’s gravity field has improved due to the dedicated
gravity satellite missions CHAMP and GRACE.
Traditionally, a model of the global gravity field is obtained combining many different
measurement techniques. High-resolution point data, obtained using absolute and relative
gravimeters, and more regional results from aerial gravimetry and altimetry are combined
with gravity field information obtained from satellite orbits. Due to the different qualities
and inhomogeneous distributions of the data sets, models derived in this way have an
inhomogeneous quality distribution and long-wavelength errors.

The dedicated satellite missions CHAMP and GRACE have improved the situation by
providing homogeneous high accurate gravity field information.

2. Gravity information obtained using satellites

As soon as the first satellites were put into space, their information has been used to
improve the knowledge on the Earth’s gravity field. By satellite laser ranging, the orbit of a
satellite could be determined. The difference between the actual measured orbit and the
orbit predicted by a gravity field model can be used to improve the model. As the satellites
are followed from fixed stations on earth, the information obtained by satellite laser
ranging is not homogeneously distributed over the Earth. This situation changed when GPS
receivers were put on board satellites. Now, orbits can be tracked continuously with high
accuracy.

However, most satellites fly high in space at more than thousand kilometres above the
Earth’s surface. As the Earth’s gravity field attenuates when moving away from the earth,
the gravity field information obtained from these orbits has a low resolution and terrestrial
data is needed to determine high-resolution gravity field models.

The gravity missions CHAMP, GRACE and GOCE were designed to change this.
Through their low-flying orbits and the homogeneous distribution of the satellite
observations, the low-wavelength information of gravity models is strengthened and a
homogeneous accuracy of the models is achieved over the whole Earth.

Besides satellite orbits, another important contribution to pre-CHAMP global gravity
field models came from satellite altimetry. Averaging sea-surface heights of the oceans
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measured with altimetry, geoid heights were obtained which were used in global gravity
field determination. Then, these same global gravity field models were used in
oceanography to calculate geoid heights needed to calculate sea-surface topography from
altimetry!

Now, CHAMP and GRACE made it possible to calculate accurate global gravity field
models without using satellite altimetry. Thus, providing accurate independent global
models for use in oceanography.

The first mission CHAMP has been in orbit since 2000. CHAMP started at an altitude
of about 450 km and is coming slowly down to about 300 km altitude by the end of its
lifetime. The satellite’s orbit is determined with GPS and an accelerometer on board
provides observations to correct for non-gravitational forces. CHAMP has contributed to
the improvement of the long-wavelength part of the gravity field.

The second mission, the satellite-pair GRACE, became operational in 2002. The two
satellites will during their lifetime slowly come down from the starting altitude of about
500 km to 300 km. In addition to orbit determination by GPS, the distance between the
satellites is accurately measured. Both satellites are also equipped with an accelerometer to
correct for non-gravitational forces. GRACE has improved the knowledge of the medium
wavelength part of the gravity field. Additionally, it has become possible to calculate
monthly global gravity field models, enabling studies of the temporal variations in the
gravity field.

The GOCE satellite, to be launched in 2007, will carry a gradiometer on board. It will
further improve knowledge on the short-wavelength part of the gravity field.

3. Static global gravity field models

Table 1 gives an overview of the static global gravity field models that have been published
by the CHAMP and GRACE science teams. The EIGEN-models are developed at the
GeoForschungsZentrum Potsdam (GFZ) and the TEG and GGM models at the Center for
Space Research of the University of Texas (UTCSR). Several other groups have also
produced models, but they are not considered here. All models are produced as coefficients
of spherical harmonic expansions up to a maximum degree and order.

The satellite-only models go up to degree an order 120 in the case of CHAMP and up
to degree and order 150 in case of the later GRACE models. However, the highest orders of
these models have weak solutions and should be treated with care. The later CHAMP and
GRACE models include more observations and perform therefore better than the earlier
models when comparisons are made with altimeter data and geoid heights obtained from
GPS and levelling (e.g. Reigber et al., 2005b, Tapley et al., 2005, and Bilker, 2005).
Comparisons of the new models with the widely used pre-CHAMP model EGM96 show
that CHAMP and GRACE have improved the accuracy of the long- and mid-wavelength
(up to degree 70) components of the Earth’s gravity field model (e.g. Reigber et al., 2005b,
Tapley et al., 2004b, Tapley et al. 2005, and Bilker, 2005).

The models that combine CHAMP and GRACE data with surface data also benefit
from the improvement of the long-wavelength components. An overall improvement can
be seen when comparing for example geoid heights with heights from GPS and levelling
(Tapley et al., 2005, Forste et al., 2005, and Forste and Flechtner, 2006b).

It can be concluded that the new static models are an improvement over EGM96,
which means that independent high-accuracy models are now available for oceanography
and orbit determination.
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4. Monthly global gravity field models
In addition to new static global gravity field models, the GRACE mission produces also
monthly global gravity field models, making it possible to study temporal changes in the
gravity field. The monthly models are produced by three processing centers: UTCSR, GFZ
and the Jet Propulsion Laboratory (JPL).

The UTCSR models are available for most months starting from August 2002 till
present. The GFZ has produced models covering most months from February 2003 till
present. The JPL solutions cover most months in 2003, 2004 and 2005 (situation mid-
October 2006).

Although the monthly models go up to degree and order 120, errors increase rapidly
with increasing degree. Therefore, higher order coefficients should not be used (see e.g.
Neumeyer et al., 2006) or a smoothing technique should be applied (see e.g. Wahr et al.,
1998).

The provided monthly models have been corrected for solid earth, ocean and pole tides
and non-tidal atmospheric and ocean variability. The remaining gravity variations are
mainly due to changes in continental water storage and other non-modelled gravity changes
such as post-glacial rebound. Many groups are studying these gravity changes using
GRACE monthly models. Good agreements are found between mass variations determined
with GRACE and variations predicted by global hydrology models (e.g. Tapley et al.,
2004a, Schmidt et al., 2006, and Neumeyer et al., 2006). Other examples are the detection
of gravity changes related to the 2004 Sumatra-Andaman earthquake (Han et al., 2006) and
the detection of a decrease in the Antarctic ice-sheet mass (Velicogna and Wahr, 2006).
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Table 1. Static global gravity field models from the CHAMP and GRACE missions.

Maximum

Model Description d Reference
egree
Satellite-only
EIGEN-1S 88 days CHAMP + multi-satellite data 100 Reigber et al. (2002)
EIGEN-2 6 months CHAMP 120 Reigber et al. (2003)
EIGEN-3p 3 years CHAMP 120 Reigber et al. (2005a)
EIGEN-CHAMPO03S 33 months CHAMP 120 Reigber et al. (2005a)
EIGEN-GRACEO1S 39 days GRACE 120 Reigber (2004)
EIGEN-GRACEO02S 110 days GRACE 150 Reigber et al. (2005b)
EIGEN-GL04S1 GRACE + LAGEOS 150 Forste and Flechtner
(2006a)
GGMO1S 111 days GRACE 120 Tapley et al. (2004b)
GGMO02S 363 days GRACE 160 Tapley et al. (2005)
Combinations
TEG-4 80 days CHAMP + multi-satellite and 200 Tapley et al. (2001)
surface data
GGMO1C GGMO1S + multi-satellite and surface 200 Tapley et al. (2004b)
data
GGMO02C GGMO02S + multi-satellite and surface 200 Tapley et al. (2005)
data
EIGEN-CGO1C 860 days CHAMP + 200 days GRACE 360 Reigber et al. (2005c)
+ surface data
EIGEN-CG03C 860 days CHAMP + 376 days GRACE 360 Forste et al. (2005)
+ surface data
EIGEN-GL04C EIGEN-GL04S1+ surface data 360 Forste and Flechtner

(2006b)




LITHOSPHERE 2006 Symposium, November 9-10, 2006, Espoo




LITHOSPHERE 2006 Symposium, November 9-10, 2006, Espoo 7

Impact cratering:
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The study of the impact crater populations on planetary bodies with a variety of remote
sensing techniques in combination with age dating on lunar and meteoritic samples have
verified unambiguously that hypervelocity collision was the dominant geological process
throughout the early solar system. It not only created heavily cratered surfaces, as
documented e.g., for the lunar highlands, Mercury, or some of the satellites of the large gas
planets, yet was the basic process in accretion too. Those parts of the lunar surfaces
saturated with impact craters allowed estimate the impact rate produced by intense
bombardment in the period from 4.6 to about 3.75 Ga which is by orders of magnitude
higher than the current rate. Planet Earth, as part of the solar system, experienced the same
bombardment as the other bodies in the inner solar system, yet subsequent geological
processes have removed totally the Hadean record of cratering. Spherule beds forming
wide-spread traceable horizons in Archean - Proterozoic terranes may form the oldest
witness for impact processes — if they indeed represent ejecta material. By comparison with
other planetary bodies it is evident that large-scale impact cratering was a very effective
process for forming, deforming, and recycling crust on Earth up to Palaeoproterozoic times.

On the Earth-Moon system, a variety of possible effects have been ascribed to impact.
Currently, the best working hypothesis for the origin of the Moon is the impact of a Mars—
sized object with proto-Earth. This resulted in the insertion into Earth orbit of vaporized
material from the projectile and the Earth, which condensed to form the Moon. Heat,
generated by the early impacts, may have amplified outgassing of Earth’s initial crust and
upper mantle (lithosphere), thus, contributing to the formation of the primordial atmosphere
and hydrosphere. Some impacting bodies in turn, may have contributed to the Earth’s
budget of volatiles and early oceans. This bombardment would also have resulted in
development and destruction of early life, with the largest impacts having capacity to
effectively sterilize the whole surface of the Earth. In more recent geological times, at least
one mass extinction event notably that one at the Cretaceous - Tertiary (Paleogene)
boundary 65 m.yrs. ago, which killed the dinosaurs and many other species, is linked to a
global environmental catastrophe caused by a major impact. This event created the
Chicxulub impact structure, Yucatan peninsula, Mexico, now covered by up to 1 km post-
impact sediments (Fig. 1b). Impact still is one of the most important geological processes
in our solar system as documented, for example, by the spectacular impact of comet
Shoemaker-Levi 9 on Jupiter in 1994. On Earth, plate tectonics, metamorphic overprint,
sedimentation, and erosion have removed a large part of the impact record. However, we
should be aware that the recently drilled about 10-km-sized Lake Bosumtwi structure,
Ghana, West Africa, was created by an impact just 1 m.yrs. ago. Only about 700 000 yrs.
ago, 1/3 of the Earth’s surface was covered glassy ejecta material, the Australasian tektites.
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Repeated notices in the press of close fly-by of small astroidal bodies remind us that
hypervelocity collisions represent a constant danger for civilization. To assess impact
probabilities and create strategies of diverting cosmic projectiles is in the focus of NEO
(near-Earth objects) research.

In this presentation we will review the effects of impacts on planetary evolution
including development and erosion of an atmosphere, on the biosphere and the lithosphere.
We will present some highlights of recent impact research topics (deep drilling,
experimental research), and want to summarize the enormous economic value of terrestrial
impact structures. Finally, we will discuss the role of impact processes in modern
geoscience education taking place in high schools, universities, museums and science
centers.

Fig. 1a. Fig 1b.
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Figure 1. Examples of the various effects of meteorite impacts on planetary evolution. (a) A
possible scenario of the evolution of the Moon from a gigantic collision of a Mars-sized body with
pro-Earth. (b) Chicxulub structure (D 180 km), Yucatan (Mexico), the candidate crater for the 65
Ma mass-extinction. (c) Gravity anomalies of the Vredefort structure, South Africa, erasing from
deep seated crustal structures caused by a large impact at ca. 2.023 Ga ago (Prof. Roger Gibson,
University of Witwatersrand), (d) Sudbury, Canada, a deformed and eroded huge impact structure
(ca. 1. 85 Ga) providing the world largest nickel occurrences and an excellent educational facility
to understand impact cratering as a catastrophic process (Geoscience North Museum, Sudbury). (e)
A satellite image of the Manicouagan impact structure (D 100 km, age 212 Ma), Canada. Note the
ring-shaped lake and radial pattern of rivers and fractures. The water system has a hydropower
energy station. (f) Gigantic (tens of meters) impact breccia blocks within the breccia layer, part of
the Popigai impact structure (100 km, 35 Ma), N. Siberia. (g) Airborne high-resolution magnetic
map of the Paasselkd impact structure (D 10 km, age ?), E. Finland, with its central anomalies
(white spots). Drilling through these anomalies lead to discovery of shock features and also a 25 m
thick sulphide ore layer (Pesonen et al., 1998). (h) Gravity map of the most recent (No. 11) impact
structure discovery, the Keurusselké structure (D 20-30 km, age ?; Hietala and Moilanen, 2004).
The solid ring is the area where shatter cones have been found, the middle ring denotes the gravity
anomaly (Ruotsalainen et al., 2005).
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The magmatic end of the Svecofennian orogeny
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In the search for the end of the Svecofennian orogeny, more and more age determinations cluster in the time
frame 1800 Ma — 1760 Ma. Age data from shoshonitic lamprophyres and carbonatites, occuring in
extensional tectonic settings, indicate that shield scale extension took place between 1790 and 1765 Ma. The
lack of magmatic rocks with more depleted mantle signature from this age in Finland and associated areas
indicate that delamination of an enriched lihospheric mantle by a hot convective asthenosphere may have
caused the specific magmatism for this time frame.
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1. Introduction

Over a long period, ages between 1800 and 1765 Ma have been reported sporadically
around the Fennoscandian shield from several different rock types. In Lapland, age
determinations from the Central Lapland Granite Complex are slightly younger than 1800
Ma, such as the 1773+8 Ma Maunun Matti granite (Rovaniemi) (Holttd et al., 2003) and the
179643 Ma Jaédsko appinite (HOIttd, pers. com.). Several other age determinations near the
CLGC reveal the same ages (see Corfu and Evins 2001 and references therein). The
Nattanen-type postorogenic granite intrusions in Finnish Lapland and Kola peninsula
reveal ages between 1.80 Ga to 1.77 Ga (Lauerma 1982, Huhma 1986, Rastas et al. 2001).
Corfu and Evins (2001) investigated Archaean gneisses from the Suomojdrvi complex in
northern Finland. Titanite and monazite metamorphic ages of these Archaean rocks are
between 1780 and 1765 Ma. These ages are also common in the Belomorian belt. Lower
crustal and mantle xenoliths found in kimberlites cutting Archaean rocks in east-central
Finland contain 1.80 Ga zircons (HoItta et al., 2000; Peltonen and Manttari 2001).

In southern Finland, rocks within this age frame usually belong to the shoshonitic rock
series extending in a 600 km belt from lake Ladoga to the Aland archipelago (Eklund et al
1998; Andersson et al 2006). Characteristic of this magmatic event are shoshonitic
lamprophyres and their plutonic equivalenets. Diagnostic are high contents of Ba, Sr and
LREE and hydrous mafic silicates with high Mg#. Granites of this age are shoshonitic high
Ba-Sr granites associated with shoshonitic lamprophyres. However, peraluminous granites
are found in this age frame such as the Vuoksi intrusion in Russian Karelia (Eklund et al
1998). Pegmatites in southern Finland also usually fall into this age frame.

New age data from lamprophyres in Ladoga region reveal ages around 1800 Ma for
their emplacement. The same ages and compositions are found in lamprophyres in Savo
(Lake Syviri, Nilsid). These lamprophyres appear as filling between blocks in half graben
structures. Preliminary results of age determinations of carbonatites in southern Finland
indicate a monazite microprobe age on 1776 Ma for the Naantali carbonatite (Woodard,
pers. com.) and a zircon age of 1792 Ma for the Halpanen cabonatite (Alexei Rukhlov et
al., in prep.).

Andersson et al., (2006) suggest that the protolith for the shoshonitic rocks are enriched
pockets in the lithospheric mantle due to carbonate metasomatism that took place during
the subduction stage of the Svecofennian orogeny.
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2. Late-orogenic granite and metamorphic ages in southern Finland and W Ladoga.
The shoshonitic-carbonatitic magmatism in southern Finland post date the extensive post-
collisional intra crustal melting that started around 1.85 Ga and ended around 1.79 Ga
(Kurhila et al 2006). In the Turku area,Viisdnen et al. (2002) revealed the age 1824+5 Ma
for the high temperature — low pressure metamorphism. They suggest that the anatectic
melts in the area were formed between 1.83 Ga to 1.81 Ga, perhaps down to 1.80 Ga.

In West Uusimaa, Mouri et al. (2005) recorded metamorphic ages by analysing
monazite from the mesosome and leucosome and Sm-Nd garnet — whole rock isochrons.
The monazite ages are between 1832 and 1816 Ma while the Sm-Nd ages are 1.81 — 1.79
Ga. They concluded that the monazite ages refer to the peak metamorphism (750 — 800 °C)
while the Sm-Nd ages refer to a closure temperature of the system, when the temperature of
the crust must have been less than 700 °C.

From the Sulkava thermal dome Korsman (1984) reported U-Pb ages (zi) of 1833 +16
Ma from the leucosome and 1810 £7 Ma from the mesosome. Monazite ages gave 1817+ 4
Ma for the leucosome and 1840 Ma for the mesosome. Vaasjoki and Sakko (1988) reported
an Pb**"**® age of 1796 Ma determined from a molybdenite.

New metamorphic ages from Sulkava (Baltybaev et al., 2006) obtained from monazites
in the sillimanite-K-feldspar zone idicate an age of 179545 Ma. Metamorphic ages
obtained by partial leaching of sillimanites give an age of 1779+19 Ma.

From the western shore of Ladoga, Baltybaev et al. (2006) report metamorphic ages
from the Ladoga granulite area north of Kékisalmi. Metamorphic ages obtained by partial
leaching of sillimanites give an age of 1877+ 6.6 Ma and monazite ages of 1860 +4.4 Ma.
No younger metamorphic ages were found in that area.

3. Post-collisional uplift

The 179545 Ma Ruokolahti granite is situated in the southern part of the Sulkava thermal
dome (Nykédnen 1988). Niiranen (2000) compared the regional metamorphism with the
contact metamorphism of the dyke and concluded that there was an exhumation of about 9
km between the regional metamorphism and the intrusion of the granite. With respect to the
new age determinations from Sulkava, it seems that the exhumation of the crust was very
rapid compared to western Ladoga, where there is a time gap on 60 Ma between the
regional metamorphism and the intrusion of the shoshonites. In east-central Finland, there
are no data for the young regional metamorphism, but still the intrusive age for the
shoshonites is the same as those in southern Finland and W Ladoga. In Southern Lapland
there are metamorphic ages resembling the shoshonitic ages. In the Central Lapland
Granite Complex, there are mafic rocks similar to the shoshonites that intruded coevally
with some granite phases 1795 Ma.

4. Discussion
We may conclude that there was a shield scale thermal event 1800-1765 Ma ago that
affected the enriched lithospheric mantle as well as the crust. In southern Finland this event
was associated with a rapid uplift, while this uplift has not been documented yet elsewhere.
To generate the multitude of magmas observed during this thermal event, we need to
create a model that is able to melt different sources situated at different levels of the
lithosphere over an extensive area. Until now, all mafic rocks analysed seem to stem from
an enriched lithospheric mantle. The lamprophyres and carbonatites may stem from
metasomatized pockets with low solidus temperatures. The granites appearing at this time
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differ in composition. Some of them are high-Ba-Sr granites that may have been
differentiated from a lamprophyric magma, other are peraluminous S-type granites with
clear crustal affinities. It is difficult to produce intracratonal post-collisional granites
without influx of hot mafic magma into the crust. Beneath the Central Lapland Granite
Batolith, there is a positive Bouguer anomaly. The same with the crust west Ladoga. These
anomalies may represent mafic rocks in the crust, the rocks that generated crustal melting.

The most likely way to produce the multitude of compositions for the rocks formed
during this time frame is the erosion of the enriched litospheric mantle by the hot
asthenosperic mantle after the compressional stage of the newly formed shield. The
lithosphere responded to the hot asthenosphere in different ways. In the accretionary arc
complex of southern Finland, it seems that extensive mantle delamination took place
because of the rapid uplift. This delamination is not registered in W-Ladoga. In east-central
Finland, it seems that the asthenosphere melted enriched pockets in the lithosphere causing
the lamprophyre magmatism. This magmatism was related to extensional tectonics. In
Lapland the melting takes place also in the crust over extensive areas. This may be
explained by mafic intraplating with subsequent melting of the crust.

The tectonic postion and the new age determinations from lamprophyres in east-central
Finland give the impression that the magmatism was triggered by extensional tectonics,
probably due to the orogenic collapse. However, the consequences how the lithospheric
asthenospheric interface reacted to this collapse differ in different parts of the shield.
Mantle delamination with rapid uplift in south, small melt generation in the central part and
extensive melt production in the northern part of the shield.
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Ultrasonic seismic P- and S- velocities — the case of the
Outokumpu deep drill core and FIRE profile samples
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The geological evolution of the Archean to Proterozoic Outokumpu area is poorly known due to lack of
seismic velocity data of the rocks as a function of depth. Measurements of the seismic P- and S- velocities of
the Outokumpu deep drill core samples under crustal pressures and temperatures are therefore required. For
this purpose a novel ultrasonic instrument to estimate the seismic velocities (Vp and Vs) down the drill core
under crustal temperatures and pressures has recently been constructed at the University of Helsinki. The
instrument will be also used in high resolution FIRE (and subsequent) seismic reflection studies. Moreover,
the new instrument provides a facility to start to compile seismic P- and S-wave velocity data of crustal units
of the Fennoscandia to improve the seismic interpretations of the lithosphere under Finland. In the future the
instrument will be also used to map the petrophysical P- and S-wave velocities of other deep drill cores of
several impact structures like Bosumtwi (Ghana), Chicxulub (Mexico) and Chesapeake Bay (Virginia).

Keywords: Outokumpu, FIRE-profile, P- and S-wave velocities, ultrasonic method

1. Introduction

The Outokumpu formation, economically the most important geological terrain in Finland,
is well-known for its polymetallic massive sulphide ore deposits and is also one of the
oldest ophiolitic formations in the world. The Outokumpu formation is part of the
Palaeoproterozoic overthrusted nape, and has suffered multiple tectonic events and
metamorphisms since 1.97 Ga. The geology of Outokumpu area is complex and the
formation consists of various rock types like granite bodies, gneisses, schists, skarn
formations and ultramafic units forming the so-called Outokumpu association.
Geophysically the Outokumpu area is located in a complex network of geophysical
anomaly patches and distinct gravity anomalies.

The Geological Survey of Finland (GTK) has lately carried out wide-angle seismic
profiles in the framework of the FIRE seismic reflection project and the Outokumpu Deep
Drilling Project (ODDP; Fig. 1). The data from FIRE reveal complex seismic reflectors
whose origin is, however, poorly understood. Hence a wider knowledge of physical
properties (e.g. seismic velocities of rocks) is therefore required. In order to understand
recent seismic reflection data and to gain more information about the Outokumpu
formation a new ultrasonic device was constructed in Kumpula in collaboration between
the Division of Geophysics and the Electronics Research Unit of the Physics Department.
Currently the instrument is ready and in test use. Hereby we report first Vp/Vs results of
Outokumpu deep drill core samples and seismic reflection (FIRE) samples.
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Figure 1. (a) Location of the Outokumpu Deep Drill Core in NE Finland (arrow) and (b) the on-site
drilling platform (after Kukkonen et al 2004).

2. Instrumentation

A semiautomatic instrument (Fig. 2; Lassila et al. 2006), which is capable of measuring
longitudinal and shear wave phase velocities (Vp and Vs) under varying temperature (20-
300 °C) and uni-axial pressure (0-300 MPa), was built in order to improve the Outokumpu
data as well as the Outokumpu part of the ongoing seismic FIRE-reflection project. The
time-of-flight (TOF) measurements were done using the ultrasonic pitch-catch method in
desired temperature and pressure conditions, and repeated in same conditions using the
ultrasonic pulse-echo method. The TOF signal passing through the delay line and reflecting
back from the sample surface was recorded. By subtracting the TOF through the delay lines
from the TOF trough the delay lines and the sample, the effect of temperature and pressure
on the delay lines was eliminated. The received ultrasonic signal, temperature and pressure
values were recorded with a PC. The Vp and Vs were then calculated.

3. Results

The ultrasonic Vp and Vs measurements were carried out on several ODDP and FIRE
samples in order to test the situation in the upper crust by changing P and T simultaneously
(Fig. 3), and to determine the effect of T and P separately on Vp and Vs (Fig 4).
Preliminary results showed a clear pressure dependence of Vp and Vs. Vs also shows a
clear trend of lower values at higher temperatures. The dependence of Vp on temperature,
however, was not clear. Good correlation with Vp data from previous laboratory
measurements (unpublished data by Elbra) was also observed. The results obtained with the
device will be used to understand recent seismic reflection (FIRE) data from the
Outokumpu area in Finland.
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Figure 2. New ultrasonic seismic velocity (Vp and Vs under crustal P-T conditions) apparatus.
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Figure 3. Example of the signal through two delay lines and the sample. The temperature and the
load were changing at the same time to simulate the situation in the crust. From the time of arrival
determined from this picture, we must still subtract the time of flight through the delay lines. As no
contact gel was used the signal to noise ratio was reduced at lower pressures.
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Figure 4. Vp (left) and Vs (right) versus pressure at various temperatures. The sample presented in
this plot comes from the Outokumpu deep drill core from the unit called Outokumpu association
and consists of mafic rocks.
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Pangea is the youngest supercontinent in Earth history, and the only one for which we have
ample evidence of its existence through numerous independent methods. Reconstruction of
Pangea shows an interlocking network of 0.6-0.3 Ga orogens surrounding older cratons,
suggesting that Pangea assembled through plate convergence at the expense of now-
vanished Neoproterozoic—Paleozoic oceans. The stratigraphic record and Neoproterozoic
ages of rift-to-passive-margin successions on many of those pre-Pangean cratons suggest
fragmentation of an earlier supercontinent, named Rodinia (McMenamin and McMenamin,
1990). Widespread fragments of 1.3—1.0 Ga orogenic belts within those same cratons
appear to record aggregation of Rodinia in the same manner as its successor landmass
Pangea. Fifteen years ago, a conceptual paradigm for Rodinia reconstructions (Moores,
1991; Dalziel, 1991; Hoffman, 1991) charted the course for all subsequent tests using the
methods of tectonostratigraphy, geochronology, and paleomagnetism. This paradigm
juxtaposes elements of "East Gondwanaland" (including northern Australia, Mawsonland,
and possibly South China) against western Laurentia; elements of "West Gondwanaland"
(including Amazon, Rio de la Plata, and possibly Congo or Kalahari) against eastern
Laurentia; and northern cratons (Baltica, Siberia, North China) around the various marginal
segments of northern Laurentia. A well known variant is the placement of Siberia adjacent
to western Laurentia (Sears and Price, 1978, 2000, 2003). One recent summary
reconstruction, from Pisarevsky et al. (2003a), is shown in Figure 1. Some of the proposed
juxtapositions unify Archean and Paleoproterozoic terrains that imply connections for more
than a billion years prior to Rodinia's breakup. The variations of reconstructions within the
Rodinia paradigm show an anastomosing network of Archean cratonic nuclei,
Paleoproterozoic foldbelts, and early Mesoproterozoic rift-to-passive-margin cover
successions, suggesting that Rodinia asembled via amalgamation of fragments from an
earlier supercontinent, which has been named Hudsonland (Williams et al., 1991), Nuna
(Hoffman, 1996), Capricornia (Krapez, 1999), or Columbia (Rogers and Santosh, 2002;
Zhao et al., 2002, 2004). Most speculations on reconstructions of this late Paleoproterozoic
supercontinent refer heavily to aspects of the Rodinia paradigm, implying only minor
shuffling of cratons between 1.8 and 1.0 Ga.
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Figure 1. Rodinia
reconstruction after
Pisarevsky et al.
(2003a). Cratons are
restored  to the
present  Laurentian
reference frame.
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Figure 2. Radically
revised Rodinia,
according  to this
paper. Cratons have
been restored to their
paleogeographic
latitudes at 780 Ma.
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Recent paleomagnetic data, however, have strained the Rodinia paradigm to the limit of
imminent rupture. Led by scientists from the Tectonics Special Research Centre in Perth,
(established by the late Chris Powell), paleomagnetic results from Western Australia at
three ages successively negated the SWEAT reconstruction at 755 Ma (Wingate and
Giddings, 2000), both the SWEAT and AUSWUS configurations at 1070 Ma (Wingate et
al., 2002), and all three of the SWEAT, AUSWUS, and AUSMEX juxtapositions at 1200
Ma (Pisarevsky et al., 2003b). A direct Rodinian connection between western Laurentia
and Australia can only be accommodated by the AUSMEX reconstruction with collision
after 1200 Ma and breakup prior to 755 Ma. If so, then collision as late as 1200 Ma would
render as irrelevant all Paleoproterozoic tectonic comparisons between the two blocks,
"Grenvillian" collision would need to be invoked along the western Laurentian margin
which by current knowledge contains no record of such an event, and complete breakup
earlier than 750 Ma would conflict with younger ages of ca.700 Ma from rift successions in
the North American Cordillera (Lund et al., 2003; Fanning and Link, 2004). In the case of
Siberia, the western Laurentian connection appears to be invalidated by the spread of
Riphean paleomagnetic poles from Turukhansk uplift and the Sette-Daban foldbelt
(Pisarevsky and Natapov, 2003), and only an indirect connection—that is, with an
intervening gap—is permitted between Siberia and northern Laurentia. Incorporation of
geomagnetic polarity from precisely dated igneous rocks in the Keweenawan of Laurentia,
and the Umkondo large igneous province of Kalahari, refutes all proposed direct
juxtapositions of those two cratons at 1108 Ma (Hanson et al., 2004). Among recent
paleomagnetically-based models of Rodinia, the high-latitude positions of Congo-Sao
Francisco and India at various ages within the 1100-800 Ma interval appear to conflict
with low-latitude positions of other cratons (Pisarevsky et al., 2003a), suggesting that those
blocks be excluded from Rodinia. Amazon may have been connected to southern
Laurentia at 1200 Ma (Tohver et al., 2002), but not at ca.960 Ma (D'Agrella-Filho et al.,
2003). In summary, the recent paleomagnetic data would seem to require that Rodinia was
rather small and short-lived: a substantially more diminutive entity than the great and
enduring early Neoproterozoic supercontinent as originally conceived. The only successful
paleomagnetic confirmation of a tectonically-based reconstruction is that of northeast
Laurentia and Baltica (Gower et al., 1990; Pesonen et al., 2003; Pisarevsky et al., 2003a).
One could question the veracity of Proterozoic paleomagnetic data, even on general
terms. What do we know about the Precambrian geomagnetic field? How impervious are
the rocks to remagnetization? What guarantees that the paleomagnetic results are primary?
On broader geodynamic issues, are the age comparisons precise enough to rule out rapid
continental motions (with or without true polar wander, TPW) as the cause of
paleomagnetic discrepancies with the standard Rodinia models? All of these are valid
concerns, yet all have been addressed with initial success by empirical studies. First, at a
fine scale, the magnetostratigraphic record of stratabound polarity reversals in correlatable
horizons across sedimentary basins (e.g., Kirschvink, 1978; Idnurm et al., 1995; Gallet et
al., 2000) suggests a sporadically reversing geodynamo similar to that of today. Second,
paleomagnetism of large Proterozoic evaporite basins has yielded a concentration of
deposits in subtropical latitudes similar to that of the last 250 Myr, consistent with a
geocentric-axial-dipolar magnetic field for most of the last two billion years (Evans, in
press). Third, the rocks studied to generate the new paleomagnetic poles are essentially
unmetamorphosed and have been demonstrated through field stability tests (e.g., baked-
contact, fold, conglomerate) to retain primary magnetic remanences. Fourth, although
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some intervals of Neoproterozoic-Paleozoic time appear to be characterized by rapid
continental motions and/or true polar wander (see Evans, 2003; Maloof et al., 2006), the
ages of poles discussed above are precise enough to distinguish all but the fastest allowable
TPW, or the broader distribution of pole comparisons may suffice for the argument at hand
(e.g., the Laurentian and Siberian APW swaths, despite poor age constraints for the latter
curve).

If the paleomagnetic data are robust and appear to discredit the original Rodinia
paradigm, then perhaps the original paradigm should be reconsidered. During the past
three years, I have been developing a radically different Rodinia model that incorporates
the most reliable paleomagnetic poles and integrates these with global tectonostratigraphy.
I claim that according to existing paleomagnetic data under the assumption of a geocentric-
axial-dipole magnetic field on an Earth of constant radius, this new Rodinia reconstruction
is the only possible model allowable for inclusion of all the largest 10-12 cratons spanning
the entire time interval of ca.1100-750 Ma, i.e., in accordance with the original concept of
a supercontinent assembled via "Grenvillian" collisions and disaggregated by mid-
Neoproterozoic rifts.

My proposed Rodinia (Figure 2) includes few traditional cratonic connections, but
these include a Greenland-Baltica link that includes rotation at ca.1100 Ma about an Euler
pole near the conjoined Scoresby Sund and Finnmark regions (Piper, 1980; Gower et al.,
1990), and Australia-India-South China connections similar to those hypothesized by
Powell and Pisarevsky (2002) and one option presented by Li et al. (2004). The radical
Rodinia revisions include:  western Laurentia connected to elements of "West"
Gondwanaland such as West Africa, Rio de la Plata, and Amazon; northern Laurentia
connected to Congo-Sdo Francisco, Australia connected to Baltica but not directly with
Laurentia, Kalahari next to Mawsonland, and Siberia on the outer edge of the
supercontinent beyond India. One potential shortcoming of the model is that no large
craton remains in the world to collide with the Grenville Province of Laurentia; instead,
this orogen must be considered in terms of circum-Pacific orogens involving only
accretionary tectonism—a topic currently being explored (Evans, 2005, 2006). The same
would be required of the Sveconorwegian and Namaqua-Natal orogens, also facing
outward the Mirovian ocean in my proposed Rodinia. There are many intriguing possible
intercratonic correlations that can be drawn in the framework of an entirely different global
context, and I hope that the revised Rodinia inspires more attention on previously neglected
cratons such as West Africa and Rio de la Plata.

The present paper will focus on Baltica, within the contexts of classical versus revised
Rodinia models. Depending on the reconstructions, various margins of Baltica are
predicted to have billion-year-long or substantially shorter durations of juxtaposition with
other cratons. The longer-lived connections are predicted to have assembled with Rodinia's
predecessor Nuna during the Svecofennian and globally related orogenies at ca.1900—-1800
Ma. Older cratonic connections have been postulated between Karelia and the Superior
craton, based on matching ages from 2500-2100 Ma dyke swarms in both regions. A
diminutive area of Archean preservation hampers our ability to construct global
paleogeography from that time interval, and we may only be able to test specific
hypothesized cratonic connections.
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Simulation of the Eurasian ice sheet dynamics during the Weichselian glaciationis realised with SICOPOLIS
ice sheet model. The simulations produce topographic changes and basal temperatures that are not
controversial with observations.
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Ice sheets have a profound influence on climate and global sea level by affecting
atmospheric and oceanic circulation patterns and planetary albedo through changes in ice
sheet extent, height and stability (Hughes, 1987, 1992, 1998). Circulation effects depend on
the height of the ice sheet and on temperature effects on the ice sheet area (Rind, 1987).
Isostatic depression and rebound of the lithosphere due to changing ice loads has a strong
influence on local climatology. An important feedback factor for ice sheets and climate is
the effect of proglacial ice-dammed lakes, forming in topographic lows on ice-sheet
margins. To study these complex climate-related processes, numerical models are
invaluable. An ideal tool to study the Northern Hemisphere Ice Sheets, would be an
integrated climate-ocean-ice sheet-land processes model. The land system includes
components like isostatic effects, hydrology and permafrost. Combined models for these
systems form the Earth System Models. These models have fundamentally insatiable
computational requirements, and are still very much under development.

During cold climatic spells, ice-free areas were subjected to low surface temperatures.
During these times, the ground temperatures underneath ice sheets can be notably warmer
and more stable than outside the ice sheet (Paterson, 1994). If an ice sheet is thick and has
long, stable occupation time, the temperature variations underneath the ice sheet are
probably smaller compared to values outside the ice sheet. Conditions at the ice sheet base
are controlled by ice sheet pressure, temperature, hydrology and properties of the
underlying substrate.

To investigate the FEurasian ice sheet mass balance and geographic extent, a
thermodynamic ice sheet model is applied, with a particular interest in calving margin
discharge. This is realised by the ice-sheet model SICOPOLIS (SImulation COde for
POLythermal Ice Sheets; Greve, 1997a,b), run in combination with data manipulation and
analysis programs. SICOPOLIS was one of the ice sheet model codes compared in the
European Ice Sheet Modelling INiTiative (EISMINT) (Huybrechts and Payne, 1996;
Payne et al., 2000). The EISMINT benchmarks and intercomparisions provide valuable
results of the accuracy and consistency of ice sheet model codes. SICOPOLIS is based on
the continuum-mechanical balance equations and jump conditions of mass, momentum and
energy. The model treats ice as an incompressible, heat-conducting, isotropic power-law
fluid with thermo-mechanical coupling due to the strong temperature dependence of the
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flow law. SICOPOLIS is based on the shallow-ice approximation (SIA), that is, normal
stress deviators and shear stresses in vertical planes are neglected. The large-scale
behaviour of ice sheets is simulated well with the SIA; however, it is not valid locally in
the vicinity of ice domes and close to the margin.

Isostatic depression and rebound of the lithosphere due to changing ice loads is
described by a local-lithosphere-relaxing-asthenosphere (LLRA) model with an isostatic
time lag tis, (LeMeur and Huybrechts, 1996; Greve, 2001). In the LLRA model, an ice load
at a given position causes a steady-state displacement of the lithosphere in the vertical
direction. The value of the displacement is determined by the balance between ice load and
the boyance force which the lithosphere experiences. As the astenosphere is viscous, the
lithosphere assumes the displacement after a time lag. The time lag used here is 3000 years.
A more detailed description of the model is given by Greve (1997a,b, 2001). The
geothermal heat flux is prescribed at the lower boundary of the lithosphere layer.

The model computes the three-dimensional evolution of ice extent, thickness, velocity,
temperature and water content in the temperate ice region and age in response to external
forcing. The forcing due to climate and heat from Earth's interior, are (i) the mean annual
air temperature at the ice surface, (ii) the surface mass balance, which is ice accumulation
(here assumed to be snowfall) minus ablation (here assumed to be melting), (iii) the global
sea level and (iv) the geothermal heat flux entering the ice mass from below. Surface
processes like refreezing are accounted for. Sea level changes were derived from the
SPECMAP record (Imbrie et al., 1984). The seasonal temperature and precipitation
distributions are interpolated linearly between the present (Legates and Wilmott, 1990) and

Last Glacial Maximum (LGM) anomaly values with a glaciation index ¢(t). This index
scales the GRIP 6'®0 record (Dansgaard and others, 1993) to represent LGM (g=1) and
present (g=0) conditions. The model is initialised in an arbitrarily chosen ice-free state,
250 ka ago. The model needs approximately 50 ka to clear the effect of the initial state.
Climate conditions are tied to the Greenland ice core record. Thus, the simulation runs
through one complete glaciation and deglaciation before the time period of interest, the
Weichselian, which started 115 000 ka BP and ended 10 000 ka BP.

The topographic lithosphere evolution during the Weichselian glaciations is dominated
by ice dome loading, resulting in lithosphere depression. From the rebound rates that aim
towards an isostatic balance, the previous load can be deduced. This can be seen in the
simulation results: the evolving ice sheet depressed southern parts of Sweden and Finland
below sea level as we approach the LGM. Also, marine Baltic areas are thus depressed.
The central Barents Sea area is depressed to a depth of around 1 km. At the LGM, these
areas get deeper. Southern Sweden and Finland have warped to a depth of -300 meters.
This depression is greatest at 18 ka ago, with a bathymetric depth of -800 m at the Gulf of
Bothnia. This depression helps the ice sheet to deglaciate quickly as sea level rises. The
Younger Dryas cooling affects a heavily reduced Fennoscandian ice sheet, clearly not
correctly simulated. Central and eastern Barents Sea areas stay heavily glaciated until the
end of Weichselian. The Danish Straits, Skagerrak and Kattegat, the NCIS onset areas, are
approximately 600 meters deep duringglaciation. The Norwegian Channel is depressed to -
900 meters at the LGM. The Norwegian Channel is at its widest at around 18 ka ago, with a
central depth of 1 km. The central Barents Sea area is heavily depressed from the LGM to
the Holocene. The Bear Island Trough and Franz Victoria Trough are the causeways to
marine depths, as is the St. Anna Trough but not to such an extent as it is shallower. As the
deglaciation starts with the onset of marine transgression, the southern Scandinavian Ice
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Sheets (SIS) margin becomes marine 17.7 ka ago. At 17.1 ka ago, the SIS margin is marine
up to Lake Ladoga. The marine area expands until 15,5 ka ago, when the Danish straits are
closed by rebound. An ice lake exists in the Baltic Sea area until 14,3 ka ago, when the
marine connection opens again, this time through southern Sweden. The simulated
topography change is not controversial with observations.

The simulated basal temperatures in the western ice sheet marginal areas are above —1
°C. Similar basal conditions prevail in the Barents Sea area at Storfjorden and at the
deepening of Storbanken, leading to the Bear Island Trough. The ice sheet at Franz Josef
Land remains cold throughout the LGM and warms only in the Holocene. In the southwest
sector of the SIS and also on the Norwegian coast, there was a large temperate base and
temperate ice area. As a fast flow in the Nordic Channel area sets on, for example at 22 ka
ago, the temperate base area expands to the Kattegat area on the Swedish coast, around 23
ka ago. Under the main ice dome, the highest temperatures prevail around the LGM, 21,8
ka ago. The basal temperature is then -1,5 °C in areas surrounding the Gulf of Bothnia. In
Figure 1., the ratio of the area covered by temperate ice can be compared to the total ice-
covered area (Aemp/Asotal) to contrast the onset of fast flow with the spatial extent and basal
temperature conditions.

The ground areas below thick ice sheets experience warmer temperatures than the areas
subjected to the chilly LGM aerial temperatures. The atmospheric temperature anomaly is
approximately -20 °C. In the results, this area is situated on the southern margin of the
modelled ice sheet. The ice sheet occupies the area for a short time period around the
LGM, with a thin ice cover of a few hundred meters. This is in accordance with Safanda et
al., (2004), who reported a mean ground temperature anomaly of -18 °C in the glacial
period. In Siljan, western Sweden, Balling et al., (1990) reported a lack of significant
vertical variation in the ground temperature gradient. This area is in close proximity to the
SIS ice divide. In the simulations, the Siljan area is either cold-based or maintains a
maximum basal ice sheet temperature of -2 to -4 °C. In a study of the Outokumpu area,
eastern Finland, Kukkonen and Safanda (1996) concluded from heat transfer modelling,
ground surface temperature values of -1 to -2 °C during the Weichselian. In the simulation
results, this area is covered by an ice sheet in glacial times, with basal ice sheet
temperatures in the range of -3,5 to -1,5 °C. In coclusion, the simulated temperatures are in
broad agreement with the observations mentioned above. The lithosphere surface
temperatures, and thus also deeper ground temperatures, vary more in areas with sporadic
ice cover.

References

Balling, N. 1980. The land uplift in Fennoscandia, gravity field anomalies and isostacy. In: Mdrner, N.-A.
(ed.) Earth Rheology, Isostacy and Eustacy, 297-321. John Wiley and Sons, New York. 599 pp.

Dansgaard, W., S.J. Johnsen, H.B. Clausen, D. Dahl-Jensen, N.S. Gundestrup, C.U. Hammer, C.S. Hvidberg,
J.P. Steffensen, A.E. Sveinbjornsdottir, J. Jouzel and G. Bond. 1993. Evidence for general instability of
past climate from a 250-kyr ice-core record. Nature, 364, 218-220.

Greve, R. 1997a. A continuum-mechanical formulation for shallow polythermal ice sheets. Phil. Trans.
Roy. Soc. London, A355, 921-974.

Greve, R. 1997b. Application of a polythermal three-dimensional ice sheet model to the Greenland ice sheet:
Response to steady-state and transient climate scenarios. J. Climate, 10 (5), 901-918.

Greve, R. 2001. Glacial isostasy: Models for the response of the Earth to varying ice loads. In: Straughan, B.,
R. Greve, H. Ehrentraut and Y. Wang (Eds.), Continuum Mechanics and Applications in Geophysics and
the Environment, Springer, Berlin etc., 307-325.

Hughes, T.J. 1987. The marine ice transgression hypothesis. Geografiska Annaler. 69, 237-250.



LITHOSPHERE 2006 Symposium, November 9-10, 2006, Espoo 28

Hughes, T.J. 1992. Abrupt climate change related to unstable ice-sheet dynamics: toward a new paradigm.
Palaeoceanography, Palacoclimatology, Palaecology (Global and Planetary Change Section, 97, 203-234.

Hughes, T.J. 1998. Ice Sheets. Oxford University Press, pp. 343.

Huybrechts, Ph., A.J. Payne and EISMINT Intercomparison Group.1996. The EISMINT benchmarks for
testing ice-sheet models. Ann. Glaciol., 23, 1-12.

Imbrie, J., J.D. Hays, D.G. Martinson, A. McIntyre, A.C. Mix, J.J.M orley, N.G. Pisias, W.L. Prell and N.J.
Shackleton. 1984. The orbital theory of Pleistocene climate: Support from a revised chronology of the
marine deltal8O record. Milankovitch and climate, part I, A.Berger and others (Eds.), D.Reidel
Publishing Company, Dordrecht, Holland, 269-305 (NATO ASI Series C: Mathematical and Physical
Sciences 126)

Kukkonen, I.T. and J. Safanda. 1996. Palaeoclimate and structure: The most important factors controlling
subsurface temperatures in chrystalline rocks. A case history from Outokumpu, eastern Finland.
Geophys. J. Int., 126, 101-112.

Legates, D. R. and C. J. Wilmott, 1990. Mean seasonal and spatial variability in global surface air
temperature. Theor. Appl. Climatol., 41, 11-21.

LeMeur, E. and P. Huybrechts. 1996. A comparison of different ways of dealing with isostasy: examples
from modelling the Antarctic ice sheet during the last glacial cycle. Ann. Glaciol., 23, 309-317.

Paterson, W.S.B. 1994. The Physics of Glaciers. (3rd Edition). Pergamon, Oxford.

Payne, A.J. and D.T. Baldwin. 1999. Thermomechanical modelling of the Scandinavian Ice Sheet:
implications for ice stream formation. Ann. Glaciol., 28, 83-89.

Payne, A.J. , Ph. Huybrechts, A. Abe-Ouchi, R. Calov, J.L. Fastook, R. Greve, S.J. Marshall, I. Marsiat, C.
Ritz, L. Tarasov, and M.P.A. Thomassen. 2000. Results from the EISMINT model intercomparison: the
effects of thermomechanical coupling. J. of Glaciol., 46 (153), 227-238.

Rind, D. 1987. Components of the ice age circulation. J.Geophys. Res., 92 (D4), 4241-4281.

Safanda, J., J. Szewczyk and J. Majorowicz. 2004. Geothermal evidence of very low glacial temperatures on
a rim of the Fennoscandian ice sheet. Geophys. Res. Lett., L07211, doi:10.1029/2004GL019547.

0.45

Fraction of temperate base
s CcOmMpared to total ice-covered .
area

QO o35+ E
w
o)

_O 0.3+ _
O
O

() 0.25- B
Q
-

G) 0.2+ —
©

C 0.15 —
o

8 01 _
i

0.05— —

| ‘ |
150 -100 -50 0

Time (ka)

Figure 1: The fraction of temperate base compared to the total ice-covered area in the simulation
results. The horizontal axis is time in ka, and the vertaical axis is the ratio.



LITHOSPHERE 2006 Symposium, November 9-10, 2006, Espoo 29

Tyriseva — an ultramafic intrusion in Vammala Ni-belt:
petrography, structure and ore potential

K. Hagelberg', P. Peltonen® and T. Jokinen®

'Department of Geology, P. O. Box 64, 00014 University of Helsinki
“Geological Survey of Finland, P. O. Box 96, FI-02151 Espoo
Email: kerstin.hagelberg@helsinki.fi

The Tyrisevéd intrusion in south-western Finland has been studied by means of petrography, mineral
chemistry and geophysical surveys in order to constrain its internal structure and potential for Ni-sulphide
deposits. No distinct layered series has developed in the intrusion, and the intrusion like many others in the
Vammala area is interpreted to represent a remnant of synorogenic feeder dyke or sill. The intrusion is
cumulate textured with olivine and clinopyroxene as the main cumulus minerals. The forsterite and nickel
content of the olivines are fairly low, and on a Ni vs. Fo diagram Tyrisevé plots for the most part within the
field of unmineralised intrusions.

Keywords: Svecofennian, Vammala Nickel Belt, Ni-Cu-sulfide deposit, olivine

1. Introduction

The Svecofennian mafic and ultramafic nickel deposits are the economically most
important group of nickel deposits within the Fennoscandian Shield (Hakli et al. 1979,
Hakli and Vormisto 1985). The Tyriseva ultramafic intrusion is located 20 km west of the
former Vammala Ni-Cu mine. It belongs to the Vammala nickel belt between the Tampere
and Hameenlinna schist belts (H&kli et al. 1979). Three mineralized nickel-copper deposits
have been mined in the area (Stormi in Vammala, Kylmékoski and Kovero-oja).

The Vammala area consists of sedimentary rocks that have been intensely
metamorphosed into veined mica gneisses (Matisto 1971). These metasediments are cut by
synkinematic granodiorites and quartzdiorites (Kilpeldinen and Rastas 1992). Black schists
and graphite gneisses have been found in the area, and are interpreted to have caused
sulphide saturation and triggered ore formation in the mafic and ultramafic intrusions in the
Vammala area (Lamberg 2005, Peltonen 1995a). The Ni-Cu deposits within the Vammala
nickel belt are hosted by relatively small, lensoidal ultramafic-mafic intrusions (Hakli et al.
1979, Mancini et al. 1996). Peltonen (1995) interpret the lenses as remnants of synorogenic
feeder dykes and/or sills.

The Tyriseva intrusion outcrops in only one location. Geophysical measurements and
diamond drilling has been conducted in the area, and interpretations concerning
petrography, structure and geochemistry are based on further study of this data. Only one
diamond drill-core has penetrated the intrusion, but the base of the intrusion has not been
located. The aim of the study is to determine in which direction the fractionation has
proceeded and thereby locate the most favorable part for ore deposition.

2. Structure, petrography and geochemistry of the intrusion
No distinct layered series has been recognized in the Tyrisevé intrusion. The layers grade
into one another and the direction of crystallization cannot with certainty be determined.
Rhythmic layering is locally present.

The intrusion is cumulate textured. The main silicates are olivine, clinopyroxene,
orthopyroxene and various amphiboles. Olivine, clinopyroxene, chromite and infrequently



LITHOSPHERE 2006 Symposium, November 9-10, 2006, Espoo 30

orthopyroxene appear in the cumulus phase. Olivine occurs as cumulus grains of various
sizes. The cumulus grains form networks with pyroxene and amphibole in the interstices.
At places the cumulus grains are slightly elongated. Tremolite, hornblende and various
sulphides are the main intercumulus minerals along with minor clinopyroxene. The
intercumulus amphibole commonly encloses the cumulus phase in a poikilitic manner. The
predominance of clinopyroxene over orthopyroxene is a typical feature for the ultramafic
intrusions in the Vammala areca (Mé&kinen 1987). The sulfide phase consists in order of
abundance of pyrrhotite, pentlandite, chalcopyrite, pyrite, cubanite and sphalerite. The
sulfides are mainly present in the intercumulus space, but also appear as rounded inclusions
in pyroxene. The main oxides are magnetite, chromite and ilmenite. All the silicates have
undergone various degrees of alteration, but in most cases the cumulus-texture is still
preserved. Olivine has altered mainly into serpentine, iddingsite and magnetite. Pyroxene
has altered into a pale brown uralite.

The Tyrisevd intrusion has similar geochemical features as the other ultramafic
intrusions in the area. In his study on the Vammala, Ekojoki, Murto and Posionlahti
intrusions, Peltonen (1995b) recognized some common features in the geochemistry of the
intrusions, which apply for the Tyrisevé intrusion as well; whole rock MgO decrease
towards the margins of the intrusion while Al,O;, CaO and SiO, increase in the same
direction. Peltonen (1995b) concluded that these characteristics suggest concentration of
Fe-Mg cumulus minerals in the central parts of the intrusions, and that the post-cumulus
material becomes more abundant towards the margins.

3. Composition of olivine

The Fo content of the olivines varies between 67 and 79,5 mol%. The forsterite content of
the mineralized intrusions in the area are slightly higher (79.0-82.4 mol% in Vammala and
Ekojoki) (Peltonen 1995b). The Ni content of the Tyriseva olivines is rather low and shows
a positive correlation with the Fo content. Plotted on a diagram with mineralized and barren
reference intrusions in the Vammala area, Tyrisevd plots for the most part in the
unmineralized field (Fig. 1). According to Naldrett (2004) and Naldrett et al. (1984) the
low Ni content of olivines in barren intrusions in comparison to mineralized intrusions
indicates that they have been equilibrated with a larger amount of sulphides than the
mineralized intrusions or with magmas depleted in Ni prior to emplacement.

4. Geophysical results

The Tyriseva intrusion is clearly visible on magnetic maps, and is situated in a positive
Bouguer-anomaly domain. The size of the intrusion has been further investigated using
ground surveys according to which the horizontal dimensions of the intrusion are
approximately 1200 by 300 m with a depth of 300-400 m. The contact in the north is rather
incoherent possibly due to later deformation (Peltonen and Jokinen 2002). Based on
ground geophysics the southern part of the intrusion is quite strongly magnetized
(susceptibility 0.05 SI) and has low density (2.80 g/cm®). The northern part of the intrusion
shows weaker magnetism (0.01 SI) and higher density (3.05 g/cm’®). In the central part
there is a section where both magnetism and density are high. This section is related to a
moderately good (~50Qm) SAMPO conductive body at a depth of 150-200 m. The low
density of the intrusion can be explained by the strong serpentinization of the ultramafic
rocks, and the magnetism by disseminated magnetite.
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Figure 1. Compositions of olivines from mineralized Ekojoki and Vammala intrusions compared
with Tyrisevd and barren Murto intrusions. Ekojoki, Vammala and Murto analyses after Peltonen
(1995a), Tyrisevi analyses from this study.
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The FIRE (Finnish Reflection Experiment) consortium carried out Vibroseis measurements in the
Fennoscandian Shield in 2001-2003 on four lines transecting the major geological units in the Shield. The
seismic reflection data, with a total processed profile length of 2104 km, give new information on the crustal
structure of the Fennoscandian Shield, providing important and very useful data source for the studies of the
tectonic evolution of the Shield.
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1. Introduction

The FIRE (Finnish Reflection Experiment) consortium — consisting of the Geological
Survey of Finland, and Universities of Helsinki and Oulu, with Russian company
Spetsgeofizika S.G.E. as a contractor, carried out Vibroseis measurements in the central
part of the Fennoscandian Shield in 2001-2003. The four FIRE transects (Figure 1) run
over the most important geological units of the Fennoscandian Shield. The location of the
survey lines was based on decided on three main lines of argument: geological relevance,
available roads and existence of previous wide-angle reflection/refraction data. Seismic
reflection profiling has turned out to be the most efficient tool in studying the deep
structure of the earth’s crust. The large scale reflection surveys conducted during the last
10-15 years in Canada in the Lithoprobe project (Clowes et al., 1996), in Australia (Korsch,
1998) and also in the Fennoscandian Shield (BABEL Working Group, 1993a,b, Korja and
Heikkinen, 2005 ) have provided new insights on the structure and evolution of the
Precambrian crust. The recently published results (Kukkonen and Lahtinen, 2006) show
that the seismic images from the FIRE profiles will also significantly improve our
understanding of the tectonic process which formed the Fennoscandian Shield.

2. Data

The FIRE project has resulted in an extensive data set consisting of 2104 km of processed
seismic CMP-sections in the Fennoscandian Shield. The analysis of the signal attenuation
shows that the amplitude of the recorded seismic signal is above the background noise to at
least 20 s TWT (two-way-travel time) corresponding to 60-70 km depth. At some locations
the signal stayed well above the noise level during the complete recording time of 30 s
(about 100-110 km). As this analysis was done using unprocessed shot gathers, it is
expected that stacking and processing furthermore has improved the signal-to-noise ratio of
the data. It can be thus assumed that reliable seismic images can be obtained throughout the
whole crust.

The frequency range of the Vibroseis sources used was 12-80 Hz, which corresponds to
wavelengths of about 500-75 metres. The analysis of the frequency content of the
processed NMO stacked sections showed that in the upper crust (above 3.5-5.0 s TWT) the
complete source signal bandwidth is present. Frequencies of up to 60 Hz are present in the
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depth range of the crust (from 0 s to about 15-17 s TWT). Theoretically, this bandwidth
allows reflective layers with thickness as small as 20 m in the upper crust and 30 m in the
lower crust to be observed.

The basic data processing was done by Spetsgeofyzika producing two data sets which
were later migrated at the Institute of Seismology. The normal CMP-stacks have record
length of 30 s which corresponds about 100 km depth. The DMO-stacks with 16 s long
trace length image better steeply dipping structures. In the DMO-sections in the upper part
of the crust boundaries with dips up to 70 degrees can be seen.

FIRE reflection line

Refraction line

BABEL reflection line

.. .| Archaean Mesoproterozoic
Pal terozoi K - Rapakivi granites and associated
alacoprolerozoic rocks mafic rocks (1.65-1.47)

[ ] Karelian cover sequence (2.5-1.96 Ga) ] Continental sandstone
Supracrustal rocks (1.95-1.87 Ga) Neoproterozoic
X Rocks reworked in the Sveconorwegian
Intrusive rocks (1.96-1.84 Ga) NN (1.25-0.9 Ga)
| Granite and migmatite (1.84-1.75 Ga) Phanerozoic
Caledonian (0.6-0.4 Ga)
++.+ Transscandinavian lgneous Belt .

(1.85-1.76 Ga) Sedimentary cover (< 0.57 Ga)

~~B BABEL profile [==<] Major shear zone

Figure 1. Seismic profiles in Finland. The FIRE transects are marked with solid lines, BABEL

profiles with dotted lines and refraction profiles with thin dotted lines (modified from Korja and
Heikkinen, 2005).

3. Reflectivity

In general, the crust along FIRE transects is seismically very reflective, particularly in the
upper and middle crust. Where correlation with surface geology is possible, most of the
strong reflectors can be correlated with basic or intermediate rocks in a felsic environment
or faults and shear zones. The reflecting zones in the upper crust can be followed in many
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places from the surface down to the middle crust. Such structures were imaged particularly
in central Finland, where E-dipping reflectors can be followed for 100-200 km in the
uppermost 40 km under the Central Finland Granitoid Complex (Figure 2). These
structures probably represent thrust faults developed during the collisional stages of the
Svecofennian orogen.

There is a general vertical change in the character of reflectivity at about 10-15 km
depth in all FIRE transects. In the uppermost crust, sharp reflectors are observed, whereas
in the deeper layers the reflectors become more diffuse and ill defined as the reflected
signals contain less high frequencies than in the upper crust. The analysis of frequency
content of data suggests that this effect should not be attributed to the acquisition method or
later processing, but is a genuine property of the crust. The analysis also indicates the
frequency content is not caused only by normal attenuation of the seismic signals.
Although the factors behind this vertical variation in the character of reflectivity are not
fully known, we tentatively attribute the ‘softening’ of reflectors below 10-15 km to
rheological properties of the crust.

Lower crustal reflectivity is more diffuse, due to the nature of the lower crust,
especially in central and southern Finland in the Proterozoic areas of the anomalous high-
velocity lower crust. In these areas, the reflection Moho is diffuse and recognized from
gradual disappearance of lower crustal reflectivity over a depth interval of about 3-5 km. In
areas where wide-angle refraction data is available, depths of the refraction and reflection
Moho are in a good agreement (Luosto, 1996 and references therein, Fennia Working
Group, 1998).

There is a distinct difference particularly between the lower crustal reflectivity in the
BABEL data in the Gulf of Bothnia (reflective lower crust) and the FIRE data in central
Finland (weakly reflective, diffuse lower crust). The difference cannot be attributed to
differences in acquisition methods, since both types of lower crust were recorded on the
NW end of the FIRE 3A transect on the Bothnian Bay Coast (Fig. 2). Reflective, laminated
lower crust was also recorded beneath the Lapland Granulite Belt.

Strong upper mantle reflectors were not detected in the FIRE data. Where sharp
reflectors cutting the lower crust and extending into the mantle have been observed in
Shield areas, these structures have been attributed to subduction processes (Cook at al.,
1999). In such cases the lower crust is usually very reflective and the reflection Moho is
sharp. Such lower crust is observed on the FIRE transects only along line 4A and on the
western end of line 3A.

The FIRE data show that the central and northern parts of the Fennoscandian Shield
have more or less similar reflective properties as the Canadian and Australian Shields. An
apparent difference between the FIRE and Canadian and Australian data sets is the high
proportion of anomalously thick high-velocity lower crust and deep Moho areas imaged in
the FIRE transects. However, areas with comparable lower crustal properties and areal
extent have been described in Wyoming, North America, and Mount Isa, North Australia
(Clowes at al., 2002, Drummond et al., 1998).
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Figure 2. Western end of FIRE 3A showing sharp upper crustal reflectivity and more diffuse
middle and lower crust. Listric-type strong reflectors dipping at low angles to E-ESE can be
followed for over 100-200 km to depths of about 40 km. Two different types of lower crust are seen
in the section: At ca. 430 km near Kokkola, the lower crustal reflecticvity changes abruptly from a
diffuse reflectivity in central Finland to strongly reflective (BABEL-type) lower crust on the
Bothnian Bay coast. Location of line 3A: see Fig. 1.
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Structurally controlled gold mineralisation in the lower part of
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Laboratory, microscopy and field studies on the metasedimentary Kumpu Group rocks in the Lake
Immeljarvi area, Kittild, have revealed that the NNE-striking Immeljarvi fault that cuts through the local
lithostratigraphy is associated with at least two types of hydrothermal veins: quartz-haematite and auriferous
calcite-quartz-sulphide. There are also conglomerate and quartzite boulders cut by quartz-carbonate-pyrite
veins. Rocks along the fault are locally albitised and carbonated. The discovered veins strengthen
mineralisation potential of the Immeljérvi fault and other similarly oriented structures south from the Sirkka
Shear Zone. In addition, this supports the hypothesis that also the post-1.88 Ga Kumpu Group is cut by the
late-orogenic gold mineralisation.

Keywords: Sirkka, Levi, Levitunturi, Katkatunturi, Immeljarvi fault, Sirkka conglomerate,
Levi Formation, Vielmajoki, veins, bornite, clausthalite, naumannite, hessite, gold

1. Introduction
This work reports preliminary results obtained from studies of the Kumpu Group rocks in
the Lake Immeljarvi area, Kittild (Fig. 1). The objectives of the present study were:

l. To investigate the abundance and character of quartz-carbonate veins in the Kumpu
Group rocks in the area of interest.
2. To make some observations in what extent and style(s) the lower part of the Kumpu

Group is altered.

Hydrothermal veins and their related alterations were chosen for a study as such features
are not only classic markers of notable deformation, but also important indicators for gold
mineralisation. In the Kittild greenstone area, most orogenic gold vein deposits have spatial
correlation with structures that penetrate into the Sodankyléd, Savukoski or Kittild Groups
(Table 1). In contrast, especially the Kumpu Group rocks have long been held to be
uninteresting targets for structurally controlled ore deposits. In fact, even veins in general —
whether hydrothermal or intrusive — are only seldom observed in the Kumpu Group (or
perhaps they are not just mentioned?).

The main investigation methods were geological mapping and sampling. In addition, 11
thin sections were studied under ordinary polarising microscope and some also with the
electron probe microanalyser (EPMA) JEOL JXA-8200 at the Institute of Electron Optics
of the University of Oulu.

2. Previous investigations

This study is a continuation of the work by Holma & Keindnen (2006a, 2006b) who
studied a single exposure in the Lake Immeljarvi area (no. 1 in Fig. 1B). The current study,
in contrast, is more regional in scale. Its field works were guided by Mikkola (1941),
Makeld (1968) and Kortelainen (1983), the three publications of which all give short
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descriptions about veins cutting the Kumpu Group rocks in the current study area.
However, since the nature and mineralogical composition of these veins has remained
poorly constrained, it was found that a more detailed study was needed to resolve whether
those veins are somehow related to the mineralised calcite-quartz-sulphide veins reported
by Holma & Keinanen (2006a, 2006b). This vein style was not documented before from
Central Lapland.

3. The study area

The Lake Immeljarvi area (Fig. 1B) is favourable for a study of this kind, because here one
can make observations on the Kumpu Group rocks more easily than perhaps anywhere else.
This is not only due to the excellent road network, but also the fact that here the local
Kumpu Group lithostratigraphy is cut by a fault (the Immeljarvi fault) that gives an
exceptional opportunity to make remarks and collect samples from the lower part of the
stratigraphy. This part of the Kumpu stratigraphy is generally poorly exposed’.

One of the most prominent features of the study area is the Lake Immeljérvi, about 20-30
m deep elongated lake of which waters flow from S to N via several narrow waterways.
One of the brooks is the River Vielmajoki (Fig. 1B).

4. Regional setting

From the seven lithostratigraphic groups of the CLGB, four must be mentioned here. They
are, in the order of decreasing age: Sodankyl, Savukoski, Kittild and Kumpu (Table 1).
The Sodankyld Group comprises clastic metasedimentary rocks with strong terrigeneous
signature (e.g. quartzite). After these epiclastic sediments were deposited, the intracratonic
basin grew deeper and wider and consequently more fine-grained sediments accumulated
on the older and coarser sediments. Basin subsidence led to the formation of the Savukoski
and Kittild Groups, the former comprising phyllite, tuffite and graphitic phyllite and mafic
to ultramafic metavolcanic rocks, and the latter, which is a true oceanic basin sequence,
mafic metavolcanic rocks with intercalating metasedimentary rocks.

The youngest lithostratigraphic group in the Kittild greenstone area is the Kumpu Group.
All the highest landscape forms in Central Lapland are composed of the molasse-like
metasedimentary rocks of this group, comprising conglomerate, siltstone and quartzite
(Table 1, Fig. 1). These rocks, being <1.88 Ga in age (Hanski et al., 2001), record the
youngest preserved Precambrian depositional event in the region. The most prominent fells
composed of these rocks are Levitunturi (531 m amsl), Kétkidtunturi—-Pyhéatunturi (505 m
and 450 m, respectively) and Aakenusvaara (~330 m), all three that are tectonically
dismembered from each other by a set of NNE-striking deformation zones (Fig. 1A). These
fault zones are quite straight and thus are though to be formed in the last significant
tectonic event affecting throughout the entire Central Lapland. Vaisénen et al. (2000) and
Vaisanen (2002) have proposed that the conjugate pattern these faults form was probably
generated in an E-W oriented compression less than 1.77 Ga ago”.

On the basis of aerogeophysical maps, these late straight faults are part of a much larger
fault system (as Fig. 2 shows only a small fraction of these, see the Appendix map of

! From a stratigraphic point of view, the local Kumpu stratigraphy cannot be directly correlated with that of
the Kumputunturi fell itself, as their sedimentary successions are actually quite different (Lehtonen et al.,
1998).

* According to Vdisanen et al. (2000) and Vaisanen (2002), this maximum age of faulting is based on the fact
that some of these faults affect the 1.77 Ga old Nattanen-type granites.
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Lehtonen et al., 1998). Several of these faults have been named, including the faults of
Immeljdrvi and Muusanlammit (Fig. 1A). Both fault zones are deeply eroded and form
lakes and valleys with relatively steep slopes on both sides (Fig. 3).

5. Results

Our results confirm the earlier observations of Holma & Keinénen (2006a, 2006b) that
hydrothermal veins locally cut the Kumpu Group rocks, at least in the Immeljarvi valley
(Fig. 3A). Hydrothermal veins cutting the Kumpu Group have now been recognised from
three different locations in our study area (Fig. 1). Holma & Keinédnen (2006a, 2006b) give
a detailed description of the vein occurrence marked with no. 1 in the Fig. 1B (from now
on, Site 1). The other two vein locations (Sites 2 and 3) were found during this study. All
these three areas are described below.

Host rocks

Site 1: Road cut composed of dark-grey to greenish conglomerate typical to the lower part
of the Kumpu Group (the Sirkka conglomerate of the Levi Formation). Except the couple
of metres high road cut, the area is relatively flat and unexposed.

Site 2: Light-grey, well-sorted clastic quartzite with rare conglomeratic interbeds. The
pebbles in such interbeds are generally well-rounded quartzite or barren vein quartz, but
there are also platy shale/schist fragments. As this site occurs in a pretty steep slope of the
Kaétkatunturi fell, many outcrops can be found from the area.

Site 3: This site differs from the other two in that there are no outcrops, but only several
rather angular boulders in where quartz-carbonate-pyrite veins occur. The boulders are
composed of clastic quartzite and a quartzite containing conglomeratic interbeds, both
undoubtedly representing the Kumpu Group. These rocks are of the same type as quartzite
at the Site 2. Angularity and the big size (up to a few cubic metres) of some of the boulders
suggest a very short transport distance.

Hydrothermal veins

Site 1: The veins are mainly composed of calcite and minor quartz. There are also Cu-
sulphides in these veins: bornite, chalcopyrite and chalcocite. Additional ore minerals
include accessory clausthalite (PbSe), naumannite (Ag,Se), hessite (Ag,Te) and electrum
(Au,Ag). As similar veins have not been documented elsewhere from the region, Holma &
Keinanen (2006a, 2006c¢) suggested they were emplaced during tectonic activity along the
Immeljérvi fault. Typical veins are up to 1.5 cm in wide and they are separated from the
other veins by non-fractured wall rock. In the most intensively veined parts of the
conglomerate, however, the host rock is nearly brecciated by veins. Some veins show
shapes reminiscent of tension gash veins. Some others are clearly formed as fibrous
pressure fringe overgrowths for some of the clasts in the conglomerate. Vein calcite is
fibrous or elongate-blocky in character.

Site 2: The main minerals in the veins are quartz and haematite®. Accessory minerals
include monazite and apatite. The dominating vein microstructure is elongate-blocky. The
host rock is mainly composed of quartz, but contains also minor tourmaline, haematite,
rutile, apatite, monazite, zircon and sericite. The veins are generally narrow, in the range of
1-5 mm. Some veins are broader though, perhaps up to a few centimetres. In places, the

? An interesting anecdote: according to Mikkola (1941, p.117), the haematite content in these veins is locally
so high that there has been, during 1850s, even an attempt to mine the Fe out of the rock.
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veins form breccia-like networks. Most vein boundaries are sharp. It appears that the veins
are more common closer to the Lake Immeljarvi and hence the fault (cf. numbers 2 and 3 in
Fig. 2).

Site 3: The veins in the studied boulders were all composed of quartz and carbonate”.
However, they are completely different from those quartz-carbonate veins occurring at the
Site 1. In this location the veins are not fibrous nor elongate-blocky or fine-grained;
instead, vein minerals are blocky-textured, rather coarse and more euhedral in shape. The
veins are also different by their mineralogical content as here quartz dominates over (or at
least equals) the carbonate, and the carbonate species is not a calcite, but a Fe-rich
carbonate (probably siderite). Lastly, there are no Cu- or Pb-minerals, but pyrite, which is
lacking from the veins at the Site 1.

Hydrothermal alteration

The results reported here are valid only for the lower part of the Kumpu Group, because
most of our field studies were conducted on the lowest level slopes of the Kétkatunturi fell
and in the vicinity of the Lake Immeljarvi where topography is nearly flat (e.g. in the River
Vielmajoki area; no. 3, Fig. 1B).

Site 1: The calcite-quartz-sulphide veins contain minor albite against fracture walls. There
is albite in the host rocks as well, but its amount is insignificant. However, the matrix of the
conglomerate is, locally at least, rich in carbonate. This is indicated by the craggy surface
of the rock as it contains dark brown patches of weathered carbonates. The green hue the
fresh surface of the rock has is derived from the abundantly occurring chlorite, which is
probably metamorphic in origin. There is chlorite also in the veins themselves, but only
against the wall rock.

Site 2: The majority of veins occur without any marks of macroscopically visible alteration,
but in thin section scale minor haematite, rutile, apatite and monazite can be observed in
the wall rock, the minerals that could be related to alteration. However, some veins are
bordered by reddish brown halo, which is either real alteration, or due to more recent
weathering.

Site 3: Rather strong albitisation and carbonation.

6. Conclusions

Gold mineralisation related to quartz-haematite and calcite-quartz-sulphide veins in the
Immeljarvi valley in the lower Kumpu Group rocks have been recognised. A third vein
style (quartz-carbonate-pyrite) has been observed in boulders. The results indicate that 1)
gold mineralisation is later than 1.88 Ga (the maximum age for the Kumpu Group), 2) the
southern side of the SSZ is prospective, 3) the Immeljirvi fault was active at the time of
mineralisation, and 4) the Kumpu Group rocks have potential for structurally controlled ore
deposits.

* The past tense is used here purposely, because only two days after we found these boulders, most of them
were buried under a pile of gravel (the area was an active construction site). Nevertheless, despite the fact that
the boulders could have been removed slightly, we are convinced that their origin is not far: we did not find
these boulders by accident as we were directed to the Vielmajoki River area by a discovery made by E.
Mikkola more than 60 years earlier (Mikkola, 1941, p. 118-119). So, amazingly, the boulders we were
looking for were there to last only for those two days after we studied them. Serendipity at its best?
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Figure 1. A) Sketch map of regional structural elements and main geological domains in the study
area. The light-coloured areas are mainly topographic highs composed of the Kumpu Group
metasedimentary rocks. The box indicates the area of main interest depicted in the Fig. 1B in more
detail. SSZ = Sirkka Shear Zone, IF = Immeljirvi fault, MF = Muusanlammit fault, Kt =
Kaétkatunturi fell, Lt = Levitunturi fell. B) The lines delineating the SSZ and Immeljérvi fault are
from 1:250 000 scale maps and should be taken as approximations. Veins in the “Site 1" have been
described by Holma & Keindnen (2006a, 2006b), whereas this study depicts the vein characteristics
in the other two locations. Geology after Lehtonen et al. (1998). Topographic map@National Land
Survey of Finland. Licence 13/MYY/06.

Table 1. Lithostratigraphy of the Kittild greenstone area (Lehtonen et al., 1998). Those groups
marked with a star are present in the area shown by the Fig. 1A. The studied veins occur in the
bottom part of the Kumpu Group.

Group Main lithology Age (Ga)
% Kumpu Quartzite, siltstone, conglomerate 1.88-1.80
Lainio Quartzite, conglomerate, intermed. to felsic metavolcanic rocks
Y Kittila Fe- and Mg-metatholeiite, BIF, mica schist ~2.02-1.99
* Savukoski Phyllite, graphitic phyllite, tuffite, Fe-metatholeiite, metakomatiite >2.05
% Sodankyld  Quartzite, mica schist, mica gneiss >2.2
Onkamo Tholeiitic and komatiitic metavolcanic rocks

Salla Intermed. to felsic metavolcanic rocks
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Figure 2. TDR-filtered acromagnetic map of the study area showing the conjugate pattern of
relatively straight faults. TDR filtering equalizes small and large magnetic anomalies enabling to
recognise structural discontinuations such as thrusts and faults more easily. Here some magnetic
anomalies that are seen in dark grey are disrupted and in places notably displaced by faults.

Figure 3. Photographs from atop the quartzite-dominated Kéatkatunturi fell towards (A) E to the
Immeljarvi valley and (B) NNE (~030°). The Immeljarvi fault that separates the Kéatk&tunturi
fell from the Levitunturi fell is a NNE-striking structure. The intersection between this fault
and the approximately E-W-striking Sirkka Shear Zone is located a few kilometres north
from the left-hand edge of the Fig. 3A. Compare to Fig. 1.
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Crustal tomography in central Fennoscandian Shield
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Seismic velocity structure of the crust and the Moho boundary of south-central Finland were inverted by local
tomography method using P wave travel time and PMP reflection data. The velocity distribution reveals
varying high and low velocity anomalies that can be associated with different geological units of the area. The
inverted Moho discontinuity show more detailed structure than previous models.

Keywords: Seismic tomography, V,, Moho, crust, Finland

A crustal velocity model and a Moho depth map were inverted by the tomography program
Jive3D (Hobro 1999) using data from the deep seismic surveys, the permanent station
recordings and the SVEKALAPKO passive tomography experiment (Fig. 1; Bock et al.
2001). The variation of the seismic velocities at the surface can be associated with the main
geological units. The P wave velocities are varying laterally in the crust: at depth of 10 km
between 5.9 and 6.5 km/s, of 20 km between 6.3 and 6.9 km/s, of 30 km between 6.7 and
7.3 km/s, and at depth of 40 km between 6.9 and 7.5 km/s.

Inclusion of the PmP observations from the SVEKALAPKO array allowed 3-D
modelling of the Moho boundary between the DSS profiles. The inversion was based on a
3-D tomographic P wave velocity model of the crust (Hyvonen et al. 2006). As the
resolution of the inverted model was poor below the depth of 40 km a 1-D velocity model
was compiled from 2-D models of the DSS profiles for depths greater than 40 km. All non-
controlled source events were relocated with grid search technique by minimizing the
travel time residuals between synthetic and observed rays. Lateral velocity resolution was
good with cell size of 60 km.

The inverted Moho boundary model differs from the interpolated model (Luosto 1997)
in introducing small-scale structural details. The main differences are the nearly 10 km
thinner crust north of the Laitila rapakivi area, and the shape of the Moho boundary in the
Vyborg rapakivi area. Two large Moho boundary depressions are observed in eastern and
south-western Finland. Thinner crust is observed in the Bothnian Bay, in the southern
Bothnian Sea and around the Vyborg rapakivi region in south-eastern Finland. The
Archean bedrock is usually characterized by higher velocities than the Paleoproterozoic
bedrock. The Laitila and Vyborg rapakivi areas and the Central Finland Granitoid Complex
are distinguished by higher velocities than the surrounding schist belts: Bothnian,
Pirkanmaa and eastern Finland.
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Crust-mantle boundary in the central Fennoscandian shield:
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We present analysis of the crust-mantle boundary in the central Fennoscandian shield based on new P- and S-
wave 2-D velocity models of SVEKA’81, SVEKA’91 and FENNIA wide-angle reflection and refraction
profiles and on results of a FIRE seismic reflection experiment in Finland. In this area the Moho boundary is
difficult to detect using methods based on interpretation of P-waves (near vertical profiling and wide-angle
experiments). However, the S-wave reflections from the Moho boundary (SmS) are frequently more
pronounced in wide-angle data than the P-wave reflections (PmP). Based on the lateral variations of Vp,
Vp/Vs and reflectivity in the lower crust and upper mantle, three main types of the crust-mantle boundary
were distinguished.

Keywords: crust, upper mantle, P- and S- wave 2-D raytrace modeling, Vp/Vs ratio,
lithological crust-mantle boundary

The origin and evolution of the crust-mantle boundary in the Precambrian areas had been
debated over for many years, but still remains not completely understood. The depth to the
crust-mantle boundary (the Moho boundary) is usually defined by seismic techniques, e.g.
seismic wide-angle reflection and refraction profiling, near-vertical reflection profiling and
teleseismic receiver function studies. However, different seismic techniques employed to
study the Moho boundary may give incomparable results (Eaton, 2006) and interpretation
of these results in terms of rock composition is difficult.

One of such areas is the central part of the Fennoscaldian shield, where the crust-mantle
boundary has been studied by all the seismic methods mentioned above. In the 80s-90s the
central part of the shield was studied by BALTIC, SVEKA’81, SVEKA’91 and FENNIA
wide-angle reflection and refraction profiles (c.f. FENNIA Working Group, 1998; Grad and
Luosto, 1987, Luosto et al., 1984, 1990,Yliniemi, 1991). In 1989 a marine seismic survey
BABEL recorded more than 2000 km of deep reflection profiles around the Gulf of Bothnia
and the Baltic sea (BABEL Working Group, 1990). The crust-mantle boundary was studied
by SVEKALAPKO (1998-1999) multidisciplinary passive seismic array experiment
(Sandoval et al., 2003, Alinaghi et al., 2003, Yliniemi et al., 2004). In 2001-2003 the
project FIRE (Finnish Reflection Experiment) comprised four reflection seismic transects
of total length of 2104 km crossing the main geological units of the central part of the
Fennoscandian shield (Kukkonen et al., 2006).

This abundant, but sometimes contradicting information about the crust-mantle
boundary in the central Fennoscandian shield was the main motivation of our study, in
which we tried to explain the apparent inconsistence of the Moho obtained from wide-angle
data, receiver function studies and reflection profiling.

For this we made analysis of the crust-mantle boundary in the central Fennoscandian
shield using both P- and S-wave wave fields of previous SVEKA and FENNIA wide-angle
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reflection and refraction profiles. In the central Fennoscandian Shield the recordings of S-
waves demonstrate clear reflections from the Moho boundary (SmS), same or frequently
much better quality than P-wave reflections (PmP) due to absence of thick sediments.
Therefore, combined analysis of P- and S-waves can be used to estimate depth to the crust-
mantle boundary and Vp/Vs ratio in the crust and uppermost mantle. We developed new P-
and S-wave velocity models using reprocessing of the old data and compared them to
record sections of collocated FIRE profiles and to petrophysical data about seismic
velocities in the main types of lower crustal and upper mantle rocks.

The main conclusions from our study can be formulated as follows (Janik et al.,
submitted):
1) The new combined seismic models of SVEKA transect and FENNIA profile demonstrate
pronounced lateral variations of values of Vp, Vs and Vp/Vs ratio in the crust and of the
depth to the Moho boundary that can be associated with large blocks of the crust.
2) The low velocity zone (LVZ) was detected at depths of 5-12 km in central and northern
parts of FENNIA profile and along all SVEKA transect, with exception for most of the
southwestern part.
3) Significant difference in the crustal structure of the south-westren block beneath the
SVEKA transect and the southern block beneath the FENNIA profile suggests that these
blocks belong to different crustal units and there should be an unexposed boundary
separating these units, that should stretch in the NS direction.
4) The deepest Moho (> 60 km) was found beneath the central part of the CFGC.
5) The Moho boundary is overlain by a high-velocity lower crust (HVLC) with Vp>7.15
km/s and Vs>4.0 km/s. The thickness of the HVLC and the value of Vp/Vs ratio in this
layer vary from 10 to 30 km and from 1.74 to 1.78, respectively.
6) There is a general agreement between SVEKA and FENNIA models and FIRE1 and
FIRE2 sections, regarding the shape and thickness of the lower crust and the Moho depth.
7) Beneath the CFGC thickness of the HVLC is extremely high and two layers can be
distinguished there: HVLC1 and HVLC2. The P- and S-wave velocities in the lowermost
HVLC2 (Vp>7.3 km/s, Vs>4.15 km/s) are higher than in the uppermost HVLC1 (Vp>7.15
km/s, Vs>4.0 km/s). The values of Vp/Vs are similar (1.76-1.77) within the HVLCI and the
HVLC2. This indicates that both HVLC sub-layers are probably composed of mafic garnet
granulites formed by a multi-stage evolution that included both partial melting of the lower
crust and magmatic underplating.
8) The HVLC beneath the Archaean-Proterozoic transition and beneath the southern part of
the FENNIA profile is composed of one layer (HVLC3) with value of Vp/Vs ratio of 1.74.
This suggests that in both cases the HVLC3 is composed of rocks that have reached
transition to eclogite facies.
9) Three main types of the Moho boundary were distinguished:
*The first type corresponds to eclogitized lower crust (HVLC3) that overlies peridotitic
upper mantle. In this case the Moho boundary coincides with the litholigical crust-mantle
boundary.
*The second type corresponds to HVLC2 composed of mafic garnet granulites overlying
peridotitic upper mantle, for which the seismic Moho and the petrophysical crust-mantle
boundary coincide as well.
*The third type corresponds to the contact of mafic garnet granulites (HVLC2) and
eclogities. In this case the Moho and the petrophysical crust-mantle boundary do not
coincide and the latter is located deeper than the Moho boundary.
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10) The sub-Moho velocities of Vp>8.3 km/s, Vs=4.72-4.73 km/s and Vp/Vs ratio of 1.76-
1.77 were detected below southwestern part of the SVEKA transect and the northern part of
the FENNIA profile. The values of Vp=8.1 km/s and Vp=8.05 km/s were detected below
the southern part of the FENNIA profile and the northeastern part of the SVEKA transect,
respectively. The values of Vs and Vp/Vs were not well constrained there.

11) Upper mantle reflectors were detected at the depth of 60-80 km.
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Figure 1. Simplified sketch of the crustal structure along the SVEKA transect and FENNIA profile
developed by re-interpretation. Thick lines are velocity discontinuities. Dotted lines show
boundaries between four blocks with different structure. Abbreviations: UC — upper crust; MC —
middle crust; LVL — low velocity layer; M — Moho boundary. VE denotes vertical exaggeration.
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Magnetic fabric investigation on rapakivi granites in Finland
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Aeromagnetic data reveal concentric structures associated with rapakivi granites in Finland. Three areas
based on their magnetic structures are selected for closer investigation. Geological observations,
aeromagnetic interpretation and petrophysical data, including anisotropy of magnetic susceptibility (AMS)
are essential tools in this research.

Keywords: Rapakivi granites, magnetic fabric, anisotropy of magnetic susceptibility
(AMS), petrophysics

1. Introduction

The main purpose of my research is to determine the intrusion mechanism of rapakivi
batholiths in Finland with emphasis on observed field relations and the magnetic fabric.
This abstract refers to methods and work done so far. Results concerning the intrusion
mechanisms are later discussed in my unfinished PhD thesis. This research project is
collaboration between the Department of Geology and Mineralogy at Abo Akademi
University and the Geological Survey of Finland.

Aeromagnetic maps reveal previously unknown concentric structures indicating
numerous smaller sub-intrusions building up and forming the Wiborg rapakivi batholith. Is
the “homogenous” Wiborg rapakivi batholith divided into distinctive smaller intrusions
composed of successive series of amalgamated pulses of granitic magmas? Structures with
similar patterns have previously been described in connection with e.g. caldera collapses
(Selonen et al., 2005). Primarily, I have selected three smaller (c. 10 kilometers in
diameter) and distinct magnetic structures; Ruotsinpyhtdd (fig. 1), Yldmaa (fig. 2) and
Vehmaa (fig. 3) for closer investigation, based on the aeromagnetic pattern and on
published geological maps (Simonen, 1987; Lindberg & Bergman, 1993). Ruotsinpyhtéi is
located in the western part and Yldmaa is located in the eastern part of the Wiborg batholith
in SE Finland. The Vehmaa rapakivi batholith is located in SW Finland. Petrology,
petrogenesis and isotopic ages of rapakivi granites from the Wiborg batholith are in more
detail discussed in works by Rdmé and others (1990; 1994).

Even though the aeromagnetic data of the three selected areas show distinctive
structures, similarities can be found in their size and concentric appearance. The anisotropy
of magnetic susceptibility (AMS) in rocks reflects the lineation and foliation of the
magnetic fabric. Analyses of the magnetic fabric give an opportunity to follow up the
directions of the magma pulses within the concentric structures of the batholiths. In this
research of the intrusion mechanisms of rapakivi batholiths, major emphasis will be given
on magnetic fabric studies.

Application of the AMS technique can further be used for describing the fabric of
oriented cracks, joints and deformation zones which may be relevant for nuclear waste
depositing (Mattson, 2006), for the dimension stone industry or engineering geology.
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2. Anisotropy of magnetic susceptibility (AMS)

The anisotropy of magnetic susceptibility method is well established as a petrophysical tool
to determine lineations and foliations in granitic rocks (Bouchez, 1997). Puranen (1991)
describes the AMS technique and estimates the magnetic fabric within and around the
Wiborg rapakivi pluton, which I use as reference data for my studies. Emplacement and
intrusion mechanism of granitic plutons have been successfully explained by AMS
interpretations (Wennerstrom & Airo, 1998; Ferré et al., 1999; McNulty et al. 2000; Titus
et al., 2005).

The magnetic susceptibility, K, is based on an induced change in the applied magnetic
field, which is caused by the magnetic properties of the measured specimen. The anisotropy
of magnetic susceptibility represents three principal susceptibilities and their directions (K;
= maximum, K, = intermediate, K3 = minimum) as the axes of an ellipsoid (fig. 4).

The magnetic anisotropy of minerals originates from either grain shape or their
crystallographic structure. Magnetite, which shows the highest susceptibility, tends to
dominate the magnetic properties and therefore also the anisotropy. If the rock does not
include ferrimagnetic magnetite, the anisotropy derives from biotite or other paramagnetic
minerals.

3. Fieldwork

Oriented drill core samples are collected from two selected areas, Ruotsinpyhtdd and
Vehmaa with a portable mini drill. There are 45 sample stations in the Ruotsinpyhtdi area
within the Wiborg rapakivi batholith and 25 sample stations from the center of the Vehmaa
rapakivi batholith. Two and more drill cores are collected from each station. From each
drill core 2-4 specimens are sawed to a fixed length of 22 mm. The diameter of the cores
are 25 mm, each specimen therefore has a volume of about 11 cnr’. A total amount of 6-12
specimens from each sampling station are achieved. Altogether c. 350 specimens from the
Ruotsinpyhtdéd area and c. 200 from the Vehmaa area are measured. The strike and dip
direction of each drill core are measured using a sun compass.

Apart from collecting drill core samples detailed geological observations are made.
Also samples for standard petrophysical investigations (density, susceptibility and
intensities of remanent magnetization) are collected at each outcrop. A total amount of 150
additional samples for standard petrophysical investigation have been taken throughout the
Ruotsinpyhtdéd area. In the Vehmaa batholith, aligned fragments of fine-grained granitic
rock are visible on outcrops around the center of the concentric anomaly pattern, which are
compared to the AMS data. At some localities visible foliation are found, which can also be
compared with the AMS results.

4. Laboratory work

The AMS measurements of the Ruotsinpyhtdd area of the Wiborg rapakivi batholith and
Vehmaa rapakivi batholith are performed at the geophysical laboratory of the Geological
Survey of Finland using the Kappabridge KLY-3S apparatus. The Kappabridge apparatus
is working with magnetic field-intensity at 330 Am™' and operating frequency at 875 Hz.
The specimen rotates slowly inside the coil were the susceptibility is measured
subsequently about three axes which are manually input. Finally a bulk susceptibility
measurement is done. The anisotropy is computed from these measurements. Parameters
that are commonly used to describe the magnetic fabric are the degree of anisotropy, P°, the
degree of lineation, L, the degree of foliation, F and the ellipsoid shape, T.
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Apart from AMS measurements, standard petrophysical measurements are made. Thin
sections and geochemical analyses are made to identify compositional varieties of
distinctive rapakivi granite types.

5. Preliminary results

Preliminary results show that the different magnetic anomaly patterns from each study area
can be described on the basis of their petrophysical properties. A comparison with samples
taken in purpose for this research are compared with all Finnish rapakivi granites in the
petrophysical database of the Geological Survey of Finland.

Geological observations in the Ruotsinpyhtdd area show that the previously unknown
concentric magnetic structure consists entirely of dark wiborgite and the inside of the ring
structure consists of even-grained rapakivi granite.

Preliminary petrophysical measurements at Y1dmaa show strong susceptibility variations
between different rapakivi granite types. Dark even-grained rapakivi granite has very high
susceptibility and high density in opposite to wiborgite, which has low susceptibility and
normal density.

In the Vehmaa batholith the distinctive medium-grained porphyric rapakivi granites
from the inner and outer zone (Selonen et al., 2005) can also be identified by petrophysical
data. Data from the inner zone show high susceptibility and normal density and the outer
zone show lower susceptibility and normal density.

6. Conclusions

The concentric magnetic anomaly patterns of the selected areas can be explained by a
combination of basic petrophysical measurements, thin section and chemical analysis of the
rocks. Preliminary AMS test results from Ruotsinpyhtdd and Vehmaa speak for further
research concerning the magnetic fabric investigation to determine intrusion mechanisms
of the rapakivi granites in Finland.
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Figure 1. Aeromagnetic image of the Ruotsinpyhtéé area in the western part of the Wiborg
rapakivi batholith. Aerogeophysical Surveys by Geological Survey of Finland.
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Figure 2. Aeromagnetic total intensity map of the Yldmaa area in the eastern part of the
Wiborg rapakivi batholith. Aerogeophysical Surveys by Geological Survey of Finland.
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Figure 3. Aeromagnetic image of central Vehmaa batholith. Aerogeophysical Surveys by
Geological Survey of Finland.
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Figure 4. The anisotropy of magnetic susceptibility viewed as an ellipsoid with its
principal axes K; > K, > Kj. K; represents the direction of the magnetic lineation, K3
represents the pole to the magnetic foliation.
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The Archean Savukoski-Tuntsa area is characterised by horizontal tectonics, manifested
by flat-lying foliation that was evidently developed in overthrust folding. Metasediments of
the area are staurolite schists and gneisses which sometimes have narrow leucosome veins
marking the beginning of melting. Typical mineral assemblage in peraluminous gneisses is
st-ky-bt-pl-qtztgrttcrdtchltms. Andalusite was found in one locality in the eastern part of
the area and sillimanite in the northernmost part of the study area, indicating increasing
metamorphic grade to the north. Garnet has a strong compositional zoning indicating two-
stage metamorphism. Garnet cores are Ca-richer and Mg-poorer than garnet rims.
Thermocalc average PT-calculations show crystallization pressures of around 8 kbars for
the garnet cores and 5-6 kbars for the garnet rims at temperatures of ca. 520-620°C. These
results indicate Barrovian, low T/P type metamorphism with clockwise decompressional
PT path, typical for tectonically thickened crust.

Keywords: Archaean, metamorphic reactions, Lapland, Tuntsa-Savukoski formation
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Contemporary crustal motion in Fennoscandia observed with
continuous GPS networks
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We describe the crustal motion in the Fennoscandian area based on the decade-long time series of permanent
GPS networks in Finland and Sweden. Both horizontal and vertical motions can be measured simultaneously
with GPS. In most studies, the general motion of the Eurasian plate has been removed to find the intra-plate
deformation. In our case, vertical motion due to the post-glacial rebound is dominant, but the rebound causes
also detectable horizontal motion.

Keywords: GPS, permanent networks, plate tectonics, intra-plate crustal deformation

1. Introduction

Networks of permanent geodetic GPS (Global Positioning System) stations provide an
accurate method to determine present day crustal 3-D deformations. Both horizontal and
vertical motions can be measured simultaneously. The horizontal velocities can be
measured at a millimeter/year level and vertical rates about 2 times less accurately. This,
however, requires time series of several years and stable reference frames.

Global GPS networks are sparse, and can be used together with other space geodetic
methods, Satellite Laser Ranging and geodetic VLBI, for monitoring plate tectonics and
defining accurate and stable global reference frames. Regional networks, such as the
European Permanent GPS Network, EPN, are considerably denser than the global
networks. They are used for defining regional reference frames. National GPS networks are
used for creating national frames for mapping and GIS purposes. These and other local
networks of all scales, down to small km-sized networks are suitable for deformation
studies. However, local (or intra-plate) deformation studies may require even denser
networks. The observations are to be processed in a global reference frame, which ensures
stability over years to detect minor movements.

The Nordic geodetic GPS network consists of national networks of Finland, Sweden,
Norway and Denmark (Fig. 1). As an example of the network hierarchy, the Finnish
permanent GPS network, FinnRef, consists of 13 GPS stations. One station, Metsidhovi,
belongs to the global IGS (International GNSS Service) network, which is used for orbit
computation of GPS satellites and maintaining of global reference frames. Metséhovi, and
three other stations, Vaasa, Joensuu and Sodankyld are part of the European Permanent
GPS Network (EPN), and are basic stations for the European reference frame. All FinnRef
stations are used for regional studies of Fennoscandian intra-plate deformation as well as
creating the national frame EUREF-FIN.
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Figure 1. Nordic permanent GPS network. All the sites receive GPS signals 24 hours a day,
providing long time series for reference frame creation as well as for deformation studies. Special
care has been put into site selection to ensure their stability. The sites in Finland and Sweden are
used in the BIFROST project.

Baseline Inferences for Fennoscandian Rebound Observations, Sea Level, and Tectonics
(BIFROST) has been a project that was initiated in 1993 taking advantage of tens of
permanent GPS stations both in Finland and Sweden. The goal was to measure the present
day crustal deformation in Fennoscandia and provide a new GIA (Glacial Isostatic
Adjustment) observable for determination of the Earth structure and Fennoscandian ice
history. Most of the following results are based on the BIFROST network, but also on the
observations and analysis of the FinnRef network, and on the global scale, the IGS
solution. The BIFROST results are published in Milne et al., 2001 and 2004, Johansson et
al., 2002, and Scherneck et. al.,2002.

2. Plate tectonics and crustal deformation in Fennoscandia

The observed crustal motion includes several components. First of all, there is the general
drift of the Eurasian plate, as observed in the global network (Fig. 2). The vectors are
relative to the global reference frame ITRF and based on the time series of the IGS
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network. One commonly used model to describe the plate tectonics is the NNR-NUVEL
1A (de Mets et al., 1994). It takes into account the general drift of a plate, but especially in
the margin regions and in the areas of deformation, the model cannot be applied. It applies
only the horizontal motion, and therefore cannot be used in the postglacial rebound area
either.

In local deformation analysis the global continental drift may be removed, either using
the global NNR-NUVELIA model or velocity vectors computed in the ITRF solution. A
standard geodetic solution includes a mean value and a constant rate of a station, an
admittance parameter for atmospheric loading and periodic terms with different
frequencies. Also a bias parameter needs to be included on times that were expected to
influence on the rate estimates. These kind of known interruptions are changes or removals
of antennas or antenna radomes etc. Discussion and numerical results are given in Milne et
al. 2001, and Johansson et al. 2002.

In Fig. 3. we show an example of time series obtained from a permanent GPS network.
The time series have periodic and non-periodic variability. These are connected to changes
in antenna radomes or antennas, heavy snowstorms and frost, and periodic crustal loading
effects, sometimes even an artifact coming from data processing. Postglacial rebound is
visible in the trend of the vertical component, but also as a change in the networks scale.

Figure 2. Velocity vectors of stations belonging to the permanent global GPS network.
Stations shown are only a sub-set of the global network. Plate boundaries are also
indicated.
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Figure 3. An example of time series of continuous GPS observations. In the right column
is time series of the East component of Tuorla station with respect to Metsdhovi. In the left
column is the Lomb periodogram of the time series. A prominent annual variation can be
seen. In some cases outliers, e.g. due to snow accumulation on a radome degrade the rate
estimates, especially on the height component.

The amplitude and orientation of the GPS-based horizontal velocity vectors in
Fennoscandia (Fig. 4b) are consistent with the GIA model prediction (Lambeck et. al.,
1998) (Fig. 4a). Horizontal velocities are small in the vicinity of the Gulf of Bothnia, and
they tend to radiate outward from this area. The horizontal rates have greater amplitude
westward of the Gulf of Bothnia than eastward of this region. The asymmetry is a
consequence of several factors. The surface mass (ice plus water) load is not symmetric
about the Gulf of Bothnia. Furthermore, deglaciation of Late Pleistocene North American
ice sheets and rotational effects produce long-wavelength present-day horizontal
deformations in Fennoscandia directed, respectively, toward the northwest and east. (Milne
et. al., 2001, 2004)

GPS gives rather 3D results than only horizontal direction. In Figure 5 is shown the GIA
model prediction and GPS derived present day vertical crustal motions in Fennoscandia.
(Milne et. al., 2001, 2004).

In Milne et al. (2001 and 2004) a conclusion is given that an Earth model that satisfies
both the observational and independent geologic constraints has an average viscosity of 5 x
10 to 1 x 10*' pascal seconds in the upper mantle and an elastic thickness of the
lithosphere of 90 to 170 kilometers. The horizontal GPS results do not show indication of
ongoing intra-plate tectonic motion exceeding 1-2 mm/yr across the entire shield area.
However, for a more detailed study of the intra-plate deformation a denser set of GPS
stations or episodic GPS campaigns are necessary. Detailed 3-D motion with an accuracy
of sub-millimeter is achievable in a small local network as demonstrated in Ahola et al.,
2006.

Combined observation techniques, ever increasing length of time series and eventual re-
computation of the whole BIFROST data history with improved algorithms (see e.g.
Lidberg, 2004) will increase the accuracy.
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Figure 4. BIFROST prediction of the horizontal present-day crustal motion (a), the velocities
determined from GPS observations at each site (b), the error ellipses are 1c. Residual horizontal
deformations at each GPS site when predicted rates are subtracted from observed ones. (Milne et.

al., 2004)

5 -3 0

2 3 5 7 9 10 11 12
uplift rate (mm/yr)

Cc

2 -1 0 1 2 3 4
uplift rate (mm/yr)

Figure 5. BIFROST prediction of the vertical present-day crustal motion (a), the velocities
determined from GPS observations at each site as a contour map (b),. Residual vertical
deformations at each GPS site when predicted rates are subtracted from observed ones. (Milne et.

al., 2004).
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3. Future of the networks

Traditionally, geodetic networks of different techniques have been separated, with only
a few, if any, common points. There is, however, a great advantage in combining, for
example, gravimetric and GPS networks. In addition to the 3-D crustal deformation, one
gets also information on gravity changes, important for geodynamic interpretation. During
recent years, combined network and observing systems have been discussed and
established.

The Nordic Geodetic Commission (NKG) established in 2003 a Task Force with the
mission to prepare the plan and the practical implementation of the Nordic Geodetic
Observing System (NGOS). The geographic extent of NGOS covers the Nordic region,
including Iceland, Greenland and Svalbard, i.e. the area of the ice-covered part of the
Northern Europe during the last ice age. (Poutanen et al., 2005)

NGOS will be the major channel in the future to coordinate and combine the existing
observations and networks in the Fennoscandian area, and act as an interface between the
geodetic community and the public. Most of the infrastructure is already in its place, and
we already have years of high-quality data available, which can be used for intra-plate
deformation studies. On the global level, GGOS (Global Geodetic Observing System) will
be in coming decades the geodesy's major contribution in the studies of the Planet Earth.

Figure 6. NGOS plan. Absolute gravity points (triangles), Nordic permanent GPS network
(upside down triangles) and tide gauges (circles). All absolute gravity points are occupied
with a GNSS instrument. (Poutanen et al., 2005)
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Electrical conductivity of upper mantle in Fennoscandia
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Information on electrical conductivity of upper mantle beneath the Fennoscandian Shield and its margins are
reviewed and potential implications are discussed.

Key words: magnetotellurics, electromagnetic soundings, electrical conductivity,
lithosphere, asthenosphere, upper mantle, Fennoscandia

The first long period electromagnetic soundings in Fennoscandia were completed in early
1980°s (e.g. Jones, 1980, Kaikkonen et al., 1983). Since then a few additional deep probing
studies were carried out (e.g. Pajunpad, 1988, Rasmusen, 1988) before the end of the last
century. Recent improvements of magnetotelluric instrumentation have made it possible to
obtain reliable and good quality data from magnetotelluric profile and array measurements.
This is important, in particular, for upper mantle studies because long recording times are
needed for deep probing soundings to obtain long period data (needed for upper mantle
studies) and to correct for source field effects. As an example, in the recent EMMA work
(Smirnov et al., 2006) simultaneously nine months long recordings at 12 sites were carried
out from Aug 2005 to Jun 2006. These recordings provide information from the depths of
several hundreds of kilometres.

In 1998 a large MT array was employed in Fennoscandia as a part of the BEAR
research (Korja et al., 2002), which, for the first time, provided data over the entire shield
(e.g. Lahti et al., 2005). Since then several extensive data sets have been collected both in
the Fennoscandian Shield (Jamtland - Korja et al., 2006; EMMA — Smirnov et al., 2006;
MT-FIRE — Vaittinen et al., 2006) as well as on its margins (TOR — Smirnov and Pedersen,
2006; EMTESZ-Pomerania — Brasse et al., 2006). A complete list of references to original
work used in current work are given in the reference list.

Figure 1 shows the location of deep sounding sites in Fennoscandia. Circles are
coloured according to the inferred depth of the top of the upper mantle conductor. Figure 2
shows an example of the depth of the assumed electrical lithosphere-asthenosphere border
along a NS-directed profile across Europe.

Results show that in Fennoscandia (and in East European Craton) electrical
asthenosphere is either very deep or is absent (or cannot be detected by magnetotellurics)
whereas in Central and Southern Europe electrical asthenosphere is much shallower. Rapid
transition from thick East European Craton to thinner Phanerozoic Europe coincides with
the Trans European Suture Zone.
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Figure 1. Location of deep electromagnetic sounding sites in Fennoscandia and adjacent regions
(circles). Colour of circles denotes depth to upper mantle conductor. Geological map simplified
from Koistinen et al. 2001. References for original deep electromagnetic studies are given in text.
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Figure 2. Upper mantle cross-section through Europe (Korja, 2006) showing the depth of the
assumed electrical lithosphere-asthenosphere border in Europe. Inverted triangles show the
simultaneously location of sampling points.
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Two deep seismic reflection profiles, FIRE 1 and 3a reveal post-collisional deformation in the Central Finland
Granitoid Complex (CFGC) in the central part of the Svecofennian Orogen. In the orogeny, the Proterozoic
Central Finland was thickened due to westward stacking of 25 km thick crustal slices. Gravitational collapse
took place in the upper parts of the continental stack and it is displayed as shallow, upper crustal extensional
structures (3-8 km) cross-cutting the collisional ones.

FIRE 3a is characterized by shallow, SE dipping listric structures, which flatten out between the depths of
8 km and 10 km; these listric structures are imaged as subhorizontal reflections on FIRE 1. The listric
reflections broadly correlate with smooth NE trending changes in magnetic anomaly levels. On Fire 1, the
subhorizontal reflections are transected by several NW-SE trending,, NE or SW dipping lineaments, which
define a graben-horst structure in the uppermost 8 km of the crust. These lincaments are seen as sharp
magnetic minima on aeromagnetic anomaly maps. It is likely, that these steeply dipping and listric structures
controlled the emplacement of some of the granites of the CFGC, probably under transtensional or extensional
tectonic regime.

Keywords: Central Finland, extension, gravitational collapse, reflection seismic line, FIRE

1. Introduction

Extension takes place in several continental environments: continental rifts, back-arcs, core
complexes and in collapsing orogens. Extension is either related to diverging plate
movements, mantle plume upwelling or gravitational potential energy (GPE) anomalies in
the crust (Rey et al. 2001). The mode by which the lithosphere is stretched depends on
rheology, thickness of the crust and lithosphere, geothermal gradient, strain rate, type of
stress applied, plate boundary forces and time applied. So far, the different modes of
extension have not been distinguished in shield areas although extensional environments
have been recognised and described in geological literature.

Seismic reflection data has a large role in distinguishing extensional structures in
crustal scale, both in modern environments and in the ancient ones. Deep seismic reflection
profiles FIRE 1 and 3A image post-collisional, extension-related deformation in the Central
Finland Granitoid Complex (CFGC) in the central part of the Svecofennian orogen. The
FIRE 1 and 3A profiles cross each other in the Karstula-Saarijérvi area in the CFGC (Fig.
1). As this provides an excellent opportunity to gain a 3D view of the crust, the area was
chosen as the starting point for further studies in the ongoing project.

2. Geologic and aeromagnetic features of Central Finland Granitoid Complex

The CFGC comprises 1.89 - 1.88 Ga synkinematic granodiorites and granites, 1.88 Ga
postkinematic granites, minor mafic intrusions and various volcanic to subvolcanic rocks;
metasedimentary rocks are found in places. The synkinematic granitoids of the complex are
more or less deformed and show clear and pervasive foliation or schistosity. The massive,
nonfoliated postkinematic granites are the latest intrusives in the complex and post-date the
collisional deformation. Two postkinematic granite intrusions, Karstula and Saarijirvi, are
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Figure 1. Aeromagnetic anomaly map of the Karstula-Saarijarvi area of the Central Finland
Granitoid Complex (Geological Survey of Finland). The numbers indicate CMP for the seismic
profiles FIRE 1 and FIRE 3A. Two postkinematic granite intrusions, Karstula and Saarijérvi, and
the supracrustal Kalmari sequence are marked on the map. The dashed black lines indicate the SE-
trending, linear magnetic minima identified as shear-zones; the solid white lines show bending of
the structures along one of them. The solid black lines indicate Riedel fractures. The stipled white
lines denote the NE-trending, SE-dipping changes in magnetic anomaly levels.

found in the study area, separated by the Kalmari supracrustal (subvolcanic) sequence (Fig.

1.

On the aeromagnetic anomaly map of the Karstula-Saarijérvi area, the more magnetic
mafic and supracrustal rocks of the area form local anomaly maxima in the background
composed of granitoid intrusions (Fig. 1). The postkinematic Karstula and Saarijérvi
granites are displayed as featureless magnetic minima, flanking the more magnetic Kalmari
subvolcanic sequences in between. Several sharp, linear, SE-trending magnetic minima
transect the synkinematic granitoids and supracrustal rocks. Field observations identify
these lineaments as shear-zones, which in places truncate also the postkinematic granites.
Bending of the structures along one of these lincaments indicates right-handed lateral
movement along the shear-zone. A less obvious feature in the area are the NE-trending,
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SE-dipping changes in magnetic anomaly levels; one of these changes coincides with
deformed amphibolites northwest of the Karstula granite.

3. Interpretation of the seismic data

Lahtinen et al. (2005) have suggested the Svecofennian orogen to be a collage of
microplates and intervening volcanosedimentary belts. The seismic reflection data reveals
that the thick Svecofennian crust (>50 km) is composed of 20-25 km thick crustal slices
that have been stacked west-northwestwards. In the CFGC, the collisional structures have
been overprinted by extensional deformation.

The deep seismic reflection profiles reveal a three-layered structure of the crust in the
CFGC area. On FIRE 1, the upper crust (down to about 8-10 km) is characterized by
subhorizontal reflections, which are transected by several relatively steep, NE or SW
dipping lineaments. These lineaments define a graben-horst structure in the uppermost 8
km of the crust and seem to correlate with the southeasterly, linear magnetic anomalies and
image the shear-zones. The middle crust (from about 10 to 35 km) is segmented by strong
reflections that merge into the middle crust - lower crust boundary. The lower crust (down
to almost 60 km) is characterized by diffuse, nearly horizontal reflections. In the Karstula —
Saarijdrvi area, the middle crust is thinner, separated from the thickened lower crust by
strong reflections at the depth of 20 to 25 km.

The upper crust along FIRE 3A is characterized by shallow, SE dipping listric

structures, which flatten out between the depths of 8 to 10 km; on FIRE 1, these structures
are imaged as the subhorizontal reflections. The surface intersects of some of these
structures broadly correlate with the NE-trending changes in magnetic anomaly levels. The
middle-crustal segments are clearly defined by strong reflections that dip gently southeast
and flatten out or become diffuse at the middle crust - lower crust boundary. The middle-
crustal reflections are truncated by the upper-crustal ones, on both profiles.
The seismic image indicates the postkinematic Karstula and Saarijarvi granites to be bowl-
shaped, relatively shallow (from 2 to 6 km) intrusions that overlie some of the listric
structures seen in FIRE 3A. Also, the SW contact of the Karstula granite is tectonic,
formed by a SW-dipping shear-zone seen in FIRE 1 and confirmed by field observations. It
is interpreted that these structures partly controlled the emplacement of the postkinematic
granites, probably under transtensional or extensional tectonic regime.

44— Strelching e

Ductile crust

Hot mantle

Figure 2. Uniform pure shear model of basin formation after McKenzie (1978) and Coward (1986).
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4. Discussion and conclusions

The interpretation of the seismic data and the different reflections in the upper, middle and
lower crust are compatible with the rheological models/observations by Meissner 1996 and
Coward 1987. The upper crust shows brittle structures, lower crust ductile subhorizontal
structures and middle crust large scale listric faults typical of elastic domain. Thinning of
the upper and middle crust has been compensated by upwarping of the lower crust and
upper mantle. Highly reflective crustal “steps or ladders” found beneath the mafic
intrusions are interpreted as magmatic feeder channels whereby melts from the lower crust
have risen to the upper crust.

In N-S direction, along FIRE 1, the crustal structure bears a striking similarity to the
McKenzie-type uniform pure shear model of basin formation (Fig. 2; McKenzie, 1978;
Coward, 1986). As the lithosphere is stretched during continental extension, the ductile
lower crust thins by stretching, while the upper crust is broken up and pulled apart by
normal faults soling at the brittle-ductile transition zone. In E-W or SE-NW direction,
along FIRE 3, the overall crustal structure is asymmetric suggesting extension in simple
shear mode (Wernicke 1985; Lister et al., 1991). Both simple and pure shear stress may
have coexisted during the extensional event.

The granitoids of the CFGC seems to have intruded the uppermost brittle part of the
crust in extensional tectonic setting. The extensional structures may have developed in
either active (rift, back-arc) or passive setting (collapse) (Rey et al., 2001). Because the
extension is taking place contemporaneous with accretion of the Oskarshamn-Jonkoping
volcanic belt to the southwestern margin of the Fennoscandian plate, it is suggested that the
extension is related to gravitational collapse of the over-thickened Svecofennian crust as
previously proposed by Lahtinen et al. 2005.
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1. Introduction. International Polar Year 2007-2008

Environmental changes currently observed in Polar Regions are unprecedented in times of
modern observation, and there is concern that these rapid changes may continue or even
amplify in the coming decades. However, our ability to describe and understand the
processes affecting environmental state of the Polar Regions is critically limited by a lack
of observations in space and time. Therefore, increasing of multidisciplinary observations
in polar region is important for proper understanding these processes.

The First International Polar Year was held in 1882-1883. It was the first international
collaborative project aiming to study Polar Regions. During this year an observation station
was founded also in Sodankyld (Finland). The next IPY (1932-1933) and the International
Geophysical Year (IGY; 1957-1958) produced unprecedented amount of data and new
discoveries in many fields of research and fundamentally changed understanding of
processes of the polar regions. At present, new technological developments such as
information technologies, Earth’s observation satellites, autonomous vehicles offer new
opportunities for a further understanding of polar systems.

As described in the report by the International Council for Science’s (ICSU) IPY
Planning Group (Rapley and Bell, 2004), IPY 2007-2008 will be an intense, internationally
coordinated campaign that gives expanded attention to the deep relevance of the polar
regions to the health of our planet, and serves to establish the ongoing observation systems
needed to fully understand the polar regions and their links to the global system. It will
include research in both the Arctic and Antarctic, be multi- and interdisciplinary in scope,
and be truly international in participation. It will educate and excite the public and help
produce the next generation of engineers, scientists, and leaders. A framework such as the
IPY can provide the impetus to undertake projects that normally could not be achieved by
any single nation.

2. POLENET- Polar Earth Observing Network

POLENET (http://www.ipy.org/development/eoi/proposal-details.php?id=185) -POlar
Earth Observing NETwork is a multidisciplinary consortium of activities during the IPY
2007-2009 that aims to dramatically improve the coverage in geodetic, magnetic, and
seismic data across the polar regions (both Arctic and Antarctic). The project leader is Prof.
Terry Wilson from the Ohio University, USA. The science programme of the POLENET
consortium will investigate polar geodynamics, the earth’s magnetic field, crust, mantle
and core structure and dynamics, and systems-scale interactions of the solid earth, the
cryosphere, the oceans and the atmosphere. Activities will be focused on deployment of
autonomous observatories at remote sites on the continents and offshore, coordinated with
measurements made at permanent station observatories and by satellite campaigns.
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Measurements will include GNSS, seismic, gravity (absolute and relative), geomagnetic,
tide gauges (at coastal sites), and oceanographic and chemical (at offshore sites).
Countries participating in the POLENET are Argentina, Australia, Austria, Belgium,
Canada, Chile, Czech Republic, Denmark, Finland, France, Germany, India, Italy, Japan,
Luxembourg, New Zealand, Norway, Poland, Russia, Spain, Sweden, Switzerland, South
Africa, Ukraine, United Kingdom and United States. The Finnish part of the consortium
(POLENET/FI) unites scientists from Finnish Institutions participating in POLENET
project (Sodankyld Geophysical Observatory of Oulu University, Finnish Geodetic Institute
and Institute of Seismology of Helsinki University). The consortium will concentrate on
two topics: POLENET/LAPNET aims a multidisciplinary geophysical experiment in
Northern Fennoscandia during IPY and POLENET/GEOD concerns collocated seismic and
geodetic measurements in Finland and in Dronning Maud Land, Antarctica.

3. POLENET/GEOD: Collocated seismic and geodetic measurements in Finland and
Antarctica
Exploring the core of our planet is essential for understanding the initial differentiation of
the Earth, the Earth’s thermal history, and the physics and variability of the earth’s
magnetic field. The inner core shows seismic anisotropy approximately aligned with the
earth’s rotation pole. Thus seismic phases travelling along polar paths show much smaller
travel times than the same phases traversing the inner core along equatorial paths.
Observations of polar path seismic waves also suggest that the inner core rotates faster
relative to the Earth’s mantle and surface at a speed some 100,000 times faster than the
drift of continents (Vidale et al., 2000). The phenomenon is caller “differential rotation” of
the inner core. Therefore, more detailed observations in polar regions are essential to
constrain the distribution of crystal alignment in the inner core and for understanding the
dynamics of the core and changes in the Earth’s magnetic field.

At present, two main groups of methods are employed for observations of the inner
core:

a) methods basing on observations of seismic body waves traveling through the inner
core (c.f. Cao etal., 2005)
b) methods based upon quake-driven free oscillations of the planet. These oscillations

were previously observed in recordings of strong earthquakes by long-period and
broadband seismographs.

Recent developments in superconducting gravimetry provide a new tool to detect free
oscillations. This enables study of the processes in the Earth core by mean of
multidisciplinary collocated measurements. This has been demonstrated e.g. in connection
of the Sumatra-Andamanian earthquake in December 2004 (Park et al, 2005). At present,
the effect is at the limit of the method, however, we may expect that in coming years this
technique can be used to detect the gravity variations that are partly caused by core
convection. GPS measurements have been used in 1 Hz mode to detect large surface
movements in the active areas. However, after a major earthquake, the crustal movement is
large enough to be detected by a careful spectral analysis on GPS kinematic data in a larger
GPS network. Maximum movements can be over 1 cm everywhere on the Earth, as was
estimated in connection to the Sumatra-Andamanian case.

The network of permanent seismic stations in Finland consists of 15 broadband (BB) and
short-period (SP) stations. The Institute of Seismology of Helsinki University operates 12
stations located primary on the territory of southern Finland. Sodankyld Geophysical
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Observatory of Oulu University operates three permanent broadband seismic stations
located in the northern part of Finland.

The Finnish Geodetic Institute (FGI) operates 13 permanent GPS stations (CGPS) in
Finland, three of which are situated in the vicinity of the SGO broadband seismometer
stations OUL, MSF and SGF. The superconducting gravimeter of the FGI is in Metsédhovi
observatory is collocated with a broadband seismometer of the Institute of Seismology of
the University of Helsinki. As the FGI is a member of the Global Geodynamics Network of
the superconducting gravimeters, data of the Ny Alesund station on Svalbard will be
available. Metsdhovi and Ny Alesund are the two Northenmost superconducting
gravimeters in the world. Both are also collocated with a CGPS.

Recently defined Nordic Geodetic Observing System (NGOS) as a subset of Global
Geodetic Observing System (GGOS) (Poutanen et al, 2005, Beutler et al., 2003) propose
absolute gravity measurements to be done on all permanent GPS stations, including the
stations mentioned above. As a long-term Nordic co-operation, this will provide a frame for
other gravity measurements and a control of temporal changes in gravity and their
connection to the postglacial rebound.

Existing GPS, superconducting gravimeter and seismograph stations and satellite
observations in Finland and Anctarctica can be used to organize long-term collocated
measurements aiming at studying of the inner core within the frame of the POLENET
scientific program. In addition, such measurements can be used to study glacial rebound in
the Fennoscandian Shield and Antarctica, to improve our current understanding of
displacements and stresses for stable cratonic regions and mid-continent deformations and
investigate interplate earthquake mechanisms. Since the GPS, gravity measurements and
seismic instrumentation share infrastructure, the cost of multidisciplinary observation
network is lower than organisation of two separate networks.

4. POLENET/LAPNET- a temporary seismic array research in Northern
Fennoscandia during IPY
The POLENET/LAPNET is a sub-project of the POLENET consortium related to
POLENET seismic studies in the Arctic regions. POLENET/LAPNET activities will be
carried out on the territory of northern Fennoscandia (Finland and Norway). The main
target of the POLENET/LAPNET project is to carry out a temporary broadband seismic
array research in the area of northern Finland and Norway. The array will consist of 30-35
temporary stations, 3 permanent broadband stations (OUL, SGF and MSF) of Oulu
University and two permanent stations (KEV and KIF) operated by the Institute of
Seismology of Helsinki University. The array will register teleseismic, regional and local
events during 2007-2009. The study will be continuation of the SVEKALAPKO Deep
Seismic Tomography project in 1997-1998. The project was carried out by the international
team that included researchers from 16 institutions from 9 European countries and Russia
(Hjelt and Daily, 1996, Bock et al., 2001). The SVEKALAPKO project resulted in
significant scientific output and completely new knowledge about the structure of the upper
mantle beneath Finland (Fig.2) (Alinaghi et al., 2003; Sandoval et al. 2003, 2004; Bruneton
et al., 2004a,b, Kozlovskaya et al., 2004, Yliniemi et al., 2004, Hjelt et al., 2006,
Plomerova et al., 2006, Kozlovskaya et al., submitted).

The research aims to obtain a 3D seismic model of the crust and upper mantle down to
670 km (P- and S-wave velocity models, position of major boundaries in the crust and
upper mantle and estimates of seismic anisotropy strength and orientation) in northern
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Fennoscandian Shield, in particular, beneath the Arhaecan domain of the Fennoscandian
Shield. The model will be merged to the seismic model of the previous SVEKALAPKO
array research in order to obtain a 3-D model of the crust and upper mantle beneath
Finland. The 3-D model can be used to define spatial distribution and depth of the
Archaean lithosphere below Finland for the purpose of diamond prospecting. The 3-D
model of the crust and upper mantle will be also used to improve registration and location
of local earthquakes and understanding of mechanisms of local seismicity in northern
Fennoscandia.

The study will also contribute to the POLENET multidisciplinary research in northern
Fennoscandia by collecting waveforms of seismic phases travelling through the inner core.
The waveform data will be compiled into a database that will be available to world
geophysical community via GEOFON Data Center (GeoForschungZentrum Potsdam) and
interpreted by different techniques.
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1. Introduction
Knowledge of the present-day structure of the Earth’s mantle is essential our understanding of plate tectonics
and hazards associated with it, as well as of the Earth’s thermochemical evolution over long periods of
geological time. Several factors including temperature, chemical compositions, presence of the partial melt or
water, and anisotropy can influence seismic velocities in the upper mantle; that is why multimethod approach
is essential in order to infer its realistic model. A number of different seismic techniques were employed to
study the upper mantle beneath the Fennoscandian Shield. Here we present a summary of seismic studies of
the upper mantle there, aiming to answer three main questions:

(1) What are the general features of the upper mantle velocity structure beneath the Shield and what is the

explanation for seismic velocity anomalies?

(2) Are there any regional seismic boundaries in the upper mantle and what are their origins?

(3) Is there a correlation between seismic structure of the upper mantle and major tectonic units of the

Shield?

(4) What is the lithosphere—asthenosphere system beneath different tectonic domains of the Fennoscandian

Shield?

2. Structure of the Shield from global seismic tomography models

Over the past two decades, global seismic tomography, a class of inversion techniques for
interpreting observations from earthquake records in terms of three-dimensional (3D)
variations in Earth’s elastic properties, has produced spectacular images of Earth’s interior
structure. Already early studies showed that Precambian cratons, shields, and platforms are
marked by fast seismic wave velocities to depths of 200 km (cf. Woodhouse and
Dziewonski, 1984). Until a few years ago the results of global tomography were mostly
interpreted in terms of spatial variations in temperature. However, it is increasingly evident
that a quantitative interpretation of the currently available seismologic and mineral physics
data sets cannot be done in the framework of temperature alone and that spatial variations
in major element composition must be considered (Trampert and Van der Hilst, 2005).
Necessity to get more detailed images of the upper mantle was the motivation for
deployment of regional and local passive seismic arrays in different areas of the Earth.

3. Controlled-source seismic experiments

a) Near-vertical reflection profiling. Seismic near-vertical reflection profiling is a major
tool to infer structural features in the crust. However, penetration depth of reflection
profiling is limited to about 100 km and the method does not provide the velocities in the
upper mantle. That is why interpretation of reflection profiling results in terms of upper
mantle structure and composition is non-unique. Deep seismic profiling experiments in the
main structural provinces within the Shield including Svecofennian, Transscandinavian
Igneous Belt, Gothian and Sveconorwegian (BABEL in the Gulf of Bothnia and the Baltic
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Sea, Mobil Search in the Skagerrak and MONA LISA in the North Sea) have demonstrated
the existence of dipping and sub-horisontal seismic reflectors (down to a depth of 90 km) in
the mantle lithosphere beneath the Shield, the Tornquist Zone and the North Sea basins
(Balling, 2002). The reflectivity is interpreted to represent fossil, ancient subduction and
collison zones with remnant oceanic basaltic crust transformed into eclogite. Another
explanation of dipping reflectors beneath the northernmost BABEL profiles was given by
Snyder (2002) who proposed that the Archaean block forms a wedge of uppermost mantle
rocks embedded in a Proterozoic block and that the Archaean lithosphere is laterally more
extensive at depth than at surface.

In 2001-2003 the project FIRE (Finnish Reflection Experiment) comprised four reflection
seismic transects crossing the main geological units of the central part of the
Fennoscandian shield in Finland (Kukkonen et al., 2006) where the crust is generally very
thick. Due to the thick crust, the profiles revealed complicated reflection pattern in the crust
and clear Moho boundary in some places, but no dipping and sub-horisontal seismic
reflectors in the mantle lithosphere.

b) Wide-angle reflection and refraction profiling. The majority of wide-angle reflection
and refraction profiles across the Shield are too short to sample the upper mantle, as they
were designed mainly for the purpose of investigating the crust. The studies indicated
significant variations of the crustal thickness in the Precambrian parts of the Fennoscandian
Shield as well as of sub-Moho P-wave velocities (c.f. Guggisberg and Berthelsen, 1987,
Luosto, 1991, 1997, Kozlovskaya et al., 2004). Recently Janik et al. (submitted) re-
interpreted previous SVEKA and FENNIA profiles in order to investigate the variations of
Vp/Vs ratio on the crust-mantle boundary. The study demonstrated multi-genetic origin and
nature of the Moho and different composition of the upper mantle beneath the central and
southern parts of the Shield.

The only one long-range FENNOLORA profile of total length of 1900 km in Sweden was a
part of the European Geotraverse. The reflected and refracted body waves were observed at
offsets up to 1800-2000 km, which made it possible to penetrate the upper mantle up to
depths of 200 km. A characteristic feature of the upper mantle model of the profile by) is
thin layering with alternation of low velocity and high velocity zones. The more recent
model by Pavlenkova and Pavlenkova (2006) clearly shows that the uppermost mantle
structure changes from the north to south. The southern part of the profile is characterised
by higher velocities beneath the Moho (up to 8.3 km/s). At depths of 80—-100 km, a low
velocity layer was revealed that corresponds roughly to the low velocity layer identified by
Abramovitz et al. (2002). In the northern part of the profile, the uppermost mantle
velocities are lower (8.1-8.2 km/s) and there are no clear low velocity layers. The
velocities in the depth interval of 100-200 km are nearly constant along the entire profile.
For the central and southern parts of the Shield, Yliniemi et al. (2004) presented results of
forward raytrace modelling of reflected and refracted P-waves of the strongest local events
registered by the SVEKALAPKO array at offsets up to 850 km. They reported two types of
mantle reflections: sub-horizontal and gently dipping reflectors below the Moho at a depth
of 70-90 km, and phases originating from a depth of 100-130 km. Based on the irregular
character of reflectors of the first group, on their different spatial orientation and on a
correlation with Moho offsets, they interpreted the boundaries of the first group as relicts of
ancient subduction and collision processes. The boundaries of the second group can be
explained either by a wedge of Archeaan mantle lithosphere embedded into the Proterozoic
mantle or by the lower boundary of the mechanically strong lithosphere. This explanation
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is in accord with receiver function study by Alinaghi et al. (2003), who did not identify any
upper mantle discontinuities except for global ones at 410 km and 660 km. Generally,
controlled-source seismic experiments demonstrated that the uppermost mantle is
heterogeneous and that the reflectivity in the upper mantle has different origin.

4. Teleseismic array studies: the TOR and SVEKALAPKO projects

Dense 2-D arrays of broadband seismic instruments have proved to be the most effective
mean to study the deep mantle (Trampert and Van der Hilst, 2005). In the Fennoscandian
Shield two such experiments have been completed.

The main aim of the TOR passive teleseismic array research (1996-1997) was to study
the lithospheric—asthenospheric boundary structure under the Sorgenfrei—Tornquist Zone,
across northern Germany, Denmark and southern Sweden (Gregersen et al., 1999). The
SVEKALAPKO (1998-1999) multidisciplinary passive seismic array research covered the
central and southern part of the Shield from 59° to 68° N and 18° to 34° E. The study aimed
to find the signatures of the Proterozoic-Archaean suture in the upper mantle and to study
lithosphere-asthenosphere system beneath the central and southern parts of the Shield
(Hjelt et al., 2006).

Results of receiver function studies: Comparison between stacked receiver functions
from the TOR (Teleseismic Tomography of TORnquist Zone) and SVEKALAPKO arrays
indicates that the difference between arrival times of the converted P410 and P660 phases
increases below the Shield due to a cooler upper mantle (Alinaghi et al., 2003). The
pronounced asthenosphere beneath central Europe terminates at the southern edge of the
Shield and cannot be identified in the SVEKALAPKO data. Altogether the TOR seismic
experiment documents a surprisingly sharp boundary of the BS in the upper mantle and the
change in crustal thickness across TESZ along the TESZ in Denmark (e.g. Wilde-Piorko et
al. 1999). The pronounced asthenosphere beneath the approximately 100 km continental
lithosphere of west-central Europe abruptly terminates along the Trans-European Suture
Zone (TESZ).

Results of high-resolution body-wave tomography: The P- and S-wave velocity models
across the TESZ show two sharp and distinct increases in depth to velocities which are low
compared to IASP’91 reference model, as one move from South to North (Artlitt et al.,
1999, Shomali et al., 2006). The location and sharpness of these boundaries suggests that
these features are, at least partially, compositional in origin, presumably related to mantle
depletion. A sharp and steep subcrustal boundary is found roughly coincident with the
southern edge of Sweden, at the Sorgenfrei—Tornquist Zone. Another less significant
transition was recognised more or less beneath the Elbe-lineament.

The major result obtained from the SVEKALAPKO body-wave tomography indicates
P- and S-wave velocity variations of up to 4%, as compared with the IASP'91 model
(Sandoval et al. 2003, 2004). The positive P-wave velocity anomaly seems to extend down
to 300 km, without any indication of an asthenospheric low-velocity layer. This is proved
also by surface wave analysis. The Archaean-Proterozoic suture zone has no continuation
at upper mantle depths. Instead, a laterally and vertically heterogeneous structure of the
subcontinental lithospheric mantle (SCLM) in the contact zone of Archaean and
Proterozoic domains beneath the SVEKALAPKO area has been revealed by both
teleseismic and local event studies.

Surface wave studies: In spite of long wavelength, surface wave studies have certain
advantage over teleseismic body wave tomography, as they allow estimation of the
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absolute values of S-wave velocity in the upper mantle that are directly comparable to
values estimated by petrophysical studies of upper mantle rocks. The study by Cotte et al.
(2002) indentified the the pronounced zone of low S-wave velocity beneath central Europe
that can be associated with the asthenosphere. This layer abruptly terminates at the
southern edge of the Shield and cannot be identified in the data of the SVEKALAPKO
array (Bruneton et al., 2004). Generally, the S-wave velocities beneath the SVEKALAPKO
array are higher than beneath the TOR array, which is mainly due to temperature
variations. The 3-D S-wave velocity model obtained for the SVEKALAPKO area
(Bruneton et al. 2004a) shows both lateral and vertical S-wave velocity variations (+-3%)
that can be explained either by variations of composition of upper mantle rocks or by
seismic anisotropy.

Seismic anisotropy studies: Anisotropy of seismic velocities can result for various
reasons, e.g. from oriented fractures in the upper crust, from alternating layers with
different isotropic velocities, or, be due to the alignment of crystals of rock-forming
minerals in a stress field. According to the analysis of Plomerova et al. (2001, 2002, 2006)
the main source of the large-scale anisotropy beneath the Fennoscandian Shield has to be in
the upper mantle, caused especially by its large-scale fabric due to preferred orientation of
olivine. The anisotropy reflects frozen-in olivine fabrics, most probably created during
early stages of the evolution of the European continent. Joint analysis of shear-wave
splitting parameters and directional dependence of teleseismic P residuals based on data
from the seismic experiment TOR across the Trans-European Suture Zone revealed
different lithosphere thickness and different orientation of seismic anisotropy in the mantle
lithosphere which identify three domains separated by the STZ between Denmark and
southern Sweden and the Thor Suture between northern Germany and Denmark (Babuska
and Plomerova, 2004). Anisotropic upper mantle structure was obtained from combined
analysis of S-wave splitting parameters and direction-dependent P-wave residuals
registered by the SVEKALAPKO array. In particular, strong anisotropy and uniform
orientation of anisotropic material in the upper mantle was revealed beneath the Archaean
domain. On the contrary, the anisotropic pattern corresponding to the Proterozoic domain
(Fig. 11) is more heterogeneous and weakly anisotropic (Plomerova et al. 2006, Vescey et
al. submitted). Both large Archaean and Proterozoic tectonic units of the eastern part of the
Shield seem to be composed of several smaller lithospheric domains with different
orientation of large-scale mantle fabric that may result from different geological history.

9. Conclusions

1) The Fennoscandian Shield is generally characterized by lower than in standard Earth
models seismic velocities. The velocity heterogeneities are most probably explained either
by compositional variations or by seismic anisotropy.

2) The most pronounced regional seismic boundaries beneath the Shield are the Moho
boundary and global 410 and 660 km discontinuities. The other boundaries in the upper
mantle are observed locally and may have different origin.

3) Clear correlation between seismic structure of the upper mantle and surface position of
major tectonic boundaries has been revealed in the TESZ. In addition, reflection profiling
between inclined upper mantle reflectors (down to 80-90 km) and tectonic sutures in some
other areas of the Shield. At the moment, seismic studies did not reveal systematically
higher velocities in the upper mantle of the Archean domain than in the Proterozoic
domain.
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4) The asthenosphere assotiated with low seismic velocities and partially molten rocks
abruptly terminates beneath the northen margin of the TESZ. The low velocities associated
with partially molten rocks have not been revealed by the SVEKALAPKO study.

It should be noted that the architecture of the Fennoscandian deep lithosphere is not yet
completely known, due to inadequate spatial sampling by passive seismic arrays. The
SVEKALAPKO and TOR seismic arrays were relatively small compared to the size of the
Shield. As a result, the array studies provided detailed images of the upper mantle, but only
from several limited regions. Total coverage is therefore required for the detailed
understanding of the structure of deep lithosphere/upper mantle of the Shield. Among the
most interesting problem remaining is to define the structure and geometry of the transition
between the cratonic and oceanic lithosphere and to investigate the effect of realistic
lithosphere structure on the processes of isostatic adjustment. On-going interpretation of
the data of Swedish National Seismological Network and results of future
POLENET/LAPNET passive seismic experiment (Kozlovskaya and Poutanen, this edition)
will help to solve this problems.
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1. Introduction

In the 80-90" of the last century the Earth’s crust and upper mantle of the Fennoscandian
Shield has been intensively studied by controlled-source seismic experiments (CSS). They
indicated significant variations of the thickness and structure of the crust in the central part
of the Shield and showed that the latter is essentially three-dimensional one. The CSS
experiments also demonstrated that the Moho boundary is not always easily detectable by
the methods based upon interpretation of P-waves (e.g. near vertical reflection profiling
and wide-angle reflection and refraction experiments). The problem can be solved if
combined analysis of both P- and S-wave reflections in the wide-angle data is used (Janik
et al., submitted). Such interpretation provides also the variations of Vp/Vs ratio that are
used to derive compositional variations in the crust and upper mantle and different types of
crust-mantle transition. Another method of the determination of the crust-mantle boundary
and Vp/Vs ratio in the crust is usage of teleseismic P- to S- converted waves (P-wave
receiver functions). The method was used by Bock et al. (2001) and Alinaghi et al. (2003)
to determined the Moho depth and spatial variations of averaged Vp/Vs ratio within the
crust beneath the central Fennoscandian Shield. However, the teleseismic P-wave receiver
functions alone cannot be used to evaluate variations of S-wave velocities with depth and
to obtain detailed structure of the crust. The problem can be solved if P-wave receiver
functions are interpreted together with other data sets (Vinnik et al., 2004).

2. Method

We made inversion of P-receiver functions of 30 broadband SVEKALAPKO stations
(including RUKSA small aperture array in Russian Karelia) jointly with Rayleigh phase
velocities, determined by Bruneton et al. (2004), and Ps traveltimes from the 410- and 660-
km discontinuities and constructed 3D S-wave velocity model from 1D velocity
distributions under BB stations. The technique makes it possible to estimate absolute values
of S-wave velocity in the crust and upper mantle that are directly comparable to values
estimated by studies on rock samples.

3. Results

a) Crustal structure. the S-wave velocity model revealed several low S-wave velocity
anomalies in the uppermost crust (down to 2 km) that correlate with the Kainuu shist belts
within the Archean Domain and with Pirkkala shist belt in the Proterozoic domain).
Archean granitoids, Proterozoic Central Finland Granitoid complex (CFGC) and Wyborg
rapakivi batholith have generally higher S-wave velocities, while Proterozoic shists and
migmatites generally have lower S-wave velocities in the upper crust. In the middle crust
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the model shows a number of higher and low velocity heterogeneities; however, not all of
them can be correlated with the surface geology. At a depth of 30 km the most pronounced
feature is a NS stretching high S-wave velocity zone below the Outokumpu area (OA),
Kuhmo Greenstone Belt (KB) and Kainuu Shist Belt (KSB).

b) The Moho boundary. To define the depth to the Moho boundary from 1-D velocity
models, we used the following criteria selected on the base of analysis of previous wide-
angle profiles (Janik et al., submitted): first, the Vp should be more than 8.0 km/s, second,
the Vs should be more than 4.5 km/s. The maximum crustal thickness of 64 km occurs
beneath the CFGC, which is in agreement with the result by Alinaghi et al. (2006). A
secondary maximum trough, with crustal thickness up to 60 km, stretches along the OA,
KB and KSB.

c) S-wave velocities in the upper mantle. The absolute values of S-wave velocities in the
upper mantle at a depth of 66-72 km generally vary from 4.6 km/s to 4.8 km/s. Our result
does not show systematically higher velocities beneath Archean Domain. The area with
highest velocities (up to 4.8 km/s) is seen to the both sides of the surface trace of Archean
and Prorerozoic domains. The area is limited from the East by the KB. These velocities
agree with the value estimated from highly depleted lherzolite and harzburgite xenoliths
from eastern Finland (Kukkonen et al. 2003, Bruneton et al. 2004). The lowes S-wave
velocities in the Proterozoic domain are found beneath the western part of CFGC, with
agrees with the result by Bruneton et al. (2004).

d) Analysis of Vp/Vs ratio in the high-velocity lower crust (HVLC) and upper mantle. In
order to infer compositional changes at the crust-mantle boundary, we compared S-wave
velocity models and Vp/Vs ratio to pertophysical data about seismic velocities in main
types of lower crustal and upper mantle rocks. Our analysis shows two types of the HVLC
corresponding to mafic garnet granulites and eclogites, which are present both in Archean
and Proterozoic domains. This agrees also with results by Janik et al (submitted). The most
interesting feature in the upper mantle is a zone of high Vp/Vs stretching from the OA
along the KB and KB. We interpret these high Vp/Vs values as corresponding to eclogites,
because upper mantle peridotites have generally low Vp/Vs ratio.
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We present results of geochemical and thermal modelling of southern Finland, which is characterized by high
heat production migmatitic granites. Our results suggest that the thermal evolution of the study area can be
modelled as a process of crustal thicknening in a plate collision at ca. 1860 Ma ago, followed by conductive
heating of the crust. Applying heat production values constrained by geochemical data in southern Finland,
and a relatively low mantle heat flow, temperatures at 30-50 km depths exceed the wet solidus of
metasediments about 10-30 Ma after the collision. The results explain the high temperature-low pressure
metamorphism in southern Finland as a natural consequence of the crustal thicknening (at least 60 km), which
resulted in increased total heat production of the crust and lead to higher temperatures during the orogeny.

Keywords: Paleoproterozoic, Svecofennian, Finland, modelling, heat sources, U, Th,
migmatite

1. Introduction

Thermal evolution of a Paleoproterozoic orogen is a difficult modelling target. The events
that took place close to 2 Ga ago have left traces that are few and of limited extent. Rocks
at the present surface level have been equilibrated at depths of 10-25 km and important
geological evidence may have been swept away by exhumation processes. Further, the
validity of the present-day tectonic processes as analogues in modelling the
Paleoproterozoic orogens may be questioned due to higher Paleoproterozoic mantle
temperatures, higher buoyancy of plates, and higher radiogenic heat production. A typical
problem in modelling the thermal evolution of a Precambrian orogen is how to constrain
the heat sources that drive the high temperature-low pressure metamorphism and contribute
to the origin of the high heat production granitoids.

In this study we have investigated the thermal evolution of southern Finland, which was
affected by the Svecofennian orogeny at 1.89—1.87 Ga and experienced another granite and
migmatite-forming phase at 1.85—-1.79 Ga. In southern Finland the metamorphic peak is of
the high temperature but relatively low pressure type (e.g., Korsman et al., 1984; Vaisénen
et al., 2002; Mouri et al., 2005). On the present surface level most of the rocks record
amphibolite facies conditions (4-5 kbar, 650-700 °C), but granulite facies rocks are also
found (6 kbar, up to 800 °C). Considerable crustal thickening took place in this area at
about 1.87-1.85 Ga ago, possibly as a result of collision(s) and thrusting of arc-type crustal
plates (e.g., Nironen, 1997; Korsman et al., 1999; Nironen et al., 2002). These processes
induced heating and partial melting in middle and lower crust, generating an extensive belt
of migmatitic K-rich granitoids with high radiogenic heat production rate (average 3.1 uW
m™). The 1.85-1.79 Ga late orogenic granites of southern Finland are typical examples of
anatectic granites found in continental collision zones. They occur as migmatizing dikes
and xenolith-bearing granite masses of varying sizes in a ca. 150 km wide zone that
extends from the Aland archipelago in the west to the Puruvesi area in the east. The
granites are peraluminous with A/CNK values > 1.0, but not all of them are S-type as
defined by Chappell and White (1974). The variation in the geochemical composition of
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these granites suggests that they were derived from multiple sources, i.e. via partial melting
of both metasedimentary (pelitic and quartzofeldspathic) and meta-igneous rocks, a
plausible scenario based on melting experiments (see e.g., Johannes and Holtz, 1996 and
references therein).

2. Geochemical modelling

The late orogenic granites of southern Finland are enriched in heat-producing elements (U,
Th, K) compared to the average upper crustal values (2.7 ppm U and 9.6 ppm Th; Rogers
and Adams, 1969). For modelling purposes we have divided the late orogenic granites into
“I-type” (A/CNK < 1.1) and “S-type” (A/CNK > 1.1) groups that may reflect the source,
i.e. the I-type group was derived from quartzofeldspathic material that may have been
volcanic in origin and the S-type group was derived from pelitic sedimentary material. The
average whole rock contents of U and Th are 8.2 ppm and 21.0 ppm in the I-type group and
5.0 ppm and 10.8 ppm in the S-type group (Table 1; GTK Lithogeochemistry Database).
The corresponding average values for the potential source rocks are 2.6 ppm U and 8.5
ppm Th in felsic synorogenic granitoids, 3.4 ppm U and 10.9 ppm Th in felsic synorogenic
volcanic rocks and 2.9 ppm U and 11.9 ppm Th in metasedimentary rocks (Table 1).
Accessory minerals such as zircon, monazite and apatite incorporate U and Th in their
lattice. These values can be calculated to evaluate how much U is situated outside the
lattice of these refractory accessory minerals and thus easily incorporated into anatectic
melts (Table 1; see also Friedrich et al., 1987). The amount of Th outside the lattice of the
refractory accessory minerals is harder to estimate, so in this study it is assumed that all Th
that isn’t incorporated in zircon and apatite is bound to monazite. This assumption may not
be altogether realistic if the rock contains also allanite, however, in peraluminous, low-Ca
granites such as the late orogenic granites of southern Finland monazite is more stable than
allanite (e.g., Cuney and Friedrich, 1987).

Table 1. Average U and Th contents in rock types of southern Finland

Felsic Felsic . I-type late S-type late

syn- . Sedimentary . .
U and Th content/ppm . volcanic orogenic orogenic

orogenic rocks . .

... rocks granites  granites

granitoids

U Th U Th U Th U Th U Th
'Whole rock 26 85 34 109 29 119 82 21.0 5.0 10.8
Zircon 02 0.1 0302 02 0.1 02 02 03 0.1
Monazite 05 80 0.6 105 0.7 115 1.2 206 0.6 104
Apatite 02 04 0103 02 03 0101 01 03
In refractory accessories 0.9 1.0 1.1 1.7 1.0
Easily leachable 1.7 2.4 1.8 6.5 4.2
Th/U 33 32 4.1 2.6 2.2

It is assumed here that all mobile U, accounting for 2/3 of the total whole-rock U, enters the
first melt in a system undergoing partial melting and is subsequently diluted when the
melting progresses. In addition, 50% of zircon present in the source is melted, adding 0.1 to
0.15 ppm U in the mobile U budget. Melting of monazite is assumed to add another 0.2
ppm U in the mobile U budget. The behaviour of Th in partial melting is harder to
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constrain, but based on Th/U ratios of the potential source rocks and the granites it is
assumed that 40 % of Th present in the source enters the first melt and is subsequently
diluted in the partial melting process. If a maximum of 20% partial melting is assumed,
based on modelling of Stalfors and Ehlers (2006) on the late orogenic granites of Nauvo
and Hameenlinna, U contents exceeding 10 ppm and Th contents exceeding 20 ppm are
easily obtained by partial melting of Svecofennian synorogenic rock types.

3. Thermal modelling of plate collisions

We have modelled the thermal consequences of crustal thickening in a plate collision. The
colliding plates may have represented arc-type or continental-type of crust. In the models
we start from simple plates (crust 30 km thick) with the upper crust comprising sediments,
volcanic rocks and synorogenic granitoids. The lower crust has a mafic (basaltic)
composition, and the upper mantle is naturally ultramafic. By stacking 10-20 km thick
pieces of such crust and calculating the subsequent thermal evolution of the stack we can
model the Svecofennian orogen in southern Finland. The thickening of crust leads to uplift
and erosion, which are included in the models. On one hand, stacking increases the total
crustal heat production, but on the other hand, erosion effectively removes heat sources
from the system. The mutual relationship of these processes is a key factor affecting the pT
evolution of the crust. Our models are 1-dimensional conductive numerical simulations,
which were calculated using the finite difference code Processing Shemat (Clauser, 2003).
Temperature in the stack was calculated at 5 Ma intervals.

The crustal heating can be attributed to several factors. The most important ones are
crustal heat production, differentiation of crustal heat sources by partial melting, upward
transport of melts, latent heat of melts, original and final thicknesses of the crustal stack,
applied exhumation rate, and mantle heat flow density.

Modelling results of a crustal stack are shown in Fig. 1. Immediately after collision the
crust was up to 60 km thick. The applied heat production values correspond to present-day
concentrations of U, Th and K (but corrected for the higher values at 1.9-1.8 Ga ago).
Modelling results indicate that temperatures up to 600-850 °C are achieved at 30-50 km
depths about 10-30 Ma after the collision. Such temperatures are above the solidus of wet
(down-thrusted) sediments and volcanic rocks and also dehydration melting temperatures
of micas are exceeded. Intrusion of melts to the upper-middle crust (15-30 km depth)
transports heat producing elements upwards, and together with the latent heat of the melts
provides an extra source of heat resulting in a higher amphibolite facies — granulite facies
metamorphic conditions.

A critical issue in modelling is to correctly select the heat production values in the
produced melt and restite. These depend on the source rock composition, the proportion of
melt produced and the fraction of heat producing elements ending in the melts. Uranium is
very mobile and we can estimate that about two thirds of it is lost to a granitic melt
extracted from a metasedimentary source rock (20% melting assumed), whereas Th and K
are much more conservative, and much smaller fractions of these elements enter the melt
phase. Exact data is not available, but we estimate that about 15 % of Th and 30 % of K
would enter the melt. The fractioning between melt and restite is an important factor
controlling the final distribution of heat production in the crust and the thermal
development of crust.
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Figure 1. An example of modelling the thermal evolution of southern Finland between 1860 Ma
and 1800 Ma. A thick crust (60 km) is formed at 1860 Ma by collisional stacking. The stacked
layers inherit their original geotherms. Subsequent heating of the crust takes place by conductive
heat transfer, and the main heat sources are the radiogenic heat from U, Th and K and the mantle
heat flow (18 mW m™). Heat production values were constrained by geochemical data, and an
exhumation rate of 1 km/5 Ma was applied. The curve ‘WET’ represents the wet solidus of
metasediments, and ‘MUSC’, ‘BIOT’ and ‘HBL’ the onset of dehydration melting of muscovite,
biotite and hornblende, respectively. The model results indicate that temperatures sufficiently high
to generate granitic melts are easily achieved about 10-30 Ma after collision.

4. Conclusions

The model discussed here is able to explain the thermal evolution of southern Finland due
to a collisional thrusting event, which took place at about 1860-1870 Ma ago. The major
factor responsible of crustal heating and generation of the migmatitic granites is the
increase of the total heat production of the crust due to collisional stacking.

Applying heat production values constrained by geochemical data in southern Finland,
and a relatively low mantle heat flow, temperatures at 30-50 km depths exceed the wet
solidus of metasediments about 10-30 Ma after the collision. The results explain the high
temperature-low pressure metamorphism in southern Finland as a natural consequence of
the crustal thickening (at least 60 km), which resulted in increased total heat production of
the crust and higher temperatures during the orogeny.
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Geochemistry of coherent andesites at Palvajarvi,
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petrogenesis and tectonic setting

Y1j6 Kdhkonen

Department of Geology, P.O. Box 64, FI-00014 University of Helsinki, Finland
Email: yrjo.kahkonen@helsinki.fi

Thirty four samples from seven coherent andesite units (ca. 1.89 Ga) distinguished at Palvajarvi, Tampere
Belt, were analysed for major and trace elements with XRF and ICP-MS methods. The units show largely
similar geochemical characteristics but there are also differences. The LIL elements have been mobile in post-
depositional processes. The variation in the composition is largely controlled by fractional crystallization.
There seem to have been differences in the sources of partial melting or in the degree of partial melting. The
results substantiate the idea that the bulk of the Tampere Belt volcanism took place at an active continental
margin rather than in an immature oceanic arc. In studies concerning geochemistry of ancient volcanic rocks,
high-quality determinations on immobile trace elements have a key position.
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1. Introduction

Geochemistry of metamorphosed volcanic rocks provides means for their classification and
discussion on their petrogenesis as well as clues to the tectonic setting of eruption.
However, mobility of major and trace elements during weathering, hydrothermal processes,
and metamorphism is possible and may result in significant compositional changes and
erroneous interpretations. In particular, LIL elements (K, Rb, Ba, Sr) are well known for
their mobility whereas elements such as REE, Y, Th, Ta, Nb Ti, Zr, and Hf are less mobile
or practically immobile.

This paper briefly considers selected geochemical aspects of a set of 34 medium-grade
andesitic samples from the Paleoproterozoic Tampere belt, southern Finland, which have
been analysed for major and trace elements. The results show considerable mobility of LIL
elements and emphasize the importance of high-quality immobile element determinations
as an integral part of studies concerning geochemistry of ancient volcanic rocks.

2. Geological setting
The Tampere Belt (Fig. 1) lies in the centre of the Svecofennian domain of Finland and
Sweden, which evidently developed by growth and accretion of volcanic arc systems some
2.0-1.9 Ga ago. The Tampere Belt is one of the best-preserved Svecofennian volcanic-
sedimentary belts and was mainly metamorphosed in low-T amphibolite to
greenschist/amphibolite facies conditions. It is mainly composed of 1.905-1.89 Ga volcanic
and related sedimentary rocks that were probably deposited in a setting of volcanic arc but
the belt also contains slightly older turbidites as well as a unit characterized by EMORB-
like pillow basalts, which seems to stratigraphically underlie the turbidites (Kéhkonen,
2005). The migmatitic Pirkanmaa belt (also known as the Vammala belt) to the south is
interpreted to represent the subduction complex of this arc system.

Structurally, the central part of the Tampere belt is characterised by a major
synform/syncline with a mainly E-W trending hinge zone, subhorizontal fold axis,



LITHOSPHERE 2006 Symposium, November 9-10, 2006, Espoo 98

subvertical axial planes, and deeply plunging stretching lineation. The 6-7 km thick
succession in the southern limb shows evolution from submarine fan environments to
partly subaerial volcanic-dominated environments. The upper part is characterized by the 2
to 2.5 km thick Pulesjirvi-Kolunkyld Complex (ca. 1.89 Ga), which consists of essentially
coherent andesitic units interlayered with pyro- and volcaniclastic strata.

In the Palvajérvi profile, seven essentially coherent andesitic units have been identified
in the Pulesjarvi-Kolunkyld Complex. The units are up to ~0.5 km thick and principally
consist of plagioclase + uralite (originally pyroxene) porphyritic rocks. Although mainly
coherent, the units, particularly at their upper and lower margins, show fragmental features
that in many cases can be interpreted as globular peperites formed in situ by magma/wet
sediment interaction (see, e.g., Skilling et al., 2002).

3. Samples and analytical methods

After a petrographic study, 34 samples were selected for analyses that were performed at
the Geoanalytical Laboratory of the Washington State University, Pullman, USA. The
major elements and a part of trace elements were determined by XRF and a part of trace
elements by ICP-MS.

4. Major and trace element geochemistry

The analysed rocks are mainly high-K to shoshonitic andesites and basaltic andesites
(Figure 2) or, according to the Zr/Ti vs. Nb/Y diagram, basalts, basaltic andesites, andesites
and trachyandesites (Kéhkonen, 2004). The K,O vs. SiO, trend slopes positively but is
widely dispersed. Similarly, the K,O vs. Zr diagram (Figure 3) shows wide variation from
the generally positive trend. Instead, the dispersion in the Th vs. Zr diagram is minor
(Figure 4); the same concerns, e.g., LREE vs. Zr diagrams with a few exceptions (figures
not shown). The general trend in the Cr vs. Zr diagram is subvertical (Figure 5) whereas the
Eu:Eu* ratio decreases slightly with increasing Zr contents (Kéhkonen, 2004). The P,Os vs.
Zr trend is convex upward with a P,Os maximum at ca. 130 ppm Zr (ibid.).

In the Ti vs. Zr diagram the Palvajérvi andesites fall in the field of arc lavas and in the
NMORB-normalized multielement variation diagrams they show depletions in Ta and Nb
typical of subduction-related magmas (Kahkonen, 2004). According to the Th/YDb vs.
Ta/Yb diagram, a setting of an active continental margin is more probable than that of an
immature oceanic island arc (Figure 6).

5. Discussion

The wide dispersion from a linear trend in the K,O vs. Zr diagram, compared with the
limited dispersion in the Th vs. Zr diagram, indicates that potassium (and other LIL
elements) was mobile during post-depositional processes. Once again, classifications based
on LIL elements should be used with care. However, although compositional changes are
pronounced in individual samples, the general idea of a high-K to shoshonitic character of
the Palvajérvi andesites, based on Figure 2, seems justified according to the immobile trace
element data.

The increase in Th, the steep decrease in Cr, and the decrease in Eu:Eu* with
increasing Zr are evidently controlled by fractional crystallisation of mafic phases and
plagioclase. The primary magmas were possibly formed as partial melts of the mantle. The
convex-upward P,Os vs. Zr trend indicates fractionation of apatite at late stages.



LITHOSPHERE 2006 Symposium, November 9-10, 2006, Espoo 99

A more detailed examination of Figure 5 suggests differences between certain units.
As compared with the other Palvajérvi andesites with similar Cr contents, the rocks of the
two uppermost units (F and G) tend to be lower in zirconium. Therefore, the Palvajarvi
andesites are not strictly comagmatic and there may be differences in the sources or degree
of partial melting. It is also evident that indentification of these differences requires a tight
stratigraphic control during sampling and numerous high-quality trace element
determinations on the andesite units.

Conclusions

The seven coherent andesite units distinguished in the Pulesjirvi-Kolunkyld Complex at
Palvajérvi show largely similar geochemical characteristics but there are also differences.
The variation in the composition is largely controlled by fractional crystallization. The LIL
elements have been mobile in post-depositional processes and compositional changes have
been pronounced in individual samples. The Palvajirvi andesites are not strictly
comagmatic but show differences either in the sources of or in the degree of partial
melting. These differences were identified by a tight stratigraphic control during sampling
and sufficient amount of high-quality trace element determinations. The Palvajarvi
andesites were formed in an active continental margin rather than in an immature island
arc.
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simplified structural interpretation. Slightly modified from Kdhkdnen (1989). The thick black line
east of the Varmaéla stock shows the sampled part of the Palvajérvi profile.
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Figure 2. K,O vs. SiO, diagram of the Palvajarvi andesites. The two lower field boundaries are
from Le Maitre et al. (1989), the uppermost one has been simplified from Tatsumi and Eggins
(1995). A to F with symbols of the units: A is the lowermost and F the uppermost unit.
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Figure 3. K,0 vs. Zr diagram of the Palvajarvi andesites. Unit symbols as in Figure 3.
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Figure 4. Th vs. Zr diagram of the Palvajdrvi andesites. Unit symbols as in Figure 3.
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fields and vectors from Pearce (1983); s = subduction zone enrichment, ¢ = crustal contamination,
w = within plate enrichment, f = fractional crystallization (for F = 0.5).
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The Archaean Karelian Craton of the Fennoscandian Shield is dominantly Neoarchaean in age (2.8-2.6 Ga)
and cratonized at 2.6 Ga but the preceding continental evolution is not known. The main lateral growth of
Fennoscandia occurred at 1.9-1.8 Ga ago and included amalgamation of several microcontinents (2.1-2.0 Ga)
and island arcs (2.0-1.83 Ga). The complexity of this stage can be compared with the future squeezing of the
Indonesian archipelago between Eurasia and Australia.

Keywords: Fennoscandia, crustal growth, Precambrian, lithosphere

1. Continents

Continents are portions of the Earth's crust characterized by a stable platform of
Precambrian metamorphic and igneous rock, which extend laterally as submarine
continental shelf (~ 30% of total continental area). The continental crust extends vertically
down to the Moho and coupled with the lithospheric mantle (subcontinental lithospheric
mantle — SCLM) moves across the Earth’s surface as a plate. The continental crust is
normally divided seismically into upper, middle and lower crust. Sometimes, however, the
lower crust has abnormally high velocities (> 7.3 km/s) in its basal parts under continents
and at the continent-ocean transition zone. The continental crust constitutes only ~ 0.6% of
the silicate Earth but it is the major reservoir of the Earth's incompatible elements, enriched
in the upper crust. The upper crust is considered to be formed due to intracrustal
differentiation including partial melting, crystal fractionation and mixing. The overall Nb
depletion of the average crust indicates a major contribution from subduction processes.
Subduction processes bring basaltic magmas to the base of the crust. Since overall
composition of the whole crust is not basaltic it needs a return of mafic and ultra-mafic
component into the convecting mantle. Crustal growth models vary between main growth
of continental crust in the Archean and progressively or stepwise crustal growth through
time.

Most scientists agree that modern-type plate tectonics have been operating at least since
Neoproterozoic. Crustal growth since then has been dominated by convergent margin
volcanism and related magmatism balanced by recycling through sediment subduction,
subduction erosion, and delamination. Accretionary orogens increase continental crust
laterally with arc-arc collisions, growth of accretionary wedges in the fore arc (oceanic
plateaus, sediments etc), and extension and sedimentation in the back arc. Collisional
orogenesis involves continent-arc/continent collision that stitches two continents into one
and is often associated with magmatic underplating leading to formation of high velocity
lower crust and a felsic input into the upper crust. Plume magmatism produces mafic input
both in the lower crust and onto the surface, and can also cause felsic magmatism by partial
melting of the lower crust. Anyhow, the net crustal mass input from (Meso-
)Neoproterozoic to present appears to be only 10-20% or less.
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There is still a controversy about when plate tectonics started but subduction-type
processes may have started to operate in Neoarchean or as early as 3.8 Ga ago. A major
issue is how the exponential decline of Earth’s radiogenic heat production has affected the
formation and evolution of continental crust and the style of plate interaction. Altogether,
the Archean Earth was different from modern Earth, and the tectonic interactions between
segments of lithosphere have been affected by secular changes due to cooling. It has been
suggested that the continental crust generated during the Archean is more mafic in overall
composition than younger crust. Seismic data, on the contrary, suggest that the Archean
middle and lower crust is more felsic than its Proterozoic and Phanerozoic counterparts.

The overall felsic nature of the Archean crust, with the voluminous TTG-suite rocks,
characteristic to Archean, indicates large amounts of recycling of mafic residue to the
mantle. Possible mechanisms for this recycling include a) delamination of eclogitic residue;
after melting of basaltic lower crust, or b) flat-subduction and melting of the slab with
recycling of the slab residue into the mantle. The first model implies “diapiric” extension
and collapse leading to vertical dome-and-keel structures, characteristic for many Archean
areas. This model indicates that most of the lower and middle crust would have been
molten during collapse and, thus, would record mainly structures related to younger post-
cooling events. The second model implies both horizontal and vertical structures and at
least partly crystalline lower and middle crust. All in all, models explaining the formation
of the Archean continental crust should also explain the formation of the thick, depleted
Archean lithospheric mantle, has it formed by stacking, growing above or growing from
below?

2. Fennoscandian perspective

The Fennoscandian Shield is composed dominantly of Archean rocks in the east and
Paleoproterozoic rocks in the central and southern part. Mesoproterozoic arc-related rocks
are found in the SW and anorogenic rocks of similar age in the central part (not discussed).
The Paleoproterozoic orogenic evolution (1.92-1.79 Ga) for the Fennoscandia includes five
orogenies: Lapland-Kola, Lapland-Savo, Svecofennian, Svecobaltic and Nordic orogenies.
The four latter ones are part of the Svecofennian orogeny or orogenic cycle. Orogenic
collapse and stabilization of Fennoscandia between 1.79 and 1.77 Ga were followed by the
Gothian evolution at the southwestern margin of the newly formed continent at 1.73-1.55
Ga.

The following pre-1.92 Ga components within the Fennoscandia are identified:
Karelian, Kola and Norrbotten Archean age cratons; Keitele, Bergslagen and Bothnia >2.0
Ga age microcontinents; Kittild ~2.0 Ga island arc; and Savo, Knaften, Inari and Tersk
~1.95 Ga island arcs. The Archean Norbotten and Kola cratons are not discussed here. The
Archean Karelian craton, nucleus for the Fennoscandia, exemplified a long period of rifting
between 2.5 and 2.1 Ga leading finally to continental break-up at 2.06 Ga. The part of the
Karelian Craton crosscut by the FIRE reflection lines can be divided into three main
domains. In the east is the non-stretched Archean core and to the west, in the Archean-
Proterozoic boundary zone, the stretched Archean craton margin and its cover. The latter
area shows effects of both Paleoproterozoic rifting and passive margin formation, and thin
to thick-skin style deformation due to continent-continent collision during Lapland-Savo
orogeny. The third area covers the central Lapland part of the Karelian craton,
characterized by a failed rift with a prolonged Paleoproterozoic history.
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The Archean Karelian Craton is dominantly Neoarchean (2.6-2.8 Ga) in age but some
older (3.0-3.5 Ga) ages have been found, especially at the western edge of the craton. The
overall exhumation level is rather deep and represented by amphibolite- to granulite-facies
high-grade complexes, characterized by TTG gneisses and granitoids. Within the gneiss
terranes there are also remnants of lower metamorphic grade in a few small, narrow and
shallow greenstone belts. The thin greenstone belts show often steeply dipping structures
whereas more gently dipping structures characterizes the high-grade complexes.

The Archean crustal evolution of the Karelian craton remains still unresolved and both
oceanic plateau and island arc accretion models are viable; maybe they both operated at the
same time. The widely occurring and overprinting 2.63 Ga metamorphism, possibly related
to structural exhumation, suggests that both the Archean crust and the lithospheric mantle
stabilized at 2.6 Ga. The 240 km thick lithosphere of the non-stretched part of the Karelian
craton suggests similar thickness for the whole Karelian craton before Paleoproterozoic,
although the mechanism for the formation of this thick lithosphere is not known.

Between 2.45-1.98 Ga the majority of the Paleoproterozoic crustal additions to the
Karelian crust have been mafic intrusions, sills and dykes occurring widely in the Karelian
craton. Mafic magmatisms at 2.45-2.1 Ga have been related to mantle plumes but some
magmas show a convective mantle signature. Lateral additions include sedimentary rocks
and the Kittild 2.0 Ga juvenile arc thrust on the Karelian craton during the Lapland-Savo
orogeny. At the Archean-Proterozoic boundary zone the Karelian margin has been involved
in a crustal “crocodile structure” where Paleoproterozoic material was both obducted on to
the margin and subducted beneath it. Lateral accretion of the Keitele microcontinent and
Savo arc to the Karelian margin resulted in thickening of the crust+lithospheric mantle in
an Archean-Proterozoic continent-arc/continent collision zone. Magmatic additions during
1.87-1.79 Ga to the Karelian craton margin include enriched-type mafic magmas from the
sub-continental lithospheric mantle and felsic magmas dominantly from the Archean lower
crust.

The Svecofennian Orogen is one of the largest Paleoproterozoic orogens in the world
covering over 1 mill. km®>. The main growth of Fennoscandia occurred during multiple
orogenic evolution of the Svecofennian orogeny or orogenic cycle at 1.9-1.8 Ga. The major
lateral growth of the Fennoscandia at ~ 1.9 Ga involved ~2.0 Ga microcontinents and 2.0-
1.95 Ga island arcs. For example the Keitele microcontinent seems to have been 25-35 km
thick before crustal scale duplexing during Lapland-Savo orogen. Both the Fennian and
Svecobaltic orogenies have further modified the Keitele microcontinent. The juvenile 1.95-
1.90 Ga parts of the Svecofennian domain include arc terranes and accretionary wedges as
imaged on the BABEL and FIRE profiles. The stabilization of the continent has-started in
the central part of the Archean-Proterozoic boundary zone at 1.87 Ga and final stabilization
in the outboard areas has occurred at 1.79-1.77 Ga. A stable cratonic platform has formed
between 1.79 and 1.6 Ga.

A noticeable feature is that the sub-continental lithospheric mantle below the
Paleoproterozoic in the central part of the Svecofennian domain is also very thick (total
thickness of lithosphere ~ 240 km) and seems to correlate with the large crustal thickness,
e.g in the Keitele microcontinent and Archean-Proterozoic boundary zone. Preliminary data
on 1.90 — 1.87 Ga age mafic magmatism indicate a non-convective mantle origin favouring
sub-continental lithospheric mantle source. Thus, we propose that in addition to crustal
duplexing, also lithospheric mantle duplexing has occurred. This implies crust-mantle
decoupling; both crust and mantle act as stiff bodies during lithosphere-scale stacking.
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The 1.85-1.79 Ga Svecofennian late orogenic granites of southern Finland constitute a positive overall
anomaly in radiometric maps and are known to host some uneconomic U deposits. The granites are
peraluminous and leucocratic, and they show considerable petrographic variation. Major minerals are K-
feldspar, plagioclase, quartz, and biotite, common accessories include garnet, cordierite, zircon, monazite,
magnetite, hematite, uraninite, and uranothorite. Geochemically, the granites classify as syn-collisional and
volcanic arc granites indicating variable metasedimentary to igneous sources. Isotope geological studies
indicate that the source or sources may have been enriched in U and that post-crystallization processes did not
markedly disturb the isotope systematics.

Keywords: Finland, Svecofennian, uranium, Pb isotopes, Nd isotopes, Sr isotopes

1. Introduction

The Arc complex of southern Finland (e.g., Korsman et al., 1997) represents a magmatic
arc ~1.90-1.87 Ga in age that was accreted to the present central Finland during the
Svecofennian orogeny at ~1.88 Ga (e.g., Lahtinen and Huhma, 1997; Nironen, 1997). The
arc complex is depicted as a 150-200 km wide EW-trending zone through southern Finland
(Fig. 1). The arc complex of southern Finland is characterized by migmatizing
leucogranites (“microcline granites”) that are 1.85-1.79 Ga in age, and thus late orogenic in
respect to the main Svecofennian deformation (e.g., Ehlers et al., 1993; Kurhila et al.,
2005; R&amo et al., 2005). This granite and migmatite-forming event coincides with low-P,
high-T metamorphism, including also granulite facies domains, in southern Finland (e.g.,
Korsman et al., 1984; Van Duin, 1992; Vaisanen et al., 2002; Kurhila et al., 2005; Mouri
et al., 2005). Whether there was a causal connection between granite genesis and granulite
facies metamorphism is still unknown. The granites form regional positive anomalies in U-
and Th-radiation maps and also show somewhat elevated contents of U and Th in the whole
rock analyses. Many previously known, thus far uneconomic, U deposits are found within
these granites (e.g., Palmottu, K4ldé and Junninsuo).

2. Petrography and whole-rock geochemistry

In the outcrop the late orogenic granites vary from thin veins and dikes within migmatitic
supracrustal rocks to large, relatively homogeneous batholiths of igneous appearance.
Compared to U-bearing granites worldwide, the granites seem relatively little altered but in
microscopical scale the rocks commonly show signs of deformation and brittle fracturing
associated with hydrothermal alteration (e.g., silicification, episyenitization). Major
minerals in the late orogenic granites are K-feldspar, quartz, and plagioclase. The feldspars
may be present as euhedral phenocrysts in which case the rock has a porphyritic
appearance, but equigranular types are also common. K-feldspar probably crystallized
initially as orthoclase, but most crystals are now microcline. Plagioclase occurs both as
subhedral to euhedral crystals and in the form of anhedral, hydrothermal albite that has
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replaced the rims of the phenocrysts and fills fractures. Quartz and feldspars commonly
form micrographic and myrmekitic intergrowth textures. The most common mafic silicate
is biotite. Muscovite, garnet, cordierite, and tourmaline are also found. Magmatic U-
bearing accessory minerals include apatite, zircon, monazite, allanite, uraninite, and
uranothorite. Common opaque minerals are magnetite, hematite, and sulphides. Rutile
needles are commonly found within biotite crystals. Alteration products and metamorphic
minerals like epidote, clinozoisite, sericite, chlorite and Fe-hydroxide (goethite) are
common. Some samples contain carbonate minerals, sillimanite and fluorite.

Si0, values in the lateorogenic granites vary mostly from 68 wt% to 76 wt%, although
altered samples may show values both lower and higher than these. The granites are
peraluminous (Fig. 2), however, a major part of the samples falls below A/CNK=1.1, thus
showing that these granites are not strongly peraluminous or uniformly S-type (as defined
by Chappell and White, 1974). At least some of them may have been derived from I-type
sources. K»O/Na,O varies from 0.2 to 4.4. Some samples have high contents of K,O (7-9
wt.%), which, coupled with the low SiO; values, suggest that these samples have suffered
from leaching of silica (episyenitization). In most of the samples, MgO+FeO+TiO, values
are low — those with higher values of Fe may indicate the presence of restitic garnet and
biotite. Trace elements show scattered values similar to the variation seen in some major
elements. Ba varies between 20 and 4160 ppm, Nb between 0.1 and 270 ppm, Rb between
6 and 440 ppm, Sr between 15 and 1000 ppm, Y between 1 and 128 ppm, and Zr between 3
and 1244 ppm. In granite classification diagrams based on trace elements the lateorogenic
granites fall into the fields of collisional granites and island arc granites (Fig. 3), possibly
also reflecting the igneous to sedimentary source variation. Also A-type affinity has been
suggested for some plutons (Jurvanen et al., 2005). Most samples show some fractionation
of LREE from HREE and a negative Eu anomaly (Eu/Eu*). The few samples with a
positive Eu anomaly may represent eutectic in situ melts of the host gneisses. U and Th
values vary from <1 ppm in unmineralized to >1000 ppm in mineralized samples. The
samples with higher U show Th/U values <<4, suggesting that uraninite (or its
secondaries), rather than monazite, may be the dominant uraniferous phase.

3. Isotope geology

Whole-rock samples of granites analysed for Nd isotopes show an outstandingly large
variation in Sm and Nd concentrations and '*’Sm/'*'Nd ratios. The initial exq values (at
1830 Ma) fall into three groups (Fig. 4a). The first group shows slightly negative initial exg
values (ca. —1 to 0) that are consistent with published values from the late orogenic granites
all over the province (e.g., Kurhila et al., 2005; Mouri et al., 2005; see also Ramo et al.,
2005). In the second group, the initial eng values are slightly more negative and cluster
around 2.5, possibly indicating a stronger metasedimentary component in the source. The
third group consists of samples with disturbed Nd isotope systematics (Fig. 4a). The Tpum
model ages (after DePaolo, 1981) are on the order of 2.3-2.5 Ga, save for samples with
anomalous (beyond chondritic) '*’Sm/'**Nd ratios. On a Sm-Nd isochron diagram, five
samples with similar exg values define a trend corresponding to an age of 1836+41 Ma
(Fig.4b). This suggests that the Sm-Nd system in these granites has remained closed since
their crystallization ~1830 Ma ago.

In the Rb-Sr space, Sr isotope data on plagioclase and apatite fractions extracted from the
mineralized granites define a trend corresponding to a poorly defined age of 1782+120 Ma,
yet compatible with the overall crystallization age of the granites. Apatite fractions have
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varying Rb/Sr ratios (*’Rb/**Sr 0.4 to 8) and their initial (at 1830 Ma) *’Sr/*Sr values
(0.7040-0.7096) point to the involvement of crustal material in their petrogenesis.

Pb isotope composition of meticulously leached K-feldspar fractions separated from the
granites implies very high and extremely varying uranogenic Pb isotope ratios with
206pp294ph between 16 and 24 and *’Pb/***Pb between 15.4 and 16.8. In contrast, the
thorogenic ratio *”*Pb/**'Pb is almost constant around 35.5. Uranogenic Pb isotope ratios
corrected for in situ radiogenic growth since 1830 Ma do not correlate with Pb
concentrations (60-135 ppm) or U/Pb ratios (0.0007-0.0137) of the leached feldspar
fractions. These observations imply that the magmas from which the feldspars crystallized
may have been variably enriched in uranogenic Pb and were derived from a high-U/Th
source.
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E= sandstone
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Postorogenic granite

Bl Lateorogenic granite
(1.85-1.79 Ga)

Metavolcanic rocks
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Bl Gabbro-anorthosite [[] Granodiorite (1.90-1.87 Ga)
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Figure 1. Geologic map of southern Finland. Modified after Korsman et al. (1997) and R&4mo et al.

(2005).
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Figure 3. Late orogenic granites plotted into the granite classification diagram of Pearce et al.,
(1984). VAG = volcanic arc granites, WPG = within-plate granites, syn-COLG = syn-collisional
granites, ORG = ocean ridge granites.
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Zircons from Archean rocks from the Pudasjirvi and Koillismaa blocks of Finland have been dated by SIMS
and LAM-ICPMS U-Pb. Zircons from a tonalite and a granite in the Koillismaa block yield emplacement
ages of 2805+7 Ma and 2711415 Ma, whereas zircons from igneous rocks in the Pudasjirvi block yield
emplacement ages between 2864+10 and ca. 2660 Ma. Ages younger than ca. 2700 Ma reflect high-grade
metamorphism and migmatization that is present throughout the Karelian province. Paleoarchean inherited
zircons are present in both areas, however, the major period of crustal growth in both blocks was in the
Neoarchean. Zircon initial '"*Hf/'”’Hf ratios indicate the participation of the depleted mantle in the
petrogenesis of the tonalites in the core of the Pudasjarvi block at ~2850 Ma. Initial Hf isotope variations in
zircon from other rocks in both terranes suggest mixing between depleted mantle and an older crustal
lithology during petrogenesis. Probable crustal contaminants are indicated by the xenocrystic zircons in the
Koillismaa block granitoids which yield U-Pb ages between 2900 and 3450 Ma and low initial Hf isotope
ratios. The low initial Hf isotope ratios for these zircons are particularly intriguing as they indicate melting of
a crustal source with limited input from the depleted mantle.

Keywords: Archean, Finland, Karelia, zircon, U-Pb, Lu-Hf

1. Introduction

The Archean core of the Fennoscandian shield has a history spanning from Mesoarchean
(3200-2800 Ma) to Neoarchean (2800-2500 Ma), with one reported Paleoarchean (3500
Ma) rock unit (Mutanen and Huhma, 2003). Paleoarchean ages have also been recently
obtained from xenoliths in kimberlites, indicating that the lower crust in the Karelian
province is up to 3.5 Ga in age (Peltonen et al., 2006). Limited occurrences of >3.0 Ga old
rocks (e.g., Kroner et al., 1981; Paavola, 1986; Lobach-Zhuchenko et al., 1993; Mutanen
and Huhma, 2003) are surrounded by voluminous occurrences of 2.9-2.7 Ga old rocks
(e.g., Vaasjoki et al., 1999 and references therein; Holtta et al., 2000; Luukkonen, 2001;
Manttari and Holtta, 2002; Kapyaho et al., 2006; Lauri et al., 2006). This study focuses on
the Neoarchean evolution of the NW Karelian province of the Fennoscandian shield in the
light of U-Pb ages and Hf isotopes in zircons.

The northwestern part of the Karelian province (Fig. 1) hosts the oldest rocks in the
Fennoscandian shield. These >3.1 Ga occurrences (Siurua; Mutanen and Huhma, 2003;
Varpaisjérvi; Paavola, 1986) are found in central parts of the Archean blocks of Pudasjarvi
and Iisalmi, which mostly consist of Neoarchean rocks. The Koillismaa area east of the
Pudasjérvi block consists of Neoarchean rocks according to published age determinations
(Lauri et al., 2006).

The Pudasjirvi and Koillismaa blocks are composed of strongly migmatized
amphibolites, tonalite-trondhjemite-granodiorite (TTG) gneisses, sanukitoids, Neoarchean
leucogranites and limited occurrences of paragneisses and greenstones (e.g., Rasénen et al.,
2004). Reported ages for the tonalites cluster around 2.8 Ga and for the granites around 2.7
Ga (Lauri et al., 2006). Granulite facies metamorphism and migmatization affected both
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blocks at ~2.69-2.65 Ga (Mutanen and Huhma, 2003; Lauri et al., 2006). This Neoarchean
granulite facies metamorphic event took place over the entire western Karelian province, as
similar metamorphic ages are reported from the lisalmi (HOItta et al., 2000; Méanttari and
Holttéd, 2002) and Kuhmo blocks (Képyaho et al., in review).

In this study we have chosen a diverse suite of 2800—-2700 Ma samples to investigate
the growth of the Karelian Province. The rocks include tonalites, granite, diorite, and a
migmatitic amphibolite with two generations of leucosome from the Pudasjérvi and
Koillismaa blocks in the western Karelian craton. The samples were chosen to provide a
wide range in age and composition of the Neoarchean rock types found in the Pudasjarvi
and Koillismaa blocks.

2. U-Pb and Lu-Hf isotope systematics of zircons

Zircon U/Pb isotope ratios in samples A1809, A1810 and A1811 were measured using the
Cameca ims1270 secondary ion mass spectrometry (SIMS) at the Nordsim Laboratory,
Sweden and following analytical protocols of Whitehouse et al. (1997, 1999). U-Pb dating
of the remaining samples, and all Lu—Hf isotope analyses were made by laser ablation
ICPMS, using a Nu Plasma HR multicollector ICPMS operated in the static mode, with a
New Wave/Merchantek LUV-213 laser microprobe at the Department of Geosciences,
University of Oslo. Procedures for standardization and data reduction are similar to those
described by Jackson et al. (2004) for U-Pb and Andersen et al. (2002) for Lu-Hf.
Reference zircons for U-Pb analysis were GJ-Yellow (a 609 Ma zircon supplied by E.
Belousova, Macquarie University, Australia) and a multi-grain zircon separate from sample
A382 Voinsalmi, dated to 1890+3 Ma by ID-TIMS U-Pb (Patchett and Kouvo, 1986).

U-Pb age data are summarized in Table 1. Except for sample A1611, which shows a
homogeneous group of concordant zircons dated at 2690 + 6 Ma, zircon populations are
heterogeneous, with evidence of both inheritance and post-emplacement lead-loss. The
preferred emplacement ages are based on groups of concordant zircons or on upper
intercepts of late lead loss lines (Table 1). Samples A1534 (2864 + 10 Ma) and A1661
(2805 £ 7 Ma) give the oldest ages, the latter is identical within uncertainty to the published
TIMS U-Pb age for the same sample (Lauri et al., 2006). The age of sample A1611 (2690
+ 6 Ma) is also consistent with the published TIMS age for the same sample (2703 £+ 3 Ma;
Mutanen and Huhma, 2003). In a previous study **’Pb/*”°Pb ages of ca. 2.72-2.73 Ga were
obtained for sample A1657 (Lauri et al., 2006), however, the new LA-ICPMS age of 2711
+ 15 Ma is in good agreement with the TIMS age of 2711 + 9 Ma for another leucogranite
in Koillismaa (Lauri et al., 2006). Of the three samples from Arronperd, the host
amphibolite (A1809) at ca. 2.73 Ga is significantly older than either of the two generations
of neosomes (A1810: ca. 2.68 Ga, A1811: ca. 2.66 Ga), in agreement with relative age
relationships observed in the field.

Most of the inherited zircons in the samples are strongly discordant, indicating a
complex lead-loss history, and suggesting ages well in excess of 3000 Ma, and perhaps
older than 3450 Ma. Sample A1661 has the most complex inheritance pattern, including a
concordant zircon at 3140 + 27 Ma, and a group of significantly older discordant grains.
Time-corrected '"°Hf/'"Hf ratios are shown relative to growth curves for global reservoirs
on Fig. 2. The most radiogenic zircons in A1534 and A1811 overlap the depleted mantle
growth curve, and most grains from samples have positive ey values, with an average of
+3.2 + 3.5 (20) for A1534. Initial '"®Hf/'""Hf in these zircons are similar to published
values from 2600-2800 Ma felsic rocks from Finland (Patchett et al., 1981; Vervoort and
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Patchett, 1996). Zircons in the other fives samples show lower initial '"°Hf/'"Hf, with a
strong tendency towards negative epr values. In Al1611, A1657, A1809 and A1810
magmatic zircons the epr range between 1 and —8. Inherited zircons in A1661 and A1657
have eyr in the range of —4 to —10, plotting within a band in the diagram defined by

eLu/"Hf = 0.010. Model ages for these zircons suggest extraction ages from the
depleted mantle between 3600-3850 Ma.

3. Discussion and conclusions

In a classic Hf isotope study partly based on samples from the Fennoscandian shield
Patchett et al. (1981) concluded that pre-3.0 Ga rocks worldwide were largely derived from
an unfractionated mantle, and that by 2.8 Ga, measurable Hf isotope heterogeneity had
been developed in the mantle. Whole-rock Nd isotope determinations also indicate the
presence of old crustal and a juvenile ~2.8 Ga mantle components in the formation of the
Pudasjarvi and Koillismaa blocks (Mutanen and Huhma, 2003; Lauri et al., 2006; H.
Huhma, unpubl.).

Igneous zircons with enyr > +4 must have crystallized from magmas containing a
significant component from a depleted mantle source at 2800 — 2600 Ma, which
demonstrates that depleted mantle reservoir existed, and contributed to the genesis of
Fennoscandian crust at 2.8 Ga and later. On the other hand, the least radiogenic 2600—-2800
Ma magmatic zircons, and the inherited zircons in A1657 and A1661 must have been
derived from a component with a considerable crustal residence time. Judging from the Hf
isotopic compositions of inherited zircons, this crustal source resembles Eoarchean- to
Paleoarchean material that has been identified in Acasta, Amitsoq and the younger zircon
population in the Jack Hills metasediments. The systematic differences in initial '"°Hf/'""Hf
of magmatic zircons between samples from Koillismaa and Pudasjarvi (Fig. 2) indicate
that magmas in the Koillismaa block contain a larger proportion of material derived from
old crustal rocks than do their counterparts in Pudasjirvi. Possible explanations may be
differences in deep crustal structure between the two blocks at ca. 2800 Ma, or different
styles of magmatic evolution. Old crustal rocks need to be present at depth, and mantle-
derived magmas will need time to interact with the crust in order to aquire a crustal Hf
i1sotope signature.
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Geochemistry of basalt dykes and lavas from Inkoo and Lake
Ladoga: Widespread 1.53-1.46 Ga high-Ti and-Zr magmatism
in southern Fennoscandian Shield?
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The Kopparnds dyke swarm (Inkoo) and the Salmi basalts (Lake Ladoga) constitute a geochemically
distinctive group of high-Ti and -Zr basalts that are readily distinguished from other Post-Svecofennian mafic
magmas. They may record a single widespread (>500 km) magmatic event along the southern margin of the
Fennoscandian Shield at 1.53—1.46 Ga and we designate them tentatively as the Lake Ladoga Igneous Suite.

Keywords: flood basalt, dyke swarm, basin, rifting, rubbly pahoehoe, Mesoproterozoic

1. Introduction

Post-Svecofennian mafic dykes and sills and less abundant lavas crop out over a fan-shaped
area extending from the Pasha-Lake Ladoga Basin, Russia, across southern Finland to
southern and central Sweden (Fig. 1). The Post-Svecofennian mafic magma suites have
been traditionally divided into Subjotnian, Jotnian, and Postjotnian groups based on their
age relationship to the rift-filling Mesoproterozoic (Jotnian) sedimentary sequences.
However, recent geochronological results have complicated the picture of the spatial and
temporal development of the rift basins and associated magmatism (e.g. R&mo et al., 2004,
Soderlund et al., 2005). Here we review recently obtained geochemical data for “Jotnian”
Salmi basalts from the Pasha-Lake Ladoga Basin (Lobaev, 2005, R&m¢6 and Upton., in
prep.) and undated mafic dykes from Kopparnis, Inkoo (Luttinen and Kosunen, 2006), and
compare these suites with other Post-Svecofennian 1.65—-1.25 Ga mafic magma suites.

2. Mode of occurrence and age constraints

In the Ladoga Lake region, Post-Svecofennian basalt lavas are found along the north-
eastern and eastern shore of Lake Ladoga and basaltic cobbles are found on the Valaam
Island. The differentiated Valaam Sill is exposed in the Valaam archipelago. Several
phases of mafic magmatism have been distinguished in the area: at least two stages of
basaltic lava eruption were associated with sedimentation in the Pasha-Lake Ladoga basin
after the emplacement of the 1.55-1.53 Ga Salmi rapakivi intrusion. Drill-core data show
that the lower suite of Salmi basalts is up to 130-140 m thick and consists of 2—9 basalt
flows. The thickness of individual flow units varies from ~50 m at the base (at Karkku) to
~8 m. The upper suite is up to 90 m thick and consists of 1-6 relatively thin flows (5-20
m). A sedimentary intercalation between the two suites indicates a pause in volcanic
activity, whereas the lavas composing each suite appear to have been emplaced in rapid
succession. The Salmi basalts exhibit characteristic morphological features of rubbly
pahoehoe; i.e. an internal structure of inflated pahoehoe combined with a flow-top breccia
(cf. Kesztheleyi et al., 2006). The intrusion of the Valaam Sill at 1.46 Ga (Ramo et al.,
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2004) represents the final magmatic phase in the Lake Ladoga area and provides a
minimum age for the Salmi basalts.

The Kopparnis basalt dyke swarm is exposed over a distance of 2 km along the coast of the
Gulf of Finland ~40 km west of Helsinki. The swarm is composed of numerous en echelon

segments; the overall strike of the near vertical dykes is E-W. The maximum width of
the generally lens-shaped segments is ca. 2 m. The Kopparnds dykes are mainly aphanitic
and aphyric. Some wide segments have a porphyritic appearance due to weakly oriented
plagioclase laths. Inclusions of wall-rock granitoids, gneisses, and gabbroids are fairly
abundant and mainly represent dislocated bridges. The undated Kopparnds swarm has been
regarded as coeval with the nearby 1.65 Ga Obbnés rapakivi intrusion (Kosunen, 2004).
However, recent palacomagnetic measurements of the Kopparnids dykes yield a transitional
palacopole between the 1.65 Ga and 1.25 Ga poles (Satu Mertanen, personal
communication, 2006).

3. Geochemistry
The Salmi basalts have highly amygdaloidal bases and flow tops, typical of pahoehoe
lavas. Accordingly, many of the analysed samples are strongly altered (Lobaev, 2005). The
least altered samples from the massive interior parts of the flows are compositionally
uniform, have fairly low loss on ignition-values, contain unaltered olivine, and probably
correspond quite well to magma composition. Although clinopyroxene is universally
replaced by tremolite-actinolite in the Kopparnéds dykes, notably uniform concentrations
and ratios of elements, including alkali metals, suggest that postmagmatic processes have
not significantly affected the overall whole-rock compositions. Geochemically, the least
altered Salmi basalts and the Kopparnds dykes are notably similar and represent fairly
evolved basalt magmas with low MgO (Salmi 3.8—4.7 wt.%, Kopparnis ~5 wt.%) (Fig. 2a).
They have relatively high contents of K,O (1.0-2.1 wt.%) and Na,O (2.4-3.0 wt.%) and
plot within or close to the alkaline field in the TAS diagram at SiO, of 45-50 wt.%, but
abundant normative hypersthene indicates a tholeiitic affinity. The rocks are markedly rich
in incompatible high field strength elements, such as TiO, (3.7-5.0 wt.%), P,Os (1.0-1.5
wt.%), Zr (360-540 ppm), Nb (32-55 ppm), Th (2.7-5.0 ppm), and Ce (100-180 ppm)
(Fig. 2). Overall, they can be classified as high-Ti and -Zr basalts with ‘transitional’
alkaline—tholeiitic compositions.

On the basis of their compositional uniformity, the Kopparnis dykes probably represent
a single intrusive event. The Salmi basalts can be subdivided into two groups which may
correlate with individual eruptions or different magma plumbing systems. The least altered
samples of the Salmi basalts mainly have TiO, of 3.7-4.0 wt.% and Zr of 360—440 ppm. A
single flow at the base of the lower suite has higher TiO, and Zr contents of 4.4 wt.% and
510 ppm, respectively, and is notably similar to the Kopparnds magma (TiO, 4.6-5.0 wt.%,
Zr 480-540 ppm). The division of Salmi basalts into two subgroups is further supported by
geochemical data on the basaltic cobbles from the Valaam Island (R&m6 and Upton., in
prep.). It is unclear whether all samples with relatively higher TiO, and Zr contents
represent the same flow or several flows, however.

4. Comparison of Post-Svecofennian mafic magma suites
Geochemical comparison of the Salmi basalts and the Kopparnis dykes with other Post-
Svecofennian mafic magma suites is hampered by the small number of published high-
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precision trace element analyses. The available data show that the Salmi basalts and the
Kopparnds dykes constitute a distinctive group of rocks which we designate here as the
Lake Ladoga Igneous Suite (LLIS) (Fig. 2). The diagnostic attributes of LLIS include a
marked enrichment of incompatible elements, e.g. TiO,, Zr, and Nb, at given MgO and
high Nb/Y and Zr/Y values (Fig. 2). A few high-Ti and -Zr dykes from the Aland-Aboland
dyke swarm exhibit broadly similar compositions, but these rocks are believed to be
significantly older, and are also distinguished from the LLIS based on their lower Nb and
Nb/Y (Fig. 2b). The “Jotnian” >1.46 Ga basalts from the Dalarna (Sweden) represent the
most likely temporal correlatives of the LLIS basalts, but their low-Ti and -Zr compositions
suggest derivation from different magma sources. The lack of published geochemical data
hinders comparison with the 1.46 Ga Tuna dolerites from the Dalarna (Séderlund et al.,
2005).

5. Conclusive remarks

Geochemical data for the 1.53—-1.46 Ga Salmi basalts and the undated Kopparnds dykes
show them to be markedly similar to each other and different from other Post-Svecofennian
1.65-1.25 Ga mafic magma suites. Based on geochemical and palacomagnetic (Satu
Mertanen, personal communication, 2006) affinities, we speculate that these occurrences of
high-Ti and -Zr basalt constitute the Lake Ladoga Igneous Suite, which was associated
with rifting close to the southern margin of the Fennoscandian Shield. The position of the
Kopparnds swarm midway between the >1.46 Ga basalts and sedimentary basins in the
Dalarna (Sweden) and Lake Ladoga (Russia) indicates that 1.53—-1.46 Ga rifting and
magmatism extended across the southern Fennoscandian Shield. Geochemical and
geochronological data for the Post-Svecofennian magma suites are insufficient for more
detailed evaluation of the volume and distribution of individual 1.53-1.46 Ga magma
suites. The available data indicate, however, that basalts belonging to the Lake Ladoga
Igneous Suite were emplaced over an area of >500 km wide. Preliminary Nd isotopic data
for the Salmi basalts and the basaltic cobbles (eng at 1.46 Ga -4 to -5; Ramd and Upton., in
prep.) imply that the magmas that erupted in the Lake Ladoga area include a significant
component of Pre-Svecofennian lithospheric material, whereas the Kopparnéds dykes have
more radiogenic Nd composition (exg at 1.46 Ga ca. -2; Kosunen, 2004). The Nd isotopic
variation could record contamination of basalts during their ascent through the lithosphere,
or derivation of primary melts from different sources. A contamination model is supported
by the fact that the Kopparnds magma has somewhat lower SiO, and higher MgO than the
Lake Ladoga basalts.

The occurrence of rubbly flow top breccias, similar to those of the Salmi basalts, has
been recently recognised in some large igneous provinces and their origin has been
ascribed to extremely high eruption rates (up to 10° m’s™; Kesztheley et al., 2006).
Development of a thick flow top breccia facilitates transportation of rubbly pahoehoe lava
over great distances. Assuming that the Kopparnds dyke swarm represents a larger feeder
system of such voluminous and violently erupted lava flows in the Gulf of Finland area, the
volume of preserved basalts may radically underestimate the original volume of erupted
magma in the Lake Ladoga Igneous Suite.
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FIRE 2 & 2A profile: interpretation and correlation
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The FIRE 2 and 2A reflection seismic profiles run across the main geologic units of southern Finland. The
changes in the reflectivity patterns can be associated with changes in geological units at surface in the scale of
a hundred meters. A crustal scale pop-up structure is identified in the area of the Tampere and Pirkanmaa
Belts, and an extensional core complex structure within the Uusimaa Belt.
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In the 1:1 000 000 geological map of Finland (Korsman et al. 1997) the Svecofennian
Domain has been divided into Arc complex of southern Finland, Arc complex of western
Finland, and Primitive arc complex. In line with the proposed division of arc complexes,
recent isotopic and geochemical studies (Lahtinen and Huhma 1997, Ramo et al. 2001)
suggest the presence of two or three terranes with slightly different Nd isotopic signatures
in southern Finland. This is consistent with the interpretations based on geophysical data
(Korja et al. 1993, Korja and Heikkinen 2005). Several plate tectonic models have been
proposed to explain the current geometry of the Svecofennian Domain (e.g. Lahtinen 1994,
Nironen 1997, Lahtinen et al. 2005).

The FIRE 2 and 2A reflection seismic profiles run across the main geologic units of
southern Finland that are from north to south: the Central Finland Granitoid Complex, the
Tampere Belt, the Pirkanmaa Belt, the Hime Belt, and the Uusimaa Belt (Fig. 1).

Nironen et al. (2006) have described the correlation of the seismic reflectivity with the
surface structures and lithological changes. In general, the changes in the reflectivity
patterns can be associated with changes in geological units at surface, although this applies
to structures more than lithological variation. The upper crustal reflections correlate well
with surface geology in the scale of a hundred meters. The uppermost crust hosts blocks
with distinct reflectivity patterns; the block boundaries partly correlate with the established
lithological boundaries and partly suggest modifications. The boundary between the Arc
complex of western Finland and Arc complex of southern Finland coincides with the
boundary between the Pirkanmaa and Hame Belts.

A crustal scale pop-up structure is interpreted in the area of the Tampere and Pirkanmaa
Belts. The data suggests that the boundary between the Arc complex of western Finland
and the Arc complex of southern Finland is a detachment that partly overlays the pop-up
structure as well as other contractional structures. In areas dominated by plutonic rocks
horst and graben structures with planar, moderately to steeply dipping normal faults seem
to be characteristic. An extensional core complex structure was interpreted within the
Uusimaa Belt. Late brittle faulting displaces the ductile deformation structures in the entire
FIRE 2 & 2A area.

In crustal scale, southern Finland is modelled to consist of two continental units, and a
sedimentary-dominated accretionary complex squeezed between these two units. In
addition, the refraction seismic FENNIA profile together with reflectivity patterns suggests
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a mafic body at the base of the crust below the accretionary complex. We interpret this
mafic body as a trapped remnant of oceanic crust.
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Figure 1. Geological map around the FIRE 2 & 2A profile showing the geological units (based on
Korsman et al. 1997).
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We discuss the rheology of the lithosphere and its role in modelling postglacial rebound.
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1. Rheology of the lithosphere

Rheology is defined as deformational behaviour of materials and it involves all
mechanisms that deform materials. Generally rheology can be studied from a microscopic
and a macroscopic point of view (Ranalli, 1995). In the microscopic approach deformation
is analysed at the atomic and lattice structure levels. These studies are constrained by
laboratory experiments and microscopic observations of deformed rocks. In the
macroscopic approach the relationship between stress and strain and their time derivatives
are described. Geophysical and geological observations like the flexure of the lithosphere
in response to surface loads at various timescales (sediments, volcanoes, seamounts, ice
sheets etc.) can be considered from the macroscopic viewpoint.

Rheological equations describing deformation, i.e., describing the relationship between
stress and strain, are called constitutive equations. They are always functions of intrinsic,
i.e., material parameters, and of extrinsic, i.e., environmental parameters. In the lithosphere
probably most important mechanisms of deformation are brittle, elastic and viscous ones.
Viscous deformation is also often referred as ductile deformation. Fundamental difference
between elastic and viscous deformation is that for an elastic material strain is related to
total stress, whereas for a viscous material the strain rate is related to deviatoric stress
(deviation of stress tensor from pressure). The time scale of the deformation is also
significant factor, especially in the mantle. At the time scales of 1 to 10000 s the mantle can
be considered to be nearly elastic, whereas at time scale of 10'' to 10'" s the mantle
behaves as viscous fluid.

Elastic behaviour is characterized by linear proportionality between stress and strain. In
an ideal elastic material strain is also fully recoverable. Rocks in low temperature and low
pressure, i.e., the upper lithosphere can be considered elastic. Elastic wave theory is
applicable to seismic waves at the timescale of seconds and hours. The whole Earth
behaves elastically at high frequencies. The Preliminary Reference Earth Model (PREM) is
constrained by seismic body waves together with surface waves, free oscillations and
anelastic attenuation.

Viscous models are applied for the deformation of the mantle, but it can also observed in
crustal rocks, for example as folds. Either the Newtonian or the non-Newtonian description
can be used. A Newtonian fluid has a linear relationship between strain rate and stress,
whereas a non-Newtonian fluid has a non-linear relationship. In addition, between elastic
and viscous deformation a stage of transient, i.e., time dependent flow, can exist.
Combinations of these three phases can be modelled with analogue models like the
Maxwell’s viscoelastic body and the Burgers general linear body (Mase 1970, Ranalli
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1995). These models are linear. However, from laboratory experiments it is known that for
silicate polycrystals in high temperatures the most common creep relation between stress
and strain rate is nonlinear, exhibiting a power-law dependence where strain rate is
proportional to the n™ power of stress.

The two most important classes of creep mechanism are diffusion creep and dislocation
creep (see e.g., Tsenn and Carter 1987, Ranalli 1995, Turcotte and Schubert, 2003).
Diffusion creep results from diffusion of atoms and crystal lattice vacancies through the
interior of crystal grains or along grain boundaries subjected to a deviatoric stress.
Diffusion is a thermally activated process. It has a linear relationship between stress and
strain rate and therefore it can be considered equivalent to Newtonian fluid flow. In higher
stress regimes dislocation creep is often dominant, although some amount of diffusion
creep can also be influential to the overall strain rate. Dislocation creep is a result of a
motion of dislocations in the crystal lattice structure. Dislocations are defined as
imperfections in the crystal structure. These mechanisms are also thermally activated. For
the dislocation glide, activation can also be attained by an increase in stress. This means
that there is a finite strength in the rocks deforming in such a manner. Ductile creep occurs
only when this critical value is exceeded either by change in temperature and/or stress. At
high temperatures creep is a result of thermal activation only, and the strength of the rock
has vanished. Deformation beyond this point is characterised by some viscous flow,
dependent on physical and the mechanical conditions. Dislocation creep has an exponential
dependence on temperature and pressure, with the non-linear stress and strain rate
relationship in a power-law form. Dislocation creep can be considered equivalent to non-
Newtonian flow, if the required activation level is exceeded.

a b ¢ @
ductile shear slow rapid
strength of quartz deformation deformation

O4d

ductile shear
strength of olivine

B Y,

Figure 1. Brace-Goetze rheological model of the lithosphere. a) Temperature T at depth z. b) Shear
strength due to brittle failure (straight line) and viscous strength (curved lines) for two different
strain rates for quartz and olivine. Curve with higher strength corresponds to a higher strain rate. c¢)
Strength profile for low strain rate. d) Strength profile for high strain rate. Shaded area gives by
integration the vertically integrated strength. o4 is differential stress (taken from Stuwe, 2002) .
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Failure of material takes place when permanent deformation occurs. Material fails when
the deviatoric stress reaches a certain critical value called the yield strength or the yield
stress. Failure can occur either as a discontinuous deformation, i.e., fracturing, or as a
continuous irrecoverable deformation, i.e., plastic flow (Ranalli, 1995). Material that fails
by fracturing is called brittle and material that fails by a plastic flow is often also termed as
ductile. Yielded flow and fluid flow can be considered similar, with the exception that the
former flow occurs only when the yield stress is reached. Earthquakes, faulting and folding
are thought to be examples of fracturing and plastic flow, which thus have a major role in
geodynamics, especially in the upper lithosphere.

Two different modes of brittle failure can be distinguished: sliding along existing
fracture planes, and shear fracture. Combining Amonton’s law and the Navier-Coulomb
criterion, we can derive a widely used relation for describing brittle failure. This is often
presented as Byerlee’s law, which can be written in terms of the principal stress difference,
of lithostatic pressure and of pore fluid pressure (see e.g., Sibson 1974 and Ranalli 1995).
To be exact, this relation is not a constitutive equation, as it does not give a relationship
between stress and strain. Instead, it defines the critical state of stress required for failure to
occur.

Using constitutive equations, composition and temperature, rheological profiles for the
lithosphere can be constructed. A simple rheological model, where the rheological strength
of the lithosphere was calculated based on brittle and viscous deformation is shown in
Fig. 1. Straight lines and line sections in Fig. 1bcd correspond to brittle failure, with a
linear relationship between stress and strain. Curved lines correspond to viscous (ductile)
deformation with a power-law dependence between stress and strain rate. Characteristic
feature of the curved lines is the decrease of strength towards higher temperatures. In
Fig. 1b the effect of different strain rate on ductile strength can be seen. Material that has
the lowest strength is assumed to control the deformation at a given depth. Making this
assumption we can end up with the strength profile of either Fig. 1c or Fig. 1d. The
vertically integrated strength gives the total force required to deform the entire lithosphere,
which is useful when considering e.g. deformation of the continental plates.

Ranalli (1994) describes the rheology of the lithosphere with a coupled viscous, elastic
and brittle model (Fig. 2). The downward bent elastic lithosphere has a stress-free layer in
the middle of the lithosphere. Above this point the stresses are compressive and below this
depth point the lithosphere is under extension. Brittle areas are shown by linearly growing
straight lines in the upper part. Elastic stresses are shown by straight lines that go from
positive to negative stresses in the middle of the figure (compression to extension,
respectively). Viscous deformation is shown by curved lines. The elastic section of the
lithosphere is therefore restricted to thickness h in Fig. 2a and to thicknesses h; and h; in
Fig. 2b. Note that this model shows show the stress state instead of strength which is
displayed in Fig. 1.
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Figure 2. Rheology of the lithosphere with elastic, viscous, and brittle constitutive equations. a)
Strength profiles together with elastic stresses for quartz and b) for quartz and olivine mineralogy.
This model shows actually stress state instead of the failure envelopes shown in Fig. 1 (taken from
Stuwe, 2002).

Lithospheric rheology can furthermore be analysed with models where structural models
with rheologically different layers are subjected to tectonic stresses. Lithospheric stress
conditions and areas of possible deformation can be located (e.g., Moisio and Kaikkonen,
2004)

2. Models of Postglacial Rebound

Since Peltier (1974), a kind of rheological standard for the quantitative modelling of the
response of the Earth to the waxing and waning of the ice sheets (Postglacial Rebound PGR
or Glacial Isostatic Adjustment GIA) has emerged. New developments, simplifications and
refinements are typically discussed relative to this standard model. Its features are:

1) The Earth is spherical, self-gravitating, and spherically symmetric. For regional
modelling in Fennoscandia, spherical effects are small and most aspects can be
adequately treated using a layered half-space (e.g., Wolf, 1986). In either case, the
rheological stratification can be described as 1-D.

2) The lithosphere is elastic. Its shear modulus is taken to be constant, typically
64 GPa. Thickness is solved for.

3) Upper mantle down to 670 depth has linear Maxwell rheology, where the elastic
properties are taken from seismic models (now usually PREM). The viscosity is solved
for, may have several layers.

4) Lower mantle down to the mantle-core boundary, treated as the upper mantle.

5) Inviscid core.
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The observational data are for this modelling are multitudinous:

a) Relative ancient sea level data and tilt of ancient shorelines.

b) Ancient and present-day earthquakes in the glaciated areas.

¢) Contemporary vertical motion and tilt from geodesy (repeated levelling, GPS), tide
gauges, lake levels.

d) Contemporary 3-D motion from geodesy (GPS, VLBI, Satellite Laser Ranging SLR).

e) Polar drift, historically from astrometry and now from geodesy.

f) Secular change in the rotation rate of the Earth, or equivalently in the degree 2 zonal
spherical harmonic coefficient J, (the flattening of the Earth).

g) Gravity change on the surface of the Earth, from pointwise absolute and relative
measurements. The Maxwell model predicts a relationship —0.15 pgal/mm between
surface gravity change and uplift (Wahr et al., 1995); from this point of view measuring
gravity change is another method of measuring vertical motion.

h) Regional gravity change as “seen” from space by the gravity satellite GRACE.

The observables above are “dynamic” in the sense that we need to observe a change to

draw conclusions. There are few “static” observables:

1) (Negative) free-air gravity anomalies or equivalently geoid lows in the deglaciated
areas.

j) Non-homogeneity in crustal rheology would cause a high-frequency signature in the
gravity field, but the problem might be to detect it below other signals (Schotman et al.,
2004).

Most observables above depend on the assumed deglaciation history as well, and in
inversion there are tradeoffs between the ice history and the rheology. Therefore it is
important to try to constrain the ice history with independent data (say end moraines) and
with glaciological arguments. Similarly, certain transformed observations are relatively
independent of the ice history: the relaxation times derived from sea level curves in the
center of the ice sheets (Mitrovica, 1995) and the relaxation spectrum (McConnell, 1968;
Wieczerkowski et al., 1999) determined from shoreline diagrams (Sauramo, 1958; Donner,
1995).

The results from the standard model can roughly be summarized as follows: The upper-
mantle viscosity comes out at around 5x10?° Pas, and the lower-mantle at least one
magnitude more (e.g., Peltier, 2004; Mitrovica and Forte, 2004). These are averaged
values; introducing a finer viscosity layering one can simultaneously satisfy also
observations related to mantle convection (Peltier, 1998; Mitrovica and Forte, 2004).
Peltier (1998) points out that given that the time-scales of the two processes differ by five
orders of magnitude, the ability of the same Maxwell viscosity profiles to explain them is a
very strong argument for a Newtonian mantle rheology.

For lithospheric thickness the global inversion, giving an average of different
continental and oceanic lithosphere thicknesses is perhaps not as interesting. However,
even regional modelling is traditionally done using 1-D stratification. Regional variation
can be accommodated using a number of different 1-D models. Wolf (1993) and Martinec
and Wolf (2004) have assembled a number of results from Fennoscandia. They differ
considerably, but some kind of average can be seen around 90 km.
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For crustal motion, the lithosphere functions as a low-pass filter, suppressing
phenomena at short spatial wavelengths (Fjeldskaar, 1997). In Fennoscandian solutions
using vertical motion as observable, Wolf (1995) and Martinec and Wolf (2004) have found
a positive correlation between lithospheric thickness and upper-mantle viscosity: either a
thick lithosphere or a low-viscosity asthenosphere is required.

Compared with seismic, thermal, or rheological results, the lithospheric thickness from
PGR inversion appears small. Anderson (1994) points out that these lithospheres all refer to
different concepts. He also suggests a rule-of-thumb: the lithosphere in the original sense of
the word (the “strong” lithosphere capable of supporting long-term loads) is about half of
the thickness of the thermal lithosphere. The thickness of the PGR lithosphere in turn is a
kind of scale parameter (“effective elastic thickness™) producing the “right” flexural
rigidity of the plate given the fixed constant shear modulus. It would be a challenging task
to try to relate the PGR thickness to the other definitions. So far, in PGR modelling the
aforementioned rule of thumb (1/2) is applied e.g. to the seismic thickness (Kaufmann et
al., 2000).

The advances in finite-element methods and in computational power has recently made
it possible to introduce a 3-D mantle viscosity structure and laterally varying lithosphere
thickness, even to detailed global modelling (Kaufmann et al., 2000; Zhong et al., 2003;
Latychev et al., 2005; Spada et al, 2006). Compared with 1-D models, forward calculations
show a pronounced influence especially in horizontal motion predictions and at the margins
of the ice sheets. Obviously, there is a strong trade-off between details of rheology and
details of ice history.
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1. Introduction

A 620 km cross section of the lithostratrigraphy of the mantle underlying the Karelian
craton has been compiled using mantle xenocryst data from 6 localities where the mantle
has been sampled by kimberlitic magmatism. Arranged from SW to NE they are: Kuopio
kimberlite field, Kaavi kimberlite field, Kuhmo area kimberlites, Lentiira-Kostomuksha
area, Kuusamo area, and the Terskii kimberlite field on the southern coast of the Kola
Peninsula. Ages and rock types of the kimberlite host rocks vary across this cross section:
1. The Kuopio and Kaavi fields together contain 20 Group I kimberlites discovered thus
far, 4 of which have been dated, giving an age of ca. 600 Ma. 2. The kimberlitic rocks in
the Kuhmo, Lentiira and Kostomuksha area are transitional between olivine lamproites and
Group II kimberlites, being very phlogopite rich, but also containing abundant carbonate.
Age dates on several Kuhmo and Lentiira dikes fit within a narrow range at 1200 Ma. 3.
The newly discovered field of kimberlites south of Kuusamo are dominantly Group I
kimberlites, but also include similar rocks to those in the Kuhmo area. No age dates are yet
available, but they are spatially within the boundaries of the Devonian Kola alkaline
province, and may represent similar age magmatism. 4. The Terskii Group I kimberlites
and melilitites are located on the southern Kola peninsula coast, 25 km east of the Turiy
carbonatite complex, along the northern edge of the NW-SE Kandaluksha graben. Age
estimates for Terskii kimberlites range from 360-380 Ma (Kalinkin et al., 1993) to ~ 460
Ma (Delenitzin A.A. et al., 2001.). Xenocrysts used in this study were not taken directly
from the kimberlites, but rather collected from sediments of the White Sea and Kola coast
south-east from the Terskii kimberlite field.

2. Results

Mantle-derived xenolith and xenocryst studies indicate that the subcontinental lithospheric
mantle of the Karelian craton shows considerable variation from margin to core. At the
margin, in the Kuopio and Kaavi area, the mantle is stratified into at least three distinct
layers labeled A, B, and C (Lehtonen et al., 2004). Shallow layer A (at ~60—110 km depth)
has a knife-sharp lower contact against layer B indicative of a shear zone implying episodic
construction of the SCLM. Layer A peridotites have "ultradepleted" arc mantle -type
compositions, and have been metasomatised by radiogenic '*’Os/'**Os, presumably from
slab-derived fluids. Xenoliths derived from the middle layer B (at ~110-180 km depth),
which is the main source of harzburgitic garnets (G10) in Finnish kimberlites, are
characterised by an unradiogenic Os isotopic composition. '*’Os/'**0s shows a good
correlation with indices of partial melting implying an age of ~3.3. Ga for melt extraction
(Peltonen & Briigmann, 2006). This age corresponds with the oldest formation ages of the
overlying crust, suggesting that layer B represents the unmodified SCLM stabilised during
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the Paleoarchean. The underlying layer C (at 180-250 km depth) is the main source of Ti-
rich pyropes of megacrystic composition, which however, lacks G10 pyropes. The osmium
isotopic composition of the layer C xenoliths is more radiogenic compared to layer B,
yielding only Proterozoic Trp ages. Layer C 1is interpreted to represent a melt
metasomatised equivalent to layer B. This metasomatism most likely occurred at c. 2.0 Ga
when the present craton margin formed following break-up of the proto-craton.

Transect of the mantle lithosphere across the Karelian Craton
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Figure 1. Generalised geological map showing the extent of the three Archean subcratons, Kola,
Karelia, and Norbotten, which together make up the Archean of the Fennoscandia. Black shading
refers to the exposed Archean crust while grey denotes the Archean crust that is covered by
younger supracrustal rocks or that has been reworked during the Proterozoic. Locations of mantle
xenocryst-bearing alkaline rocks — used to construct the transect across the craton — are indicated by
stars.

The mantle stratigraphy of the craton core, in the Kuhmo, Lentiira and Kostomuksha
areas, shows less variation (O'Brien et al., 2003). Layer A is absent. Layer B begins with
the lowest temperature pyropes at an inferred depth of 70 km and continues to a depth of
about 250 km showing a relatively homogenous distribution of harzburgite and lherzolite
pyropes throughout. Differences in craton core layer B compared to craton edge layer B
include: 1. Wehrlite garnet is very rare, as is chrome diopside. 2. The G10 to G9 ratio in



LITHOSPHERE 2006 Symposium, November 9-10, 2006, Espoo 139

both exploration samples and hardrock sources is considerably higher implying core layer
B is relatively harzburgite-rich. Thus far there is only a weak indication of a G10 pyrope-
free Layer C. However, Ti-rich megacryst composition pyropes are very common, so
evidence for a deep 250-300 km Layer C may become available with further sampling. 3.
The overall magnesium number (Mmg) of the mantle lithosphere in this area is extremely
high relative to the worldwide average and to the mantle at Kaavi-Kuopio. Coupled with
the rarity of mantle-derived chrome diopside, the implication is that this portion of the
mantle underwent unusually high levels of partial melting to produce such a refractory
residua.

The position of the Kuusamo area well within the Karelian craton would imply it
represents craton core and the distribution and composition of mantle xenocrysts derived
from this area confirms the existence of depleted, and therefore ancient mantle underlying
this area. Xenocryst pyrope chemistry demonstrates that lherzolite and harzburgite are
roughly equally distributed down to depths of roughly 180 km. Although the data are
relatively sparse, we interpret the existence of harzburgite throughout the mantle section,
without any obvious layering, to represent lithospheric mantle similar to that in the Kuhmo
region, albeit slightly thinner. The existence of abundant harzburgitic rocks, some with
ultra depleted pyrope compositions and extremely high mg numbers, implies that the age of
this mantle is Archean.

New data from pyrope grains in sediments offshore of the Terskii kimberlite field show
that the lithospheric mantle underlying this area is also quite thick, similar to that at
Kuusamo, with the deepest-derived grains coming from depths of 180 km. As at Kaavi-
Kuopio, pyrope compositional distributions show that the Terskii lithospheric mantle is
layered, although with quite a different structure. At Terskii a lherzolite-dominated upper
mantle exists down to about 110 km, and a harzburgite-dominated middle layer exists from
110 km to about 150 km. Sampling of the mantle deeper than this is extremely sparse, but
the few data that exist suggest a roughly equal harzburgite — lherzolite mixture from 150 to
180 km. The existence of abundant harzburgite is taken as evidence that this mantle is
Archean in nature. Based on mg of the pyropes, the composition of this mantle lies midway
between that from the more fertile Kuopio-Kaavi mantle at craton edge and the depleted
craton core mantle seen at Kuhmo — Kuusamo.
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1. Introduction

J. J. Sederholm, the architect of the modern geological research and mapping in Finland,
described with an amazing accuracy the 1.9-1.8 Ga Svecofennian (Achaean at his time)
supracrustal sequences and migmatites in the southernmost part of the country. His careful
field observations on the Hanko granite, mafic dyke and granitic migmatization
relationships (Sederholm 1926) definitely evidenced the cooling stage between the two
granitic events, confirming a polyphase tectono-thermal evolution of the crust. Already at
1899 he described a major unconformity between the Svionian and Bothnian sedimentary
formations in the Tampere area (Sederholm 1899 and 1931). Even though the present
knowledge do not support all his observations, these early interpretations outlined the
pathways to construct evolutionary models in the complexly deformed migmatite areas.
The studies of Korsman (1977) on progressive metamorphism in the Rantasalmi-Sulkava
area and later in the Savo Schist Belt, lead Korsman et al. (1984) to establish the tectono-
metamorphic discordance between the tonalitic and granitic migmatite belts. The
discordance coincides with a major crustal conductor of central Finland (Korja & Hjelt
1993 and Korsman et al. 1999). These kinds of discordances describe important steps in
crustal evolution or refer to geotectonic terrane boundaries, that often are the major shear
zones of bedrock.

The collision between the Archaean continent and the Svecofennian domain (e.g.
Wegmann 1928 and Koistinen 1981) occurred at ca. 1.9-1.88 Ga ago (e.g. Vaasjoki &
Sakko 1988). At 1975 Hietanen represented the first plate tectonic evolution model on the
Svecofennian domain. Afterwards several geotectonic compilations have been published
(see Lahtinen 1994, Korsman et al. 1999 and Lahtinen et al. 2005 for refs.). The terrane
construction of Lahtinen (1994) took comprehensively into consideration the pre-existing
geological research data on tectono-thermal discordances, geochemical characteristics and
ages of rocks. Nironen (1997) widened the model to constitute the whole Fennoscandian
Shield. The Global Geoscience Transect (GGT) (Korsman et al. 1999) was a co-operation
project between geologist and geophysicist. The Svecofennian mantle, lower crust and
upper crust relationships were interpreted by combining the geological research data with
the structure of the crust modeled from the seismic refraction profile SVEKA (Luosto et al.
1984). In their latest approach Lahtinen et al. (2005) concluded the traditional
Svecofennian domain was a result of several orogenies. The extensive data collected during
the last hundred years and the increasing flow of new information, like the FIRE reflection
seismic profiles (Kukkonen et al. 2002) or isotopic ages, help us to fix the tectonic-
magmatic events accurately. It must be emphasized that any tectonic model should be fixed
with observations on structural, metamorphic and magmatic characteristics of terranes or
their boundaries in the field (e.g. Holttd 1988, Tuisku & Laajoki 1990, Ehlers et al. 1993,
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Pietikdinen 1994, Kilpeldinen 1998, Viisdnen 2002, Pajunen et al. 2002 and Rutland et al.
2004).

Question arises: What kind of kinematic scheme the tectono-metamorphic and magmatic
structures in the southern Svecofennian rocks are implying to? This presentation is based
on successions and kinematics of tectonic structures and their relations to magmatic and
metamorphic events as they are identified in the field. Wider-scale interpretations of
structural patterns were done by using the pre-existing geological maps and databases and
processed geophysical data of the Geological Survey of Finland. The events are established
by some new age data. Descriptions and interpretations presented are based on the study of
Pajunen et al. (in prep.) carried out in the Helsinki area at 1999-2004. Correlations to the
northern terranes are based on the studies in the Pori area at 1998-1999 (Pajunen et al.
2001).

2. Tectonic and magmatic evolution of the southern Svecofennian domain

Already Sederholm (1926) established the polyphase tectono-thermal character of the
southern Svecofennian domain. The domain can be divided into several geotectonic
terranes; the study area is situated in the granite migmatite belt that is separated from the
tonalite migmatite belt in the north by the discordance (Korsman et al. 1984).
Approximately 100 km wide ENE-trending southern Finland granitoid zone cuts with an
oblique angle the granitic migmatite belt; there are substantial variations in compositions
and structures of intrusive rocks in the zone. The early volcanic-sedimentary sequences
exist in between the intrusive zones or as remnants within the intrusives. Different
approaches have been presented to explain the extensive felsic magmatism of the zone.
According to Korsman (1977) crustal thickening caused heating that lead to extensive
melting of the crust. Vidisdnen (2002) proposed the magmatism as a product of orogenic
collapse. Pajunen et al. (2002) established relations of magmatism and extensional
structures. Ehlers et al. (1993) were the first to propose transpressional model for the
deformation in the southern Finland granitoid zone. The observations from the study area
(Pajunen et al. in prep.) suggest a tectonic succession as following:

Primary associations and the earliest deformation:

The earliest Svecofennian evolution is represented by the primary supracrustal sequences
implying different depositional environments of island arc: deep-water pelitic-psammitic
metasedimentary rocks; low-water iron formations, sulphide ores, limestones, marbles and
calc-silicate rocks; mafic-intermediate-felsic volcanic rocks with co-magmatic intrusives.
The earliest deformation structures (D) are remnants of isoclinal folds (Fa) with weak
penetrative foliation (S,), mostly consumed by later metamorphic events. The fold axes are
ca. E-W-trending coinciding with the SA/Sp intersection (La/s). According to structural
basis two distinct volcanic pulses can be identified. The earlier one was deformed by Da.
Instead, the later volcanic rocks do not show Dy structures but cuts the S foliation. The
suggestive kinematic indicators of the Dy structures indicate to N-S shortening and the Sa-
Sp relations refer to nearly horizontal setting and transport of D (thrusting?). As a result
crustal slices from different depths and depositional environments were pushed close to
each other, often high-strain shear zones in between them. The DA event occurred at ca.
1.9-1.88 Ga ago (cf. Hopgood et al. 1983).
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Early collapse of the island arc:

A penetrative deformation (Dg) under progressive heating produced isoclinal folding
(F), penetrative foliation (Sg) and migmatization of various extents. It characterizes the
supracrustal sequences. The exceptions are the rocks that existed in the upper crustal level
during Dg, e.g. the lower-grade rocks of the Orijérvi area, some high-grade rocks showing
only one late high-grade event, or the Jokela sedimentary-volcanic association that evolved
later. Often the overprint caused by later tectono-thermal events hide the Dg structures.
Syn-/late Dy intrusive rocks are predominantly tonalitic in composition; some mafic
intrusive rocks also intruded. Generally, the first tectonic structure formed into the tonalites
is a compressive foliation Sc; Sp in them is rare. Also the later volcanic sequence shows Dy
structures. The kinematic indications, like chocolate-plate Dg boudinage (Koistinen et al.
1996), refer to nearly pure strong flattening strain. Also isoclinal folds are typical for
neosome veins that originally formed into inclined position to the main principal stress
(o1). Such folds only seldom deform the original layers, because of their horizontal position
after Da. According to several studies (see Korsman et al. 1999 for refs.) low-medium-
p/high-T peak metamorphism characterizes the Svecofennian domain. The age of Dg in the
south, ca. 1.88-1.87 Ga, is based on the age determinations of the later volcanic rocks
(Véisdnen & Manttiri 2002) and syn-/late Dg intrusive rocks (Pajunen et al. in prep.). The
structural, metamorphic and magmatic evolution proposes an extensional event that can be
related to a collapse of the island arc. The later volcanic pulse represents the early, upper
crustal phase of the collapse magmatism (intra-arc volcanism) and with continuing
extensive evolution and with depth magmatism changed to more intrusive in character. The
observations on structure-magma age relations from the northern terranes (cf. Kilpeldinen
1998 and Nironen 1999) indicate that the crust as an entity was under compressional
regime during Dg.

From N-S compression to SW-NE transpression:

In the south the extensional deformation was rapidly followed or closely accompanied
by N-S shortening Dc. The N-S compression (D¢) pushed the Sg planes to semi-open to
tight folds (Fc) with steep axial plane Sc¢ and ca. E-W-trending fold axes (Fc). Due to
rotation of principal stress axis into SW-NE trend, transformed deformation soon to
transpressional Dp. This transpression can be well exemplified from the Pori area with the
clockwise rotational structures of the Pormarkku block. The Fp folds are less tight than F¢
folds; Fp fold axes are N-trending and Sp axial plane is steep. The Fc and Fp form the
ellipsoidal Dc-Dp dome-and-basin pattern that characterizes the supracrustal belts of
southern Svecofennian domain. The D¢ and Dp were the major events that constructed the
stacked and sliced structures in further north, for example, in the central Finland granitoid
area. Rather small mineral growth during the D¢ and Dp events refer to decrease in
temperature that in the north lead to locking of the deformation at ca. 1.87 Ga ago as dated
by intrusions (cf. Mikitie & Lahti 2001) cutting the D¢ -Dp structures. In the southern
Finland granitoid zone thermal evolution is different — when the northern terranes were
deforming in a zonal way the southern crust still achieved penetrative folding Fp. The age
of 1.87 Ga, fixing the fade of the zonal transpressional Dp in the north, establishes the
beginning of the complex tectonic and magmatic evolution in the south — this continuing
deformation is responsible for the generation of the southern Finland granitoid zone
(Pajunen et al. in prep.).
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Southern Finland granitoid zone — a product of transpressional/-tensional events:

The southern Finland granitoid zone is composed of intrusives of varying compositions
and metamorphic and tectonic characteristics. The present setting of the granitoid terranes
are ordered by the simultaneous and later open, map-scale folding patterns. Long-lived
shear zones borders often the granitoid terranes. The structural evolution leading to the
evolution of the huge amounts on felsic, in a lesser extent also to mafic magmatism, is
named here as Dg.

The even though there are in places evidences of some cooling in the south, mostly heat
flow remained high after Dp. The earliest magmatic rocks related to Dg phase are garnet-
bearing tonalitic rocks and microtonalitic dykes that were set into fractures deforming the
D¢ -Dp dome-and-basins. Typically, the garnet-bearing tonalites have pegmatite-granitic
borders and higher temperature, medium-grained tonalitic internal parts. This kind of zonal
structure typifies the D magma pulses widely in the southern Svecofennian terrain. The
observation suggest progressive opening of the fractures under increasing temperature. The
temperature increase was continued as evidenced by metamorphic assemblages and
remelting in these dykes. The early garnet tonalites are dated at 1.87-1.86 Ga (Pajunen et
al. in prep.); the age closes the major deformation in the north and fixes the onset of
southern Finland granitoid zone generation. During the continuing evolution the amount of
magmatism increased and the composition turned to tonalites without garnet and
granodiorites; also some gabbros intruded. The high-grade evolution in the granulite areas
lasted long as indicated by ca. 1.85-1.86 Ga ages of enderbitic intrusives and ca. 1.84-1.83
ages of metamorphic monazites (Pajunen et al. in prep.) and neosome materials (Vdisdnen
et al. 2004). The intrusion of gabbroic magmas at ca. 1.84 Ga (Pajunen et al. in prep.)
indicates deep-seated origin for heat flow in the intense stages of Dg. During the latest Dg
magmatism was predominantly granitic, as granitic remelting of the earlier magma phases
and widespread granite intrusions at ca. 1.82 Ga ago (cf. Kurhila et al. 2005). Still at 1.80
Ga pegmatitic granite magmas were evolved (Pajunen et al. in prep.).

The evolution of magmas in the southern Finland granitoid zone shows a long history
and the increased age data had confirmed its continuous character during ca. 70 Ma. The
intrusive rocks show varying degree of deformation, depending on stage of their intrusion.
The early, ca. 1.87 Ga magmas of Dg are strongly deformed and metamorphosed, whereas
the young granites are only openly arched. The kinematic indications, like internal growth
structures in the early garnet-bearing tonalite dykes and shearing structures related to their
generation, refer to SE dilatation. In gneisses a strong spaced/sheared foliation Sg deforms
the early Da-Dp structures and refers to nearly horizontal upper-side SE movement. The
continued extension thinned the crust and caused high-grade and medium-pressure
metamorphism in the ca. NE-trending granulite terrane (the West Uusimaa Complex).
Kinematically, the SE extension zones fit as transtensional regimes within the crustal-scale,
dextral SW-NE transpression between the dextral, N-trending Baltic Sea-Bothnian Bay and
Riga-Karelia zones. The generation of the supracrustal Jokela association (quartzites-
conglomerates-volcanites-pelites) in Hyvinkdi is fixed with structural evidence to these
extensional events — the association is interpreted as a pull-apart basin initiated during the
early Dg transtension.

Several observations confirm that the main principal axis was rotated into E-W trend at
ca. 1.86-1.85 Ga (Pajunen et al. in prep.); in the study area some sinistral NW-trending
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faults (e.g. Hiidenvesi) and in eastern Finland zones of N-axial folds generated at that time
(Koistinen 1981).

All the granitoids, in spite of the latest granite-pegmatite dykes show compressional
open to moderate folding with NE-trending, steep to moderately SE-dipping axial plane.
The intensity of this deformation varies and it deforms the horizontal spaced/shear foliation
described above. The NE-trending folds turn into E-W trend in the vicinity of the major
crustal E-W shear zones. After 1.86-1.85 Ga the main principal stress rotated into SE-N'W
direction causing the NE folds with some overturning, dextral southwards overthrusting
along the E-W-trending major shear zones (Hyvinkd4 shear zone) and low-angle
northwestwards overthrusting in the NE-trending shear zones. The kinematic structures
determined from the latest granitoids refer to nearly pure flattening strain; only a weak
lineation refers to E-W tension. For example, granite pegmatite dykes, that intruded at 1.83
Ga into brittle fractures of syn-late Dy tonalitic host, show prograde heating and intense
flattening deformation (Pajunen et al. in prep.). The flat foliation is openly folded by
horizontal NE axis. Correlation of structural characteristics between different areas in the
southern Svecofennian domain evidence different grades of late Dg magmatism depending
on the distances from the “tensional centers”. Simultaneous tension produced
predominantly pegmatitic granite dykes far from them, whereas large intrusions formed
into the most effective tension areas. Simultaneously in the transpressional areas
compressive structures occurred.

The latest Svecofennian events

The Fennoscandian Shield can be divided into N-trending terranes along the major
crustal deformation zones: the Transscandinavian Igneous Belt (TIB), the Baltic Sea-
Bothnian Bay zone and Riga-Karelia zone. These zones deform the ENE trend of the
southern Finland granitoid zone; it bends the compressional Dg folds (NE trend) and the
major E-trending shear zones (e.g. Hyvinkdéd shear zone) into NNE-N trend. The zones
deform also the late Dg granitic pegmatite dykes referring to a late evolution of the
structure at ca. 1.80 Ga. In the study area ductile N-axial folding with some new granite in
the axial plane was generated into the most intense axial zone, especially in the granitoid-
dominant areas near the granulites, but the structure is less ductile in areas without intense
felsic magmatism. These N-trending zones show a complex history. Evidence from the Pori
area establishes that the zone generation began already during Dp,. It is difficult to establish
how the zones behaved during the E-W compression during the mid-Dg at ca. 1.86-1.85 Ga,
but its late reactivation was strong referring to E-W compressional structures with sinistral
shear component — the main principal stress in ca. ESE.

The latest intrusive rock is a metamorphosed, N-trending diabase dyke with a
presumable age of ca. 1.78-1.80 Ga (Pajunen et al. in prep.). It is weakly NE folded and
sinistrally N-sheared, indicating that the SE-NW transpressional event characterizes the late
Svecofennian evolution for a long period from ca. 1.85 to ca. 1.80 Ga. The open warps with
ca. E-W axial plane refer that ca. southern stress field continued still after the formation of
the major N-S deformation zones.

3. Summarizing

The tectonic and kinematic analysis combined with the tectonically fixed age data on
magmatic events firms out that the Svecofennian orogeny was a continuous collisional
event, which began with the accretion of the Svecofennian island arc components against
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the Archaean continent at ca. 1.9-1.88 Ga ago. The southern Svecofennian terranes were
already attached together at ca. 1.88-1.87 Ga. The domain was as an entity under
compressional state, even though the southernmost Svecofennian domain underwent an
intense upper-crustal extension, proposed as a collapse of the island arc, at ca. 1.88-1.87 Ga
ago. Stress field transformed rapidly again to N-S compression that was soon followed by
rotation into SW-NE transpression. These collisional events are predominantly responsible
for the sliced and stacked structures in the northern Svecofennian domain; this kind of
stacking and slicing structure is also evident in the Archaean continent along the faults in
the craton boundary, the Kainuu schist belt and Kuhmo greenstone belt. The southern
Svecofennian domain was under high heat flow at that time and ductile folding patterns
were formed. At ca. 1.87 Ga the deformation was locked in the north and the complex
evolution of the southern Finland granitoid zone began. The zone was produced in the
complex transtensional-transpressional events that reflect several rotations of stress field
during its ca. 70 Ma history: the main principal stress was in SW-NE at ca. 1.87-1.86 Ga, in
E-W at ca. 1.86-1.85 Ga and in SE-NW at ca.1.85-1.80 Ga. A strong reactivation of the N-
S trending major deformation zones occurred at a very late in the Svecofennian evolution.

The characters of structural evolution refer to a single, continuous and long-lasted
Svecofennian collisional evolution that exhibits various tectonic characteristics from the
early N-S collision to the later transpressional events that caused the generation of the
extensive extensional zones of strong magmatism. The rotations of stress field are resulted
in the locking effects and "jumps" of the major movements due to the heterogeneity and
competency contrasts, like those related to the thermal differences, in the both Archaean
and Svecofennian domains.
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The Finnish Reflection Experiment (FIRE) seismic reflection profiles 4, 4A and 4B image
a 580-kilometre long section of the northern Fennoscandian Shield to a depth of 80
kilometres (Figure 1). The geological units of ages ca. 3.5 Ga to 1.74 Ga covered by the
FIRE profiles include greenstone, granulite, and schist belts modified by complex
Paleoproterozoic deformation and magmatic events occurring from 2.5 Ga to the end of
widespread Paleoproterozoic thermal activity in the area. The imaged Archean areas
(Pudasjarvi Complex and Inari Area) include remnants of the cratonic nuclei of the
Fennoscandian Shield (Karelian and Kola Cratons) and of amalgamated exotic terranes.
The Paleoproterozoic components include autochthonous and allochthonous components
(Perdpohja Schist Belt, Central Lapland Granitoid Complex, Central Lapland Area, and the
Lapland Granulite Belt).

The FIRE data suggests Paleoproterozoic rocks in northern Finland can be divided into
four belts (a southern, central, northern and western), and the structures separating each can
be identified (Patison et al., in press; Figure 2). The southern belt coincides with the rifted
(cf. Kohonen & Marmo 1992; Vuollo & Huhma 2005, Lahtinen et al. 2005) southern
margin of the Karelian Craton. It is a volcano-sedimentary belt including rock from the
southern margin of the Perdpohja Schist Belt to the northern margin of the Central Lapland
Area. This belt is preserved as layers stacked by thrusting on two major shear zones with
apparent southerly dips (Meltaus and Venejoki Shear Zones). The reflectivity of the Central
Lapland Granitoid Complex within the southern belt does not suggest an intrusion-
dominated belt, and this area may have a composition comparable with the other
Paleoproterozoic belts (Perdpohja Schist Belt and the southern parts of the Central Lapland
Area).
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The northern belt contains the upper and middle crust of the Lapland Granulite Belt.
The southernmost Inari Area is also interpreted as belonging to this belt, as is the Tanaelv
zone. The appearance of the Lapland Granulite Belt is generally similar to that described by
previous research. However, the base of this belt is terminated by the south-dipping
Karelian Craton/Kola Craton boundary and does not extend to the crust-mantle boundary.
No evidence is recognised in FIRE profile 4A to support earlier models (e.g., Horman et al.
1980; Barbey et al. 1984; Krill 1985; Daly et al. 2001) involving a Paleoproterozoic
subduction zone beneath the Lapland Granulite Belt. The margin between the Lapland
Granulite Belt and Inari Area is recognised as the suture zone between the Karelian and
Kola Cratons, and this zone dips to the south. Significant post-collisional extension took
place beneath the Inari Area, Lapland Granulite Belt and northern Central Lapland Area.

A western Paleoproterozoic belt containing two upper-crustal layers with apparent
westerly dips is likely in westernmost Lapland (FIRE 4B). However, much of the geology
imaged in FIRE 4B is problematic to correlate with the geology of the Central Lapland
Area, and it can be considered unique to western Lapland.

The real value of the FIRE data for gold exploration is that it allows a detailed
interpretation of the crustal architecture of the region. The relationship between bedrock
elements can be seen, as can significant deformation structures. Such information is critical
for understanding the location of known deposits and for predictive modelling of the role of
crustal scale structures in determining mineralised sites. These benefits are illustrated in
this presentation using as an example the Central Lapland Greenstone Belt (CLGB).

The Proterozoic CLGB is reminiscent of the late Archean greenstone terrains of the
Superior and Yilgarn cratons in terms of scale, lithological diversity, structural architecture,
alteration history, and metamorphic grade. Historical gold and base metal production is
low. However, research and exploration during past two decades has shown that the belt is
prospective for structurally controlled orogenic gold and for Fe-oxide-Cu-Au deposits, and
that it has the potential to become a significant gold producing region. Discoveries include
the Suurikuusikko gold deposit, the largest undeveloped gold deposit in western Europe
with 14.2 million tonnes of estimated probable reserves with an average gold grade of 5.16
grams per tonne (Agnico-Eagle Mines Ltd. media release 06.05.2006).

Our knowledge of the CLGB has been advanced significantly following interpretation
of the FIRE data. The FIRE data show that, in comparison with existing bedrock maps of
the area, the CLGB is very heterogeneous and contains a number of individual blocks with
potentially different origins (Figure 3). These blocks belong to a central Paleoprotozoic belt
including the Kittilda Group and other components identified in FIRE 4A. These blocks are
in unconformable contact with the rift-related southern belt, and may be (partly)
allochthonous as previously proposed (Hanski 1997).

The southern margin of this central ‘belt’ is influenced by two significant structures.
The first is the south-dipping Venejoki Shear Zone, a thrust structure relating to stacking of
the southern belt. Earlier interpretations assumed that the Sirkka ‘Line’/Sirkka Shear Zone
structure represented a major thrust structure in this area. However the FIRE data shows the
Sirkka structure to be subordinate to the Venejoki Shear Zone. The second structure is a
newly identified (north-dipping) structure at the boundary between the CLGB and southern
belt (Kittild Shear Zone). Relatively younger movements can be identified on the Kittild
Shear Zone, but it displays multiple development stages, and the relationship between it
and the Venejoki Shear Zone is complex.

The northern boundary of the CLGB is a south-dipping structure that has experienced
reverse movements. The central belt and underlying components of the southern belt are
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also structurally separated from the western belt, although the orientation of the boundary
structure here is not conclusively resolved.

To date interpretations of the FIRE data have significantly changed conceptions on the
geometry of the CLGB. Although the proposed structural evolution (orogenic convergence
with opposing tectonic transport directions) of the region is supported by the FIRE data, the
newly identified structures require interpretation. The next stage is to understand the
implications of these geometries for exploration. Questions include how do these structures
and lithology block configurations affect crustal scale fluid flow?, what is the age of
deformation features seen in the FIRE profiles, what structures were active during
mineralisation?
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al. (2006)
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Upper mantle dynamics and Quaternary climate in
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In Litosphere 2004 meeting in Turku Ilmo Kukkonen raised a question on an interdisciplinary project which
would combine several geoscience fields related to the postglacial rebound, upper mantle properties and their
causes. This paper gives a short overview and the current status of the proposal.
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Aim of the project is to understand the relations between the upper mantle dynamics,
mantle composition, physical properties, temperature and rheology, to study the postglacial
uplift and ice thickness models, Quaternary climate variations and Weichselian (Laurentian
and other) glaciations during the late Quaternary.

Postglacial rebound and the related gravity change in deglaciated areas can be observed
with high-resolution geodetic techniques. Geodesy provides accurate measurements of
contemporary deformation and gravity change. In Fennoscandian area we have systematic
postglacial uplift observations for over than 100 years based on repeated precise levelling,
geodetic high-resolution observations of recent movements, and possibilities to monitor
postglacial faults in N-Fennoscandia.

In geological and geophysical side we have e.g. kimberlite-hosted mantle xenoliths and
thermal and petrological models of the upper mantle. In spite of long and accurate time
series and extensive data sets, there exist many open questions in upper mantle dynamics
and composition, rebound mechanism and uplift models, ice thickness during the late
Quaternary, and Quaternary climate in general. There exist also observational data of ice
cover during the Weichselian glaciation and glaciation models, and one can do
Palaeoclimatic inversions from deep geothermal data sets.

Questions to be solved include mantle dynamics and mantle composition: are the
xenoliths representative, what can infer of mantle fluids from xenoliths, how well can we
indicate seismic properties of the mantle from xenoliths and what are the tomographic
models of upper mantle. In postglacial rebound one will study the character and mechanism
of postglacial uplift, the relation with land uplift and duration of ice cover during the
Weichselian, how sensitive is the land uplift for indicated ice free/ice cover periods and
response of the gravity field with different ice loads. Finally, there are many open questions
on Quaternary climate, like coupling of postglacial uplift models with climatic glaciation
models, implications for land uplift and climate and question on new datings of fossils
preserved from the last glaciation times.

Proposal is planned to be submitted as an ILP (International Lithosphere Program)
program. Project would be linked to ILP project themes:

Theme I: Global change

Theme II: Contemporary dynamics and deep processes.
Project is interdisciplinary (geology, geophysics, geodesy), it has global relevance and
potentially wide geographic coverage, it provides new results in basic geosciences, and can
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be applied in climate change research. Project is also international. This far there has been
announced researchers from Finland, Sweden, Denmark, Germany, UK, and USA. The
group is increasing and the preparation phase of the proposal will be late 2006 - early 2007.
Topic has already been accepted as a joint session in the European Geophysical Union
(EGU) annual meeting in Vienna, April 2007. The session will be co-organized by
Geodesy (G), Geodynamics (GD), Climate: Past, Present, Future (CL), and Geochemistry,
Mineralogy, Petrology & Volcanology (GMPV) sections. Deadline of abstracts for the
meeting will be in January 2007. Researchers interested in the project are invited to
participate the session, and as well take part on the preparation phase of the ILP proposal.
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Classification of Finnish bedrock sub-areas using

lithogeochemical analysis of Finnish plutonites
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Using correlations of geochemical analysis of plutonic rocks of 25 lithological sub-areas of Finland the sub-

areas can be classified in groups having characteristic lithogeochemical spectra.

Keywords: Geochemistry, classification, lithological sub-areas, Finland

1. Introduction
In this study 3060 plutonite samples of the lithogeochemical database collected by
Lahtinen et al. (2005) are used for grouping and classification of sub-areas of Finnish
bedrock. The location of lithological sub-areas (25 in all) and of samples used in this work
are shown in Figure 1. The plutonites were chosen, while they are assumed to be less
affected by later alteration processes compared to supracrustal rocks and thus better
representing the composition of (upper) crust.
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Figure 1. Simplified map of Finnish bedrock (a) (modified from Korsman et al., 1997) and location
of plutonite samples used in this work (b).
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2. Method and results

The classification of sub-groups was made using the normalized 'in-compatible -
compatible' lithogeochemical diagram (termed ‘spectrum’ in the following) suggested by
Pearce and Peate (1995). The normalizing was made using the geometric averages of all

Finnish plutonites (AFP). Examples of spectra from various sub-areas are given in Figure
2.
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Figure 2. Examples of classification: In (a) is given lithogeochemical spectrum of Archaean
Pudasjarvi and East Finland blocks. In (b) is shown characteristics of Proterozoic Viipuri and
Satakunta rapakivi and (c) shows the spectra of a group of ore potential Proterozoic central Finland
sub-areas having marine affinities. The grey bars show the location of rare earth elements (REE,
Light and Heavy).
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From Figure 2 it can be seen that Archaean blocks are characterized by relative high LREE
(and incompatibles) compared to HREE and increase in compatibles compared to HREE.
The spectra of rapakivi samples are complementary to Archaean rocks with increasing
LREE - HREE trend and very low compatibles compared to HREE. The spectra of
Proterozoic rocks in central Finland are significantly different from both of those above
showing relatively constant increase from incompatibles to compatibles.

In this study the lithological sub-areas of Finnish bedrock are grouped by calculating
cross-correlations of spectra of all sub-areas. The resulting map of similar lithological sub-
groups is shown in Figure 3. In the following is a short summary of the groups:
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Figure 3. Lithological groups of Finnish bedrock based on chemistry of plutonite samples.

1) Group 1 consist of Proterozoic southern Finland granitoid belt (Uusimaa, #1 in Figure
3) and Saimaa area (#6) close to the Archaean-Proterozoic border. The correlation within
these groups is best on the compatible parts of the spectra.
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2) Group 2 consists of Proterozoic Viipuri and Satakunta rapakivi sub-areas and their
correlation is very good as can be seen from the Figure 2b. Their increasing LREE - HREE
trend might refer to their original source of lower crustal garnet-clinopyroxene containing
restite while steep Eu and Sr minima refer to upper crust fractionation (above plagioclase
stability depth, ca. 40 km) and thus uplift before rapakivi-fractionation.
3) Group 3 consists of Proterozoic ore potential sub-groups whose metasedimentary rocks
have marine affinities: Southern Finland migmatite (#4 and #5), Ladoga-Bothnian bay -
zone (LBZ, or Pielavesi area, #13) and Ylivieska area (#12). These groups have very
coherent chemical spectra, as can be seen from the Figure 2c and their genesis can be
assumed to be similar, though not necessarily connected. The Eu and Sr maxima, Y
minimum and increasing trend to compatibles refer to more mafic, deeper crustal sources
below plagioclase stability field.
4) Group 4 is closely connected with the Proterozoic central Finland granitoid (#9) having
island arc affinities. Apparently the Lapua arc (#10) and Vaasa sub-area (#11) are closely
genetically connected with this block. Their spectra are relative flat with slight increase
from incompatibles to compatibles. The amplitudes vary between the groups, but the
locations of the peaks correlate very well. High Rb, Th, U and low Eu, Sr refer to upper
crust (above ca. 40 km) fractionation.
5) Group 5 consists of Archaean sub-areas of which the lisalmi block (#14) and
Outokumpu-Hdytidinen sub-area (#8) are on the Archaean-Proterozoic border. They appear
to have both Archaean and Proterozoic characteristics. E.g. their LREE-HREE -ratio is
close to 1 as that of Proterozoic central Finland granitoid group above. Their high Eu and
(partly) Sr refer to deeper crustal fractionation. The Lappland granulite belt (#24) has
similar peaks with these areas, though amplitude is different and it is certainly not
genetically linked with the southern blocks.
6) The Archaean eastern Finland area (#15) and Pudasjdrvi area (#18) have characteristic
'Archaean spectrum' (having also adakitic characteristics) as described earlier and shown in
Figure 2a. The northern Finland Inari block (#25) have some similarities with these, but is
not genetically linked with them.
7) The groups characterized with Paleoproterozoic supracrustal metasedimentary rocks
(Kainuu, #16; Perdpohja, #20; central Lappland, #22 and castern Lappland, #23) correlate
relatively well, though also variations exist Thus, their evolution processes might be
connected in some degree.
8) The group 8 consist of central Lappland granitoid (#21), and Oulu area granitoids (#17)
correlating strikingly well referring to their similar genesis due to remelting and
refractionation of pre-existing Archaean crust. The few plutonites in Kuusamo (#19) area
have also similarities with them (possibly connected with central Lappland granitoid),
though they are too sparse to make any definitive conclusions.

The above study refers that the lithology of Finnish bedrock can further be classified in
separate sub-groups using plutonite rock chemistry, which gives possibilities and new ideas
for analyzing the connections between the blocks, their genesis and evolution.
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The Keurusselkd impact structure in Central-West Finland was discovered by Hietala and Moilanen in 2003.
They observed shatter cones in situ and boulders in the Keuruselkd lake area. The shatter cone findings
locates about 5 km west from the Bouguer anomaly minimum. Four gravity profiles were measured across
the impact structure in 2005 to better determine the location of the structure. Inside the 25-26 km gravity low
(8-9 mgal) there exits a 2-3 mgal local gravity high, which may indicate the central uplift of fractured,
shocked but deep eroded granite target rock.

Keywords: Impact structure, shatter cones, gravity profiles

1. Shatter cones and ancient Precambrian bedrock

The Keurusselkd impact structure (62°09°N, 24°38°E) was discovered by Hietala and
Moilanen in 2003 (Hietala and Moilanen, 2004a), (Hietala and Moilanen., 2004b). They
found shatter cones in bedrock and boulders (Fig. 1.). The structure is deeply eroded like
the Yarrabubba Granite impact structure in Western Australia (MacDonald et al. 2003).
There is no clear evidence of circular structure in topography. Preliminary studies related to
breccias are going on (Moilanen, 2006). This may indicate, that we see only deeply
eroded roots of the central uplift of the fractured granite target rock with its boulders.

Figure 1. A rock boulder showing shatter cones, Harmaaniemi Keuruu (Pesonen et.al. 2005).
Photo: J. Moilanen
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2. Bouguer gravity low — a possible indicator of an ancient Precambrian impact
structure

Residual negative gravity anomaly is an indicator of the density decrease (porosity

increase) of bedrock. Bouguer anomaly field together with magnetic anomaly may reveal

morphological forms of embedded structures (crater diameter, depth, simple/complex

crater). By microgravimetry we may find even smaller structures like fracture zones in

bedrock.

Bouguer gravity data of the Finnish Geodetic Institute showed suitable gravity low for
impact structure (Pesonen et al. 2005). The shatter cone area locates appr. 5 km west of the
local Bouguer gravity low. The Bouguer gravity data was too sparse to locate the impact
structure well enough related to the shatter cones, and therefore we decided to make more
gravity measurements across the structure.

3. Gravity profiles across the shatter cone area and Bouguer gravity low

The Finnish Geodetic Institute carried out gravity measurements with Scintrex CG5
Autograph relative gravimeter in 2005. Positioning was made with a Leica SR530 GPS
receiver using VRS technique and the Geotrim VRS network (www.geotrim.fi). Ellipsoidal
heights were converted to orthometric ones by using the Finnish geoid model FIN2000
(Ollikainen, 2002). Gravity values were tied to the First Order Gravity Network of Finland
(FOGN) (Kiviniemi, 1964, Kaaridinen and Makinen, 1997). Fig. 2. shows measured
gravity stations along profiles across the impact structure (Ruotsalainen et al., 2006).
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Figure 2. Gravity profiles across Keurusselkd impact structure. Numbering shows the location of
the gravity stations. Bouguer anomaly contours are drawn using the gravity data base of the Finnish
Geodetic Institute.

The new gravity profile data does not change the location of the Bouguer gravity low. The
new data reveals details, which were undetectable in earlier sparse gravity data. There is a
Bouguer minimum (right arrow in Fig. 3a) and associated gravity high (left arrow in Fig
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3a) within the minimum, which is consistent with impact model. Aeromagnetic anomaly
data does not show clear correlation with gravity data and shatter cone findings (Fig
3b.)(Pesonen et al. 2005).
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Figure 3 a. Local Bouguer gravity anomaly of the Keurusselkd impact structure (Ruotsalainen,
2006, Dayioglu, 2006). Shatter cones are found mainly inside the ellipsoidal area (Moilanen,
2005).

Figure 3 b. Aeromagnetic anomaly from impact structure area. Cross is approximately in the
Bouguer anomaly minimum (Aeromagnetic map, courtesy of Hanna Levaniemi,
Geological Survey of Finland).
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4. Plans for new geophysical investigations of the structure

In the global impact data base (http://www.unb.ca/passc/ImpactDatabase/), there are no
middle sized impact structures, which are of Precambrian age. The closest one is the
Jénisjarvi structure in Russian Karelia (age ca. 600 Ma, D ~22 km; Salminen et al., 2005).
Keurusselkd structure provides a unique case to study the erosional history of the crust in
Central Finland. Three seismic lines (FIRE, SVEKA and FENNIA) which closely passes
through the structure will help in interpreting the details of the crust (e.g., Kukkonen et al.,
2002) (Fig. 4).

The age of the Keurusselkd impact structure is still undefined. Since shatter cones
seems to be present in all Palaecoproterozoic (1.88 Ga) rock types of the region, the age of
the structure must be younger than ~1.88 Ga (Pesonen et al. 2005). Morphological and
field studies show that the Keurusselké structure possibly represent deeply eroded remnants
of a large complex impact structure where the erosion level is below the original crater
floor . Radiometric and paleomagnetic methods ( *’Ar- **Ar) will be used to estimate the
age of the impact. The latter method is useful in estimating the amount of uplift of the crust
due to impact.

There are also three boreholes south of the shatter cone findings. They can offer more
precise data of the shock effect in the bedrock. There is need for more gravity
measurements and other geophysical investigations. The project will continue in 2007-2010
partly funded by the Academy of Finland.
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Fig. 4. The three seismic profiles (SVEKA, FENNIA, FIRE) crossing the Keurusselka area
(Geological map by M. Nironen, GSF).
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Mesoproterozoic monzodioritic sill, Valaam, Russian Karelia
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A paleomagnetic investigation of the Valaam monzodioritic sill, Russian Karelia (U-Pb ages ~ 1458 Ma,
Ramo et al., 2001) was undertaken in an attempt to provide new key pole for Baltica and to test the proposed
joint drift history of Baltica and Laurentia in between 1.83 and 1.26 Ga.

Keywords: paleomagnetism, supercontinent Hudsonland

Supercontinents have played a key role in the evolution of the Earth’s surface at least since
the Archean times. Amalgamation and following break up of supercontinents have had
major geological consequences; such as diversification of life, unique climatic conditions
including numerous glaciations, global changes in ocean chemistry, and long-lived mantle
convection patterns (e.g. Condie, 2000; 2004; Karlstrom et al., 2001; Meert, 2002;
Pesonen et al., 2003; Rogers and Santosh, 2002; Zhao et al., 2003; 2004 and references
therein). There are geological and paleomagnetic evidences that since the Mesoproterozoic
three supercontinent assemblies (Rodinia ca. 1050 — 750 Ma, Gondwana ca. 550 — 400 Ma
and Pangea ca. 350 — 165 Ma) have existed (Pesonen et al., 2003 and references therein).
Evidences for the pre-Rodinia supercontinents become more controversial as the age of the
geological formations increase due to paucity of paleomagnetic data and inherent dating
problems. However, most cratonic blocks show evidences of collisional events occurring
between 2.1 and 1.8 Ga, which has led many researchers to propose that Mesoproterozoic
supercontinents, such as Hudsonland (also known as Columbia), existed in the Early
Proterozoic (e.g. Condie, 2004; Meert, 2002; Pesonen et al., 2003; Rogers and Santosh,
2002; Zhao et al., 2003; 2004 and references therein). Moreover, the temporal and
compositional overlap between the interorogenic episodes in W Baltica and the magmatism
in E Laurentia supports models of a Mesoproterozoic supercontinent, which included
Baltica and Laurentia (e.g. Ahall and Connelly, 1998). The time interval 1.8 — 1.2 Ga is a
time period of anorogenic events, rather than major orogenic period. The 1.6 — 1.5 Ga is a
period of tectonic stability that reflects cartonization of new lithosphere, maybe due to
growth of lithospheric mantle (Karlstrom et al., 2001). Periods 1.7-1.6 Ga and 1.55 — 1.35
Ga were the time for intracartonic bimodal A-type magmatism, which involved granites
and associated anorthosites and related tectonism (e.g. Karlstrom et al., 2001; Ahall and
Connelly, 1998). During the 1.3 — 1.1 Ga period major events were rifting and formation of
dykes and sills.

Recently several variations of assemblies of supercontinent Hudsonland have been
presented, which differ from Rodinia. For example, Pesonen et al (2003) have suggested
that Laurentia and Baltica lived together more than 600 Ma (from ca. 1.83 to ca. 1.20 Ga),
forming together with Amazonia and perhaps with some other continents, like Australia,
the core of this Early Proterozoic supercontinent. Several other authors have suggested a
variety of configurations and lifecycles for this supercontinent (e.g. Karlstrom et al., 2001;
Meert, 2002; Zhao, 2004 and references therein).
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In order to shed light into the question of existence of Mesoproterozoic supercontinent
Hudsonland we have carried out paleomagnetic study on Valaam monzodioritic sill in the
NW part of the Fennoscandian Shield, in Russian Karelia. The opportunity is excellent
since the new U-Pb dating of the Valaam sill yield ages of 1459 + 3 Ma and 1457 + 2 Ma
(R&mo et al., 2001), which are nearly coeval with St Francois Mnt (1476 + 16 Ma),
Michicamau Intrusion (1460 + 5 Ma), Harp Lake Complex (1450 £ 5 Ma) and other parts
of Belt Supergroup formations in Laurentia. This compatibility provides a unique case for
testing the proposed long lasting (1.8 - 1.2 Ga) unity of Baltica and Laurentia and this way
the existence of supercontinent Hudsonland. The Valaam sill (ca. 1.46 Ga) provides a
needed material for a paleomagnetic study since its magnetization is stable and there is a
lack of key poles in between 1.5 and 1.3 Ga for Baltica (Buchan et al., 2000; Pesonen et
al., 2003).

A paleomagnetic investigation of the Valaam monzodioritic sill, Russian Karelia (U-Pb
ages ~ 1458 Ma, Ramo et al., 2001) was undertaken in an attempt to provide new key pole
for Baltica and to test the proposed joint drift history of Baltica and Laurentia in between
1.83 and 1.26 Ga. In total 46 oriented hand samples were collected on the main island for
paleomagnetic and rock magnetic studies. Three component of remanent magnetization
were obtained. The first one is low coercivity component of viscous origin with the
direction similar to the direction of the present Earth’s field at the sampling site. The low to
intermediate unblocking /coercivity component B (D = 39.3°, I = 25.8°, a5 = 7.5°)
corresponds to a paleomagnetic pole Plat. = -34.6°, Plong. = 342.0° (Ays = 5.9°). The high
unblocking/coercivity component A (D = 43.4°, I = -14.3°, as = 3.3°) corresponds to a
paleomagnetic pole Plat. = 13.8°, Plong. = 166.4° (Ags = 2.4°).

Rock magnetic and SEM studies revealed that the main carrier of the magnetization of
component A is coarse grained primary titanomagnetite, with varying Ti-content.
Component A is interpreted to be of primary origin and it provides a new well dated key
pole for Baltica. Whereas, secondary magnetization, component B, is carried by
ilmenohematite and with comparison to Baltica’s apparent polar wander path (APWP) it
yields ages of ca. 290-280 Ma.
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Figure 1. The insert shows the study area (rectangle), Lake Ladoga in Russian Karelia. A)
Simplified geological map of the Lake Ladogan area (after Koistinen et al. 2001). The Valaam
Island is enclosed by a rectangle, B) Sampling sites of the monzodioritic sill of the Valaam Island,
where G denotes monzodioritic samples and S syenitic samples.



LITHOSPHERE 2006 Symposium, November 9-10, 2006, Espoo 172

This work ~1.5 Ga

\ Hl.\dsonl/and
R L

Figure 2. Paleomagnetic reconstruction of Hudsonland based on data from Valaam sill (this work).
Data for other continents after Pesonen et al. (2003).
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3-D structure and physical properties of the Kuhmo Greenstone
Belt (eastern Finland): constraints from gravity modelling and
seismic data and implications for the tectonic setting
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The objective of our research was to obtain a 3-D density model of the Kuhmo greenstone belt in the eastern
Finland. Although the surface position of the belt is relatively well constrained by geological studies, its 3-D
structure is poorly known. The knowledge of the 3-D structure of the belt is essential to understand the
formation of the belt. We estimated seismic velocities and density of the main rock types of the belt from
modal mineralogy. The result of the modeling suggests that the main rocks types of the belt have low seismic
velocities and high densities. We also applied 3-D gravity modeling and inversion in order to obtain the 3-D
density structure of the belt. Our result demonstrated that the Kuhmo greenstone belt is a surface structure
that is 10 - 12 km wide with depth less than 7 km and average density of 2.84 - 10’ kg/m”.

Keywords: 3-D gravity modeling, Archaean, Fennoscandian Shield, Greenstones, Density

1. Introduction

Archean greenstone belts around the world are of great interest for geologists as they often
host gold and other valuable metal deposits. However, the origin and development of these
belts is still strongly debated, particularly with regard to the role of plate tectonic (e.g.
collision and subduction) processes and magmatic (e.g. diapirism, plume magmatism)
processes in evolution of the Archean lithosphere (Benn et al., 2006; de Wit, 1998;
Hamilton, 2003). As a result, the 3-D structure and physical properties of the greenstone
belts may differ significantly from each other. For example, large diapiric batholiths and
synclinal greenstone keels may suggest that diapirism was an important tectonic process in
the Achaean Slave Province (Bleeker, 2002); whereas in the Superior Province the linear
distribution of belts suggests that accretion tectonics (i.e. plate tectonics) may have
dominated (c.f. Stott, 1997). Therefore, studying of the 3-D structure of the greenstone
belts is important not only for the purpose of ore exploration, but for understanding the
early history of the Earth as well.

2. The data and constraints for modelling

In our research we used the digital map of the Bouguer anomaly compiled by the
Geological Survey of Finland from the results of gravity measurements owned by the
Finnish Geodetic Institute (Korhonen et al., 2002). The average linear spacing of the
observations stations is 5 km and the Bouguer anomaly map used in this study is defined on
10 x 10 km? regular grid (Korhonen et al, 2002; Elo, 1997; Ké&aridinen and Méakinen,
1997). The digital map of the surface bulk density was compiled from results of laboratory
measurement of density of rock samples collected all over Finland (Korhonen et al., 1997).
As the sampling points were not evenly distributed, particularly in the relatively small area
considered in this study, the density map was obtained by interpolation of the raw data to a
regularly spaced grid of 2 km x 2 km. The density values in the nodes of the grid were
obtained as weighted sum of density at points closest to the node and also by taking into
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account the boundaries of the geological structures from 1:1 000 000 geological map of
Finland (Pirttijarvi, 2005).

To constrain the seismic velocities and density of the Kuhmo greenstone belt and to
find the explanation of the apparent disagreement between low seismic velocities and the
gravity high, we used petrophysical data from the borehole RO-KR1 in Romuvaara area
(Anttila et al., 1990). The surrounding area is mainly comprised of late Archean banded
amphibolites, migmatites, granitoids and the metavolcanic rocks and metasediments of the
Kuhmo greenstone belt. The borehole is almost 1 km deep and samples were taken from
the drill core with quite even distances between them. To eliminate the influence of random
non-lithological factors like porosity and seismic anisotropy, we estimated the physical
properties of main types of rocks of the belt from their modal mineralogy using Monte-
Carlo simulation. As it was demonstrated by Kozlovskaya et al. (2004b), such a modelling
makes it possible to estimate the influence of certain minerals on density and seismic
velocities. The Monte-Carlo method was used to calculate the seismic velocities and
densities for the selected rocks. First 10 000 samples of each rock type were calculated
with a random number generator. Then the elastic parameters, the seismic P- and S-wave
velocities, and the density were calculated for each rock using equations. The density-
velocity relations by Sobolev and Babeyko (1994) for anhydrous magmatic rocks that did
not undergo metamorphic reactions can be used as such reference curves. Kozlovskaya et
al. (2004b) demonstrated that rocks with high content of Ca-rich plagioclase have higher
values of V,, and lower density than the reference density-velocity relationship, while high
content of amphibole results in lower values of V, and higher density compared to the
reference relationship. As can be seen from Fig. 4, all the rocks analysed have lower
seismic velocities (in particular, P-wave velocities) and higher densities than the reference
curve. This suggests that tonalitic rocks are widely spread within the belt, while other rocks
are subordinate. In addition, the rocks of the belt have generally lower P- and S-wave
seismic velocities, but higher densities than the velocities and density in the middle crust
beneath the belt (6.30-6.65 km/s, 3.68-3.8 km/s and 2.7-2.85 - 10° kg/m’, respectively)
(Kozlovskaya and Yliniemi, 1999). This indicates their different composition and implies
that the belt does not continue to the middle crust.

3. Modelling and inversion

For 3-D gravity modelling and inversion we used an interactive computer program for
visualization and editing of large-scale 3-D models (Bloxer) and a gravity modelling and
inversion software (Grabox) based on a 3-D block model (Pirttijarvi et al., 2004). The
starting model was made by selecting about 150 km x 130 km x 16 km rectangular block
from the existing regional 3-D density model for central and southern Finland
(Kozlovskaya et al., 2004a). The regional model does not include such shallow features as
the Kuhmo greenstone belt. The regional model was also used to calculate the effect of the
densities beside and below the research area. In this way features that affected the research
area from outside could be eliminated from the data. The selected part of the regional 3-D
model was approximated by 8 km x 8 km x 2 km blocks. To fit the observed Bouguer
anomaly, a 4 km deep body with constant density representing the belt was added to the
model. The density value of 2.84 - 10° kg/m’ was selected basing on result of 2-D gravity
modelling in (Kozlovskaya and Yliniemi, 1999). In their work they tested multiple density
values and found this value to give best results in their 2-D model along the SVEKA’81
profile. As it was shown in Section 5, this value corresponds to the average density of
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tonalities. It is also in agreement with the data about the density of rocks of the belt
obtained from laboratory measurements (Elo et al., 1978, Elo, 1997). The shape and
position of the body were defined from the geological map. The final model was made by
trial and error method using Grablox program to compute the Bouguer anomaly of the
model and to compare it to the observed Bouguer anomaly.

After the model was made by trial-and-error as good as possible, inversion was tried in
order to improve the fit to the observed Bouguer anomaly. However, inversion of the
gravity data is generally non-unique; therefore, we applied different methods of gravity
data inversion in order to evaluate the stability and uniqueness of the solutions obtained.
The program Grablox uses two major inversion methods, namely, singular value
decomposition (SVD) and Occam inversion (Hjelt, 1992). In each method three possible
ways to parameterise the model (height, density and height + density inversions) are
available. The parameters regulate the maximal change of density of the blocks and define
whether the inversion should give more importance to minimizing the data error or to the
model roughness. The strength of the smoothing is controlled by so called F-option
(factor), that may take values between 0 and 1.

4. Conclusions

Petrophysical modelling demonstrates that the main rocks types of the Kuhmo greenstone
belt have lower seismic velocities (in particular, P-wave velocities) and higher densities
than the density-velocity relationship by Sobolev and Babeyko (1994) selected as a
reference curve. This can be explained by high content of amphibole, biotite and
muscovite. This specific modal mineralogy explains the gravity high and relatively low
seismic velocities in the area of the Kuhmo greenstone belt.

The rocks of the belt have generally lower P- and S-wave seismic velocities, but higher
densities than the velocities and density in the middle crust beneath the belt. This indicates
their different composition and implies that the belt does not continue to the middle crust.

The average density of the surrounding rock west of the belt differs only slightly from
the density east of the belt (2.69 - 10° kg/m’ and 2.72 - 10° kg/m’, respectively). Therefore,
the difference in regional Bouguer anomaly west and east of the belt is explained by the
trend produced by the Moho uplift. This verifies the previous results by Kozlovskaya and
Yliniemi (1999).

Based on both forward modelling and inversion, the Kuhmo Greenstone Belt is a
surface structure that is 10-12 km wide with depth less than 7 km and average density of
2.84 - 10° kg/m’. The belt has no deep “root” in the middle crust and lower crust. Values of
the depth to the lower boundary of the belt obtained in various inversion trials did not vary
significantly.
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Figure 1. One example of the density models obtained with inversion. Subplot (a) is the surface
density map and Subplot (b) a vertical section in north-south direction marked in Subplot (a) with
white line. Also borders of the modelled greenstone belt have been marked with the white line in
Subplots (a) and (b). Subplot (¢) is the Bouguer-anomaly calculated from the model. The borders of
the Kuhmo greenstone belt from 1:10 000 000 geological map of Finland have been marked in
Subplot (c) with black line.
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Three-dimensional visualization of FIRE
seismic reflection sections
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We are developing easy-to-use three-dimensional models of the FIRE (Finnish Reflection
Experiment) seismic reflection data to be used in GTK web pages. The objective in the
present project is to build models, which are accessible in as many interfaces as possible.
Important interfaces are the standard web browsers, and currently the models are accessible
with Internet Explorer using an ActiveX Surpac Minex 3D Stream Control plug-in. The
visualization is done using the Surpac Vision program from Surpac Minex Group.

b '—/ﬁ,ﬂ;ﬁ

Figure 1. 3D image of the crossing between FIRE 3 and FIRE 3A in eastern Finland. The depth of
the section is about 60 km. Ratio between vertical and horizontal is 1:1. (for FIRE data description
and first interpretations, see Kukkonen and Lahtinen, 2006).

This kind of an interface design allows the users to examine seismic reflection data easily
without complicated programs and tedious procedures. A sser examining the data is easily
able to zoom in and out, as well as rotate the image and move within the model freely in
real-time. Easy accessibility of the 3D model also narrows the gap between scientists,
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students and public as everyone is able to access the content without expensive programs
and extensive knowledge.

Two-dimensional surface maps can also be attached to the model to illustrate the
relationships between subsurface features and, for instance, aeromagnetic data or
geological maps. This helps to perceive the three-dimensional relationships and shapes fast
and creates a new usage to the acquired data.

In the Lithosphere 2006 meeting, we will demonstrate 3D FIRE images in the GTK
web pages.
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Orogenic processes and mineralization through time — some
general concepts and comparisons with FIRE 3 and 3A
reflection seismic interpretation
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Likely similarities and differences between Archean and younger mineralizing processes,
and orogenic architecture of some mineralized terrains are briefly reviewed, with emphasis
on the Yilgarn craton. Comparisons are then made with respect to crustal scale
interpretations of the FIRE 3 and FIRE 3A

Keywords: Finland, Yilgarn, Archean, Paleoproterozoic, seismic, architecture, mineral
systems evolution, gold mineralization.

1. Were Archean geologic processes and mineral systems inherently different from
younger those of the younger Earth?

When studying geodynamic controls on mineralization, we need both empirical data on the
distribution and magnitude of ore deposits throughout Earth history, and theoretical
considerations of potential variations in fundamental earth processes in space and time.
Expressed in another way, if we define an ore deposit as the result of a highly efficient
metal enrichment process driven by a hydrothermal or magmatic event, then have boundary
conditions controlling such events changed over time? Answers to this question depend
largely on the scale of the system under consideration, and the relative importance of the
mantle to crustal mineralising processes. For example, has the role of the mantle been
relatively passive, in terms of simply regulating heat flux, and hence thermal regime,
rheology and fluid flux in intracrustal mineral systems? Or is the mantle lithosphere more
actively involved in mineralizing processes in the crust, through transfer of metals or
fluids?

There are three principal sources of information from which we may infer that Archean
lithosphere is compositionally distinct and formed under a different thermal regime. Firstly,
statistical studies of garnets from kimberlite xenoliths have been used to infer a subtle but
potentially significant difference in the composition and hence buoyancy of Archean
subcontinental lithospheric mantle compared to Proterozoic and Phanerozoic mantle
lithosphere (Poudjom-Doumani et al., 2001). Secondly, the abundance of komatiitic
magmatism, with its implications for a distinctive Archean style of nickel mineralization, is
interpreted as evidence for somewhat — though not radically — higher ambient temperatures
for the Archean asthenosphere (Arndt, 2001.) Thirdly, depending on preferred models for
the rate of growth of continental lithosphere, the preferential transfer of incompatible
elements, notably K, Th and U from mantle to crust must have a significant impact on
partitioning of radiogenic heat production between mantle and crust, and hence crustal
rheology as well (Sandiford and Maclaren, 2002; Riegenauer-Lieb et al., 2006). A
complex, if not causal feedback between these three phenomena is likely. For example,
conductive thermal modeling of the decay of an anomaly due to plume impingement at the
base of the crust at 2700 Ma would be consistent with the generation of widespread
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anatexis in the lower and middle crust at 2650-2630 Ma (Hobbs et al., 1998), which agrees
well with available geological constraints in the two most extensively mineralized Archean
terranes — the Norseman-Wiluna belt of the Yilgarn Craton and the Abitibi belt of the
Superior Craton. Therefore, potential contrasts between the composition and behaviour of
modern and Archean lithosphere should be evaluated within the context of ambient thermal
regime. Moreover, there are examples where Archean lithosphere has been modified by
melt infiltration and metasomatism during lithospheric extension, as testified by the
Mesozoic to Cenozoic history of the North China craton. This is incidentally the only
example — perhaps except for the contemporary Wyoming craton and western North
America — where significant post-Archean gold mineralization is found within an Archean
terrrain.

It is implicit from the above observations that at least gold mineralization in Archean
terrains shows a spatial association with areas subjected to anomalous lithospheric heat
flux. Global analysis of the distribution and setting of gold deposits through time moreover
reinforces the correlation with convergent margin subduction zones and particularly with
terrains involving rapid lithospheric growth and accretion (Goldfarb et al.,, 2001; Groves et
al., 2005; Leahy et al., 2005). The crucial role of water and the hydrosphere in initiating
and sustaining plate tectonics, through hydration of oceanic lithosphere (Fyfe, 1990) and
the distinctive chemical signatures of late Archean sanukitoid plutonic complexes (Martin,
Halla) further suggests that we ought to consider similarities between late Archean and
modern processes, instead of emphasizing differences. While the rheology and strength of
the deep crust may have been very sensitive to an enhanced mantle heat flux and radiogenic
heat production in late Archean time (cf. Ridley 1992), metamorphic and mineral deposit
studies indicate that upper crustal geotherm was indistinguishable from those of modern
terrains (Bickle, 1978). The existence of crustal scale strike-slip shear zones (Sleep, 1982),
and deposition and deformation of the Witwatersrand sequence as a foreland basin also
testify to the stability and strength of at least some cratonic domains during late Archean
time.

2. Mineral systems in relation to orogenic architecture and evolution

We may conclude from the above discussion that - except for processes sensitive to
atmospheric and oceanic redox state - the mineral endowment of any given orogenic terrain
is not primarily a function of age. Instead, we may expect mineralization to be the result of
dynamic interaction between external boundary conditions — thermal and far-field stress
regime, including rate, direction and duration of plate convergence — and the inherited or
evolving internal thermal and material properties of the orogen, such as presence or
absence of an inherited basement structure, the architecture of passive margin sequences,
and the distribution of fertile material for fluid release and partial melting. Optimal
conditions for the formation of regional scale and pluton-centered hydrothermal systems, as
well as stratiform basin-hosted deposits, occur when thermal and chemical gradients are
initiated and maintained within a structural framework that promotes metal extraction,
efficient transport and focussing of fluids and magmas and ultimately, ensures deposit
preservation.

The increasing availability of deep crustal seismic surveys for many orogenic terrains
of different age, combined with an understanding of kinematic and thermal evolution,
provides us with new opportunities for comparing mineral endowment and prospectivity in
relation to large scale lithospheric processes (Drummond et al., 2000b). Although it may
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not be possible to extract an unambiguous geological event history from seismic data, can
we use results from known mineralized terrains to nevertheless define favourable structural
architectures which are inherently more favourable for the formation and preservation of
mineral deposits?

We may define two fundamental collisional orogenic architectures, in terms of whether
the polarity of subduction is away from the orogen, or beneath the orogen (Cook and
Varsek, 1994). Depending on degree of coupling and decoupling within the crust or
between crust and mantle, we may further distinguish two general types of fold belt
profiles: (1) asymmetric, foreland migrating wedges with various combinations of
imbricates, duplexes and antiformal stacks, and (2) doubly vergent profiles, with either
tectonic wedges, backthrusts and triangle zones, or conversely, divergent thrusts leading to
pop-up wedges. Another important variable is obliquity of convergence, or more probably,
changes in convergence vector, which may have a significant effect on thermal regime and
fluid production (cf. Goldfarb et al., 2001). A critical feature in all of these architectures is,
by analogy with traps in petroleum systems, the potential exists for creating fault-bounded
domains of differential uplift and overpressuring beneath relatively impermeable units that
act as seals to contain hydrothermal systems.

Foreland-propagating fold and thrust belt architecture is evidently favourable for fluid
migration and formation of relatively low temperature zinc mineralization in deforming
sedimentary basins but may be less favourable for formation and long-term preservation of
orogenic deposits, if associated with rapid uplift and exhumation. On the other hand, the
architecture of doubly vergent deformation (Koons 1990) and tectonic wedging (Jamison
1993) has the potential to provide uplift in combination with efficient fluid transfer,
including deep penetration of meteoric fluids (Craw et al. 2001), at the same time
maintaining effective impermeable seals and promoting focussing, circulation and retention
of fluids within a middle crustal environment during orogenic deformation (Sorjonen-Ward
et al., 2002).

The Yilgarn craton of Western Australia provides useful insights into the relationship
between orogenic gold mineralization and crustal architecture, with both asymmetric
imbrications and excellent examples of doubly vergent tectonic wedging and crustal
decoupling (Drummond et al. 2000a; Sorjonen-Ward et al., 2002). For example, beneath
the highly mineralized Kalgoorlie region, there is a prominent subhorizontal reflective zone
that appears to represent an effective mechanical decoupling between the upper crust,
perhaps corresponding to the late orogenic brittle-ductile transition. Above this level, the
upper crust deformed in a very heterogeneous manner, accompanied by uplift and erosion,
while below it, the middle and lower crust, which displays a distinctly different asymmetric
tectonic imbrication. A corollary of this interpretation is that middle crustal deformation
zones facilitated melt transfer from the lower crust to higher levels, giving rise to sheeted
granitic complexes at the base of the greenstone sequences, at conditions approximating the
brittle-ductile transition, at the same time providing an appropriate source for late orogenic
mineralising fluids.

3. Comparisons with Archean and Paleoproterozoic structures in seismic reflection
profiles FIRE 3 and FIRE 3A

The FIRE 3 and FIRE 3A deep seismic profiles form a combined traverse across the
transition zone from the Archean Karelian craton to Paleoproterozoic Svecofennian
lithosphere. Apart from several steep discrete features which may represent episodic brittle
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reactivation of older structures, the overall seismic fabric is considered to record the
original Archean and Paleoproterozoic crustal architecture. Several crustal domains can be
delineated, based on a combination of known geological constraints and patterns of seismic
reflectivity, representing four principal geodynamic zones.

Geodynamic zone 1. Archean rocks at the eastern end of Profile FIRE 3 have been
thermally overprinted by Svecofennian orogeny but there is no penetrative
Paleoproterozoic deformation. Accordingly, seismic fabric may be interpreted as a record
of Neoarchean orogenic processes. The two greenstone belts in the profile do not correlate
with strong reflectivity contrasts, either at surface or depth, but the distribution and
orientation of some reflectors and an extensive transparent zone in the upper ten kilometres
is consistent with field evidence for late orogenic E-NE vergent deformation associated
with emplacement of potassic migmatites and monzogranite plutons. Below this level,
seismic fabric is more homogeneous, with a Moho discernible at around 40 km and is in
this respect appears typical for undisturbed Archean lithosphere and correlates well with
other sections through the Karelian craton;

Geodynamic zone 2. Paleoproterozoic rifting and basin subsidence may be inferred in
the Hoytidinen Domain from a moderately W-dipping discordance in reflectivity that
projects to the surface at the Archean —Proterozoic unconformity. There is however some
ambiguity as to whether an asymmetric extensional fault system would have dipped
eastwards, beneath the craton, instead of westwards, as favoured by earlier models.
Eastwards dipping reflectors can be identified, although some at least appear to be
relatively late orogenic features. An eastwards dipping system is plausible, and would be
appropriate for extensional exhumation of the Jormua and Outokumpu subcontinental
mantle lithosphere during eventual continental breakup. On the other hand, reactivation of
westwards dipping extensional faults is in accordance with inversion of the rift sequence,
including an inferred antiformal stack to a depth of nearly 10 km is consistent with
inversion of the rift basin and emplacement over the Archean foreland;

Geodynamic zone 3. A broad zone, across the Outokumpu, Suvasvesi, Kuopio and
Unnukka domains, within which the FIRE 3A profile is oblique to structural trends is
characterized at the surface by allochthonous Paleoproterozoic and Archean basement,
disrupted by NW-SE strike-slip shear systems and bivergent thrusting, accompanying
emplacement of granitoids, some of which were derived from Archean crust. Discrete
granitoid plutons are clearly imaged as transparent zones, and down-plunge projections
from areas to the north of the profile imply the presence of thoroughly reworked Archean
crust beneath the Outokumpu region. The seismic fabric in this area is thus attributed to
complex interaction between thrusting and strike-slip shear systems, with maximum
compressive direction subparallel to the buried craton margin;

Geodynamic zone 4. The Svecofennian section of the FIRE 3+3A traverse, within the
Unnukka, Adinekoski-Perho, Kaustinen and Kokkola domains is characterized by a series of
prominent reflective bands that have a gentle to moderate southerly dip gently southwards
to Moho depths in the plane of section. These could be interpreted as accretion of
metasediments beneath a W-facing magmatic arc, in which case many of the features
would have originated at 1.89-1.87 Ga. Alternatively the structure could represent post-
magmatic crustal scale imbrication, with a NNW vergence being appropriate for late
orogenic deformation, and potentially correlated with events between 1.84-1.80 Ga in
southern Finland. This interpretation would also imply that this whole region was already a
rigid plate capable of transmitting and sustaining collision stresses by 1.85 Ga.
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If we attempt to compare these crustal scale geodynamic zones with examples from
other mineralized terrains in other cratons, we can at least make some simple first order
statements. The seismic character of the Archean terrain in eastern Finland along the FIRE
3 profile is more reminiscent of a deeper crustal level or more intense thermal reworking
than the architecture inferred beneath the most highly mineralized terrain in the Yilgarn
craton. Indeed the seismic patterning and geological constraints are more appropriate for
the Southern Cross Province rather than Eastern Goldfields Province. By way of contrast,
the geological diversity and structural framework of the Lapland greenstone belt, including
doubly vergent deformation represents a closer analog for the latter terrain.

The architecture and kinematic history of the craton margin (Geodynamic zones 2 and
3) is in principal similar to mineralized terrains such as the NE Pacific during the
Mesozoic, in terms of a change in kinematic framework oblique to the former craton
margin, with the emplacement of late orogenic plutons. At present however, there is little
evidence of widespread pluton-related or shear-hosted mineralization in this region,
although this may depend on how we view the transition to the Central Finland Granitoid
Complex and Bothnia (Geodynamic zone 4 above), including the adjacent Skellefte district
in Sweden. Though transecting a Paleoproterozoic terrain, the FIRE 3A profile shows a
distinct subhorizontal reflective zone, separating crustal layers with different seismic
patterning, just as in the case of the Yilgarn seismic surveys. However, in the case of the
FIRE 3a profile, the upper and lower crustal layers share a distinctly uniform N-NW
vergent structural asymmetry. We may therefore combine these structural constraints,
together with characteristics of known mineral deposits in the region and results of other
crustal scale geophysical studies (eg. Korja et al., 1993), to develop more refined
exploration strategies.
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Numerical models are used to simulate a range of geological processes related to the Outokumpu mineral
system, including testing of submarine hydrothermal systems and the revised conceptual model developed
during the GEOMEX project. Conductive and convective thermal numerical models are used to demonstrate
the potential effect of sedimentary sequences on the formation and containment of hydrothermal systems in
underlying oceanic lithosphere. Reactive transport models evaluate interaction between serpentinite and
marine or metamorphic fluids. Deformation and fluid flow models are designed to illustrate processes ranging
from regional tectonic framework to local scale remobilization.
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1. The Outokumpu mineral system and the GEOMEX project.
The Paleoproterozoic Outokumpu Cu-Co-Ni-Zn-Au deposits occupy an important place in
the history of mining and metals processing in Finland. Between discovery in 1910 and
closure in 1988, the main Outokumpu deposit produced 28.54 Mt or ore grading 3.8% Cu,
0.24% Co, 0.12% Ni, 1.1 % Zn, 8.9 ppm Ag and 0.8 ppm Au. The Vuonos deposit
contained 5.82 Mt at lower grades and was mined from 1972-1984. Current mining
operations are restricted to extraction of significant talc deposits in the eastern part of the
district, where metamorphic grade is lower (Kontinen et al., 2004; Séntti et al.,2006). The
blind Kylylahti deposit, which was discovered in 1979 at depth along strike from the mined
deposits, has yet to be exploited, but is currently under further evaluation by Vulcan
Resources. The rather unusual metal association of the Outokumpu deposits occurs within
an equally distinctive host rock assemblage, comprising (metamorphosed) serpentinites,
metalliferous black shales and banded quartz rocks and Cr-diopside skarns, all enclosed
within an isoclinally folded and monotonous sequence of turbidites. While the highly
strained and allochthonous nature of the Outokumpu assemblage, and tectonic
remobilization of the ore have long been recognized (Koistinen, 1981), the prevailing
interpretation has been that the Outokumpu deposits originally formed as massive sulfide
accumulations associated with seafloor exhalative processes (Koistinen, 1981; Park, 1988).
Research undertaken during the GEOMEX collaborative joint venture between
Outokumpu Mining and the Geological Survey of Finland, was aimed at an enhanced
understanding of the mineral system and refinement of exploration strategies, leading to a
reappraisal of the origin of mineralization and relationships between hydrothermal
alteration, deformation and metamorphism (Kontinen et al., 2004, 2005, 2006). Textural
and structural studies affirm the importance of structural remobilization of the ore deposits
during prograde metamorphism, and highlight the difficulty or inferring primary processes
(Séntti et al., 2006).
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GEOMEX geochemical studies, and comparisons with the Jormua ophiolite (Kontinen,
1987; Peltonen et al., 1998) also indicate that the Outokumpu host rocks are dominated by
serpentinized depleted mantle harzburgites. If the original metal enrichment is related to
submarine hydrothermal processes, the relative lack of evidence for magmatic activity,
apart from remnant mafic dykes, and gabbroic intrusions within the serpentinites, and
sporadic low-Ti and rhyolitic volcanics, suggest convection at relatively deep levels within
oceanic lithosphere, which was subsequently buried beneath a turbidite sequence.
Furthermore, revaluation of the quartz-rocks of the Outokumpu assemblage during
GEOMEX research demonstrates that they represent extreme hydrothermal leaching of
serpentinites, rather than silica exhalites. By analogy with similar, less metamorphosed
Paleozoic deposits in Quebec (Auclair et al., 1993), this was apparently a relatively low-
temperature (70-150°C) process, consistent with textural evidence that this silicification
and carbonate formation at Outokumpu predated metamorphism and significant
deformation. The primitive Pb isotopic composition of the Outokumpu ores apparently
precludes this silica-carbonate alteration from being related to Cu mineralization via fluid
and metal exchange between serpentinite, black shale and turbidites, since the latter have
more evolved crustal radiogenic Pb signatures.

While the serpentinites are an unlikely source for copper, mass balance studies indicate
that adequate amounts of nickel could have been supplied by breakdown of silicate
minerals such as olivine and pyroxene during serpentinization, provided that sulfur was
also available. Indeed, this may explain why the distribution patterns of Cu and Ni differ,
as well as account for the distinctive Ni enrichment at Outokumpu, compared to typical
oceanic seafloor hydrothermal systems. The same isotopic arguments can be used to refute
the concept of introduction of copper during structural focussing and trapping of
metalliferous fluids within a regional scale synmetamorphic hydrothermal regime. The
regional structural architecture is in principle appropriate for a metamorphic hydrothermal
model — the structural geometry of the main lode at Outokumpu for example, is readily
interpreted as mobilization, if not introduction of ore by duplexing of ore during late stage
folding under peak metamorphic conditions. However, there is an evident lack of
hydrothermal alteration in regional scale thrust systems and shear zones, so that
synmetamorphic mobilization, rather than introduction of sulfides is favoured.

2. Numerical modelling of the Outokumpu mineral system

A further collaborative project between GEOMEX partners and CSIRO Exploration and
Mining (Australia) was designed to investigate aspects of the GEOMEX genetic model, as
well as simulate and test earlier conceptual models for Outokumpu earlier hypotheses,
using a range of numerical process modelling techniques. Here we present the some results
from this project, to illustrate how numerical modelling can be applied specific case
studies, as well as generic insights into mineralising processes.

A range of numerical models have been designed to simulate the alternative processes
outlined above, with the following issues being considered most relevant to understanding
the Outokumpu system:

(1) Thermal regimes appropriate for hydrothermal processes in ultramafic oceanic
lithosphere;

(2) Fluid interaction with ultramafic oceanic lithosphere, in order to determine conditions
favourable for copper enrichment and appropriate fluid compositions for low-T silica
alteration of serpentinite;
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(3) Simulating the kinematics of regional deformation and mobilization of ore as
constrained by field observations, including the possibility of synmetamorphic structural
controlled fluid flow.

3. Conductive and convective thermal models of oceanic lithosphere

We have simulated the conductive thermal evolution of lithospheric scale models using the
finite difference code, FLAC (Fast Lagrangian Analysis of Continua; Cundall and Board,
1988; Itasca, 1998), based on a Mohr-Coulomb crustal rheology overlying a viscous mantle
lithosphere and asthenosphere. A tapering turbidite wedge extends half way across the
upper surface of the models. A range of static and extensional deformational scenarios
were modelled, with systematic variations in strain rate, radiogenic heat production and
distribution of thermal anomalies, in order to simulate the effects of gabbroic intrusions at
different emplacement depths (Fig. 1). Results indicate that thermal anomalies appropriate
for hydrothermal metal leaching and transport are restricted to close proximity to intrusions
and decay rapidly. The relatively small volume of gabbroic bodies, and erratic spatial
distribution with respect to known mineralization further suggests that geophysical
targeting of gabbroic bodies is probably not a useful exploration strategy.

Thermal convective modelling has been done with the reactive transport code OS3D
(Steefel and Yabusaki 1996). The 2-D model represents a simplified section simulating the
permeability structure of oceanic lithosphere, with a fixed mantle heat flux maintaining a
thermal gradient sufficient to drive convective flow. As in the thermal conductive models a
tapering wedge of sediment, with low permeability is modelled across one half of the
model. It is clear from the solution for steady state Darcy flow and the temperature
distribution that the sediments have a critical influence on the formation and efficiency of
convective flow cells in the underlying basement (Ord et al., 2003; Sorjonen-Ward et al.,
2005). One of the more significant generic outcomes from both conductive and convective
thermal modelling was the significance of a low permeability seal to the system, whether
due to blanketing by sediments or disruption to permeability structure by vertical sheeted
dyke complexes. The presence of such seals showed a clear correlation with efficiency and
sustainability of underlying convective flow cells. At a general level this implies that the
presence or absence for a rapidly prograding sediment wedge over a volcanic complex
could be a useful exploration criterion for subseafloor replacement VHMS deposits (cf.
Allen et al., 1996; Binns et al., 2002; Brauhart et al., 1998; Cathles, 1983).

4. Reactive transport models involving serpentinites and fluids

Hydrothermal fluid-rock interaction was modeled with the reactive transport code OS3D,
firstly to demonstrate thermal regimes and permeability structures for efficient
hydrothermal convection, followed by 1-dimensional flowpath simulations. Because of the
symmetric zonation of the Outokumpu deposits, such simplifications were considered both
realistic and computationally efficient. Various scenarios were then tested, varying length
of flow path and relative proportions of rock units (peridotite, carbonaceous shale,
turbidite) and initial composition of infiltrating fluid (seawater, H20-CO2), and
systematically changing thermal gradients, both in terms of maximum temperature and up-
temperature (influx) and down-temperature (discharge) regimes. As well as being of
generic value for simulating fluid interaction with ultramafic rocks, the results obtained
were consistent with the proposition that the initial copper enrichment at Outokumpu was
separate from the silica-carbonate alteration serpentinites. Because of the inherently low Cu
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abundances in the depleted harzburgitic serpentinites, infiltrating seawater requires an a
priori enrichment in Cu; as discussed above, this may be feasible if the serpentinites were
once buried beneath a basaltic gabbroic crustal carapace, subsequently removed by
extensional processes, prior to turbidite deposition. Even so, seawater influx alone could
not precipitate chalcopyrite in serpentinite, due to the effect of anhydrite stability. At lower
temperatures, anhydrite precipitation is less efficient, so that sulfate-rich fluids can
circulate deeper into the system, maintaining higher oxygen fugacity, and favouring
prolonged metal leaching and transport. Precipitation of Cu (and Ni) sulfides then depends
upon the capacity of ultramafic rocks for sulfate reduction. For example, the
serpentinization of peridotite can produce methane where olivine breakdown produces
serpentine and magnetite (Frost 1985, O’Hanley, 1996). It is therefore critical, though
difficult in metamorphosed terrain, (Gole et al., 1987) to establish whether serpentinization
of the harzburgites occurred during this process, or at an earlier stage. Higher temperature
fluid-rock reaction tends to promote precipitation, including silica at the interface between
leached peridotite and sediments. This may be more relevant to prograde metamorphic
modification to the mineralization, although we were unable to simulate temperatures
above 400°C, nor did we simulate fluid absent diffusive processes.

5. Regional to local scale numerical modelling of deformation in relation to the
Outokumpu mineral system

Based on previous studies (e.g. Koistinen, 1981), it is geometrically and kinematically
reasonable to infer that the present structural setting of the Outokumpu ore zone is a result
of later orogenic deformation superimposed on early thrust tectonics. Thus the main
Outokumpu ore zone can be seen as lying within a structurally duplexed lense of
serpentinite, as a result of mechanical contrasts between the Outokumpu assemblage and
country rocks (Sorjonen-Ward, 2003). Therefore, deformation and fluid flow modeling
with FLAC was designed to illustrate a scale transition, beginning with the kinematics and
geometry of strain partitioning between regional scale shear zones and folding, which
controls the structural architecture of the Outokumpu district (Ord et al., 2003; Zhang,
2003). Successive models focused on smaller scales, addressing the effects of rheological
contrasts within the Outokumpu assemblage. Results were particularly successful in
demonstrating how sections through the main Outokumpu ore body can be explained by
structural duplexing of serpentinite and mobilization of ore on the limb of a regional
synform. Additional models simulated the expected flow patterns if synmetamorphic and
granite-related fluid flow are invoked.
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Late-orogenic (1.83 Ga) migmatites and granites in southern Finland form a 100x500 km long zone which is
connected to a major shear zone system. In the Nagu synform in SW Finland, a couple of kilometres of
deformed and banded granite sheets are exposed underneath an 18 kilometres long amphibolite synform.
Occasional layers of undeformed gabbros of apparently the same late-tectonic age occur interlayered with the
granite sheets. Whether these gabbros and the temperature rise caused by them was sufficient or not to

produce the granites is still an ongoing debate.
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1. Introduction

The Palaeoproterozoic crust in southern Finland was formed during the Svecofennian
orogeny about 1.89-1.87 Ga ago. It is comprised of I-type tonalites, granodiorites and
gabbros (Nurmi and Haapala (1986). The late-Svecofennian granite-migmatite zone
(LSGM-zone, Ehlers et al. 1993) in southern Finland is a large crustal section composed
mainly of S-type granites and migmatites (Figure 1). This regional belt of migmatites and
granites that discordantly transected the earlier Svecofennian crust around 1.83 Ga ago, is
related to a tectonic event in the early crust involving shearing and elevated temperatures
along a c. 500 kilometre long zone. Partial melts that moved upward through the crust
along syn-intrusive shears formed either granitic massifs in the middle and upper crust or
froze as migmatites. In SW Finland these potassium granites form large sub-horizontal
sheets. The granites are of porphyry type with large microcline phenocrysts that are tiled
and deformed both during and after the emplacement (Ehlers et. al. 1993, Selonen et. al.
1996, Stalfors and Ehlers 2006).

The Nagu synform in SW Finland is a perfect area to study these tectonically banded
and fractionated late-orogenic granites. A couple of kilometres of deformed and banded
granite sheets are exposed underneath an 18 kilometres long amphibolite synform. Stalfors
and Ehlers showed earlier that these granites are geochemically inhomogeneous and
apparently emplaced as a succession of small individual melt batches (Stalfors and Ehlers
2000, 2006). The granitic plutons are thus composed of individual sheets of granites with
varying chemical compositions. Occasional layers of undeformed gabbros of apparently the
same late-tectonic age occur interlayered with the granite sheets. They differ chemically
from the early-Svecofennian calc-alkaline gabbros in the area as well as from post-
collisional monzodiorites in south Finland (Véisdnen et al. 2000). The Nagu gabbros were
first described by Edelman (1973, 1985) and recently by Rikberg et al. in 2006. They occur
as layer-parallel sills within the granite sheets (Figure 2), as larger bodies (in the western
part of the area) or as local small intrusion fingers in the surrounding granites (Figure 3).

The gabbros were also emplaced in pulses (see Figure 4), which resulted in complex
patterns in the area. Some gabbros are discordant against the banding in sheared granites,
while granitic back veining along cracks in the gabbro sills can be seen at other localities.
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2. Tectonic setting

Three regional deformational episodes are identified in the Svecofennian rocks in southern
Finland: D; D; and D3 (e.g. Viisdnen and Holttd 1999). Due to the high metamorphic
grade, the oldest deformational structures are very sparse, even if some isoclinal F; folds
can be observed. Most recorded F; folds are intrafolial small folds, while F, folds occur at
all scales and dominate among the early structures. The tight F, folds are overturned
towards W or NW with north-westerly vergences, while the F3; folds are upright and
transpose earlier structural features parallel to the steep E-W trending F; axial planes.

The late Svecofennian granites were emplaced and locally deformed during D;. They
have recorded only the Ds structures, defining the “late-tectonic” timing of the
emplacement and the culmination of the high-grade metamorphism.

The F; folds are mostly open in areas dominated by early Svecofennian granitoids,
whilst areas dominated by supracrustal layers usually shows tighter F5 folds.

Tiling (imbrication) of microcline phenocrysts in horizontal granite sheets indicates
syn-magmatic shear during D; (Selonen et. al. 1996, Stilfors and Ehlers 2006) and
indicates a top to the W or NW movement. Both the granites and the gabbros intruded
along sub-vertical ductile D3 shear zones, which define a major system of transpressive
shear zones, and were emplaced along sub-horizontal surfaces parallel to the previously
overturned D, axial planes. Continuing deformation after the emplacement resulted in the
strongly sheared fabric in the granites, squeezing out the last melt fractions. The gabbro
sills are, however, mostly undeformed due to their faster crystallisation rate and are
therefore petrologically better preserved in outcrops even if boudinaged or brittly broken
during the synchronous deformation.

3. Intrusion relations between gabbro sills and surrounding granite

There are three types of interaction found between the felsic and mafic magmas in the
Nagu area. The different types of interaction is probably a result of the successive
emplacement of small batches of granites over time in relation to the intrusion of mafic sills
(which also have intruded as smaller batches). This resulted in complex patterns where
gabbros show both post- and syn-intrusive behaviour in relation to the surrounding granite
sheets. The large volumes of slowly crystallising granite generally show traces of
overprinting ductile deformation whereas the smaller gabbro bodies quenched instantly and
principally resisted the simultaneous D; deformation or was accommodated by boudinage
or breccia formation. In places, these two magmas are co-existing. The coevality of these
contrasted magmas is seen as net veining where the mafic rock shows a pillowed form with
a decreasing grain-size towards the margins against the granite. This is illustrated in Figure
5, where the host granite appears as an intrusive vein.

4. Conclusions

Structural observations indicate that the gabbroic layers are intruded simultaneously with
the banded and sheared granites. Because the late-orogenic granites, migmatites and
gabbros in the Nagu area were transported and emplaced as small batches over an extended
time interval, the internal relationships between these two types of melts produced, in
places, complex patterns. Some gabbros are discordant against the banding in sheared
granites, while sometime granitic back veining along cracks in the gabbro sills can be seen.
Due to the temperature difference between granite and gabbro, the small gabbroic bodies
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quenched fast against the granites and were therefore better preserved during the
synchronous deformation.

The large quantities of ductilly deforming granites forced smaller pulses of gabbro to
intrude along the E-W trending layer-parallel shear zones of the synform, thus creating sill-
like bodies, whereas larger bodies collected to form small local intrusion-fingers.

We propose the following model of emplacement for granites of the LSGM zone. The

microcline granites occurred as sub-horizontal sheets surrounded by more intensely
deformed and sheared zones. The sheets were gently folded and stretched during the Ds
episode, while the steep dykes of the granite occurring along the margins of the sheets were
strongly deformed and drawn out into boudins during the final D; deformation.
The melt batches were transported through repeatedly activated vertical shear zones created
during D; and were emplaced at a structural level in the crust, perhaps corresponding to the
brittle-to-ductile transition zone or some other horizontal discontinuity. In the Nagu area,
the melt was trapped and spread out under a roof of overturned amphibolites that collected
the melt batches by cutting off the escape route.

It has been suggested that mafic intrusives caused the temperature anomaly needed to
produce the high-grade metamorphism and the late-orogenic granites in southern Finland.
Whether the amounts of gabbros and the temperature rise was sufficient or not is still an
ongoing debate.
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Figure 1. Geological overview of southern Finland. The Svecofennian domain consists mainly of
granodiorites, gneisses and gabbros. The LSGM-zone is characterised by late-orogenic migmatites
and granites, which are intruded by later rapakivi granites.
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Figure 2. Layer-parallel gabbro sill within sub-horizontal granite sheets in the Nagu area, SW
Finland.

Figure 3. Larger concentrations of gabbro formed local intrusion fingers in the surrounding granite
sheets.
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Figure 4. Fragments of a coarse-grained gabbro surrounded by a later pulse of fine-grained gabbro,
Nagu SW Finland.

Figure 5. Mingling between granite and gabbro in the Nagu area. The coevality of these contrasted
magmas is seen as net veining where the mafic rock shows a typical pillowed form.
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The Koli units of the Scandinavian Caledonides represent a complex of ore-bearing outboard terranes that
were formed in the lapetus Ocean during the Ordovician to Early Silurian. As a result of the closing of the
Iapetus Ocean, these terranes were thrust on top of Seve units (interpreted as the outermost remnants of the
continental margin of Baltica) during the Late Silurian to Early Devonian. Furthermore, the Koli units (and
underlying Seve units) were tectonically emplaced on top of even lower nappes as well as the passive
continental basement of Baltica. The K&li units were tectonostratigraphically divided into Lower, Middle and
Upper Koli (Stephens, 1982).

Numerous ore deposits have been found in the K&li units, both in Norway and Sweden and significant
metal production has taken place in several mining districts. The Raros district was for more than 300 years
one of the most important metal produceres in Norway, with a leading role in the domestic production of
copper, zinc and chromium. Geological facts and models for the Reros ore types are, however, poorly
documented, although recent work has revealed that several ore types can be distinguished, each representing
specific geological environments and distinct types of crustal evolution. Three environments are reviewed
here.

1. Gabbro-intruded turbidites; host for the main Rgros ore type (Middle Koli)

The most common ore type in the Reros district is Zn-Cu-bearing massive sulphides,
hosted by a metamorphosed Ordovician gabbro-intruded turbidite sequence. This unit
belongs to the Middle Ko6li and is stratigraphically underlain by submarine volcanics and
Tremadocian U-Mo-V-rich black schists. The ore-bearing and gabbro-intruded turbidite
sequence can be followed through the entire Reros district into the Blasjon region
(including Ankarvattnet; Sundblad, 1981) as well as through Usmeten and Sulitjelma to
Ruonasvagge (Sundblad, 1991), thus constituting a tectonostratigraphic key unit for more
than 600 km along the orogen.

It has been suggested (Sundblad et al., 2006) that this ore type represents an ancient
analogue to the Escanaba type of sulphide ores, documented by Morton et al. (1994) in the
present Pacific. The recognition of an ancient analogue to Escanaba type VMS deposits in
the Scandinavian Caledonides implies that the ore-bearing turbidite environment in Reros
not can have been dramatically distant from a continent prior to nappe transport.
Furthermore, a close link, both with respect to age and geochemistry, between the
underlying Tremadocian black schists and Dictyonema-bearing “alum” shales (which
constitute a wide-spread platform unit in Norway, Sweden, Estonia and Poland) suggests
that this continent was Baltica (Sundblad & Gee 1984).

2. Lower Koli turbidites

Another turbidite unit, with only occasional expressions of magmatic activity
(trondhjemitic dykes) and without any metalliferous concentration, is located southeast of
the ore-bearing gabbro-intruded turbidite sequence. From work carried out in Sweden (e.g.
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in the Lovfjéll formation), this ore-barren unit is considered to belong to the Lower Koli,
with a tectonic break to the ore-bearing, gabbro-intruded turbidites (Lasterfjéll formation)
of the Middle Koli (Stephens, 1982).

3. The Harsjgen tectonic lens (Lowermost Koli)

The presence of ultramafic pods, along the contact between the Lower Koli and Seve units,
is well-documented throughout the entire Caledonian orogen in Scandinavia (Stigh, 1979).
These units are particularly abundant in the Roros region, from where serpentine- and talc-
altered dunites and peridodites can be followed for 150 km kilometres along strike towards
the Vigamo ophiolite in the southwest (Nilsson et al., 1997). Corresponding ophiolite
fragments have also been recognized at the same tectonostratigraphic position at Handol
(Bergman (1993), 80 km northeast of Reros, suggesting that all these solitary ultramafic
units represent disfragmented ophiolites in the lowermost parts of the Koli
tectonostratigraphy.

The Harsjeen lens is a previously unrecognized tectonic unit, located only a couple of
kilometres to the southeast and east of Reros town. This lens has a maximum thickness of 5
km, can be followed along strike for 35 km and is tectonically squeezeed between the
overlying Lower Koli turbidites and the underlying Seve units. The upper tectonic border
of the Harsjoen lens is marked by a quartzite mylonite running along the northern limit of
the ultramafic bodies. Other units in the Harsjoen lens consist of tholeiitic metabasalts,
graphitic schists and grey phyllites. Three types of ores can be distinguished in the
Harsjoen lens:

a. Podiform chromite ores

A number of podiform chromium ores, with Cr/Cr+Al ratios from 0.74 to 0.86, were mined
in several serpentine- and talc-altered dunite bodies from 1820 to 1940 (Nilsson et al.,
1997). Feragen is the largest body consisting of Cr-rich dunite, cpx-bearing harzburgite and
cpx-poor lherzolite (Nilsson et al., 1997).

b. Cyprus type VMS deposit

Fine-grained, banded, pyritic Cu-Zn-bearing ores have been recognized south of lake
Harsjoen in meta-basalts, close to the stratigraphically overlying graphitic schists and grey
phyllites. The meta-basalts have locally a relatively unaltered chemistry but are strongly
hydrothermally altered in the stratigraphic foot wall to the sulphide ores. This
mineralization type is interpreted to have formed on the sea floor as a Cyprus-type VMS
deposit. Neverthesless, when moving along strike to the west (towards the Lossius and Sara
Cu mines) the ore type changes gradually in character.

c. Lossius and Sara Cu-Pb-Ni-bearing sulphide deposits

In spite of being the earliest ores recognized at Reros, the Cu-Pb-Ni-bearing deposits at
Lossius and Sara are poorly documented. They are hosted by the same volcanic unit as the
Harsjgen VMS deposit but are more coarse-grained and lack banding. Irregular high
contents of Ni and Pb, the latter with radiogenic isotopic ratios are interpreted as a result of
late-orogenic/metamorphogenic remobilization.
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4. Comparisons between the Rgros region and the Precambrian of Karelia

The Archacan basement in Karelia is overlain by Palaecoproterozoic autochthonous
sedimentary units which are tectonically overlain by a number of exotic Palaeo-proterozoic
terranes. These allochthonous units comprise ophiolites (Jormua) with associated Cu-Zn
deposits (Outokumpu) as well as a turbidite sequences.

Ore-bearing gabbro-intruded turbidites are the hall mark of the Scandinavian
Caledonides and have recently been discovered in modern environments outside the North
American Pacific cost. If such a unit also would be recognized in the Precambrian
successions in Finland, it would not only represent an economic value, it would reveal a
unique interaction between endogenic (oceanic rift) and exogenic (continental margin
sedimentation) forces. Until such a key unit is found in the Precambrian of Fennoscandia, it
may indicate that such an endogenic/exogenic interaction was not active in the ancient sea
outside the Archaean continent.

The Kalevian turbiditic schists, that can be followed from Kajaani to Ladoga, appear to
be unrelated to any metal accumulation. This kind of monotonous sedimentary units are as
such very similar to the Lower Koli turbidites.

A number of genetic models have been proposed for the Outokumpu deposit (Cyprus-
type VMS deposition, black shale related deposition under anoxic conditions and orogenic
remobilization associated with metamorphogenic Ni enrichment). Regardless which genetic
model is preferred, the close relations between Cu-Zn ores, black schists and Cr-bearing
ultramafics are evident features, both in Karelia and in the Harsjoen lens. Further studies of
the Harsjoen lens may thus help us to understand the crustal processes that led to the
formation of the Outokumpu environment. In any case, studies of the ore-bearing units in
Karelia have certainly helped our understanding of the Reros district.

5. Conclusions

Comparisons between Precambrian and Lower Palaeozoic orogens in Fennoscandia are
very useful when crustal models are created, particularly if metal concentrations, with or
without economic potential, are considered as a scientific instrument.
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A crustal-scale deformation zone, ‘South Finland shear zone’ (SFSZ) defines a major discontinuity between
1.88 Ga, unmigmatitised igneous rock to the S and SW and the 1.88 Ga supracrustals, extensively
migmatitized at ca. 1.83 Ga, to the N and NE. The SFSZ has been repeatedly reactivated during the main and
late stages of the Palaeoproterozoic Svecofennian orogeny. After the intrusion of the ca. 1.88 Ga granitoid
rocks, at least three separate deformation phases affected the shear zone within the ductile regime, producing
striped granodioritic and tonalitic gneisses without extensive migmatitization. Also mylonites and
ultramylonites were formed, especially, but not exclusively, during the last ductile deformation phase. The
latest reactivation of the shear zone occurred within the semi-brittle to brittle regime, producing
pseudotachylytes.

Keywords: shear zone, ductile, brittle, reactivation, Palacoproterozoic, Svecofennian,
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Within this Ph.D. project, the deformation history and structural development of a part of a
major ductile shear zone, ‘the South Finland shear zone’ (SFSZ; Ehlers et al., 2004) was
studied. The SFSZ extends for almost 200 km through the Aland archipelago and along the
southern and southwestern coast of Finland (fig. 1). The transpressive shear zone defines a
major discontinuity between 1.88 Ga, steeply dipping, igneous rocks to the S and SW and
the 1.88 Ga, structurally overturned supracrustals, extensively migmatitized at ca. 1.83 Ga,
to the N and NE (e.g. Ehlers et al., 2004, Ehlers et al. 1993).

The area of this study comprises large parts of the parishes of Kokar and Sottunga in
Aland archipelago. The approximately NW-SE striking, more than a kilometre wide SFSZ
is well exposed within the study area along the shores of the small islets and skerries. The
deformation along the shear zone within the study area initiated shortly after the juvenile,
mainly granitoid rocks were formed, and recommenced within the ductile regime during at
least two additional, separate deformation phases. The regional, ductile dextral shearing
phases produced striped granodioritic and tonalitic gneisses with no or very limited
migmatitization. Also some mylonites were formed, especially during and/or after the last
ductile deformation phase. The ductilely deformed synorogenic rocks are locally
overprinted or cut by late- to post-orogenic ductile to semi-ductile ultramylonite zones of
variable width. The latest stage of activity along the shear zone is recorded by brittle
pseudotachylytes, which, contrary to the ductile gneisses and mylonites, show sinistral
kinematics.

During this study, approaches involving e.g. structural geology, geochronology and
metamorphic petrology (geothermobarometry) were utilised in order to reconstruct the
overall deformation history of the SFSZ. The structural features of the study area were
mapped during field work, the P-T conditions of deformation were calculated based on the
results from electron microprobe analysis, and the different deformation phases were dated
with SIMS U-Pb (zircon), ID-TIMS (titanite) and Ar-Ar (pseudotachylyte whole-rock)
methods. The microprobe results indicate a peak metamorphism around 7 kbar and 680°C
(Torvela and Annersten, 2005). The obtained pressure estimation is higher than usually
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reported for SW Finland (migmatites), possibly reflecting tectonic pressure during shearing
and/or local thickening of the crust. Age determinations reveal repeated deformation along
the shear zone with at least three, possibly four separate deformation phases occurring
within the ductile regime (ca. 1.85 Ga, 1.83 Ga and 1.79 Ga), one possible deformation
phase within the semi-ductile regime (<1.78 Ga), and at least one reactivation of the shear
zone within or close to brittle crustal conditions (between 1.78 - 1.58 Ga). The results
suggest that the crustal-scale shearing along the South Finland shear zone, and possibly
also along other Palaeoproterozoic shear zones in southern Finland, was not restricted to
the late-orogenic deformation phases. In fact, the SFSZ accommodated much of the strain
not only from the very beginning of the Svecofennian orogeny to the late-orogenic period,
but was reactivated at least once during a post-orogenic deformational event. Furthermore,
the results indicate that the crust in the area of present SW Finland cooled rapidly around
and soon after 1.79 Ga, probably due to uplift and exhumation, bringing the rocks into
increasingly semi-ductile and, subsequently, brittle regimes.

Structural studies reveal that the partitioning of the deformation was more complex
than a simple division into simple shear structures and flattening structures. Instead, the
simple shear component of the deformation is, in addition to the main dextral shear zone,
partly distributed into conjugate (SW-NE), sinistral, less intensive deformation zones SW
of the main shear zone, and partly manifested as conical and sheath folds within the
deformation zones. Moreover, while the simple shear component of deformation is
responsible for the lateral movements along the deformation zones, the compressive
component of the partitioned deformation produced flattening structures within the shear
zone, as well as large-scale folds with SE-NW axes along the southwestern margin of the
shear zone (fig. 2).
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Figure 1. Generalised geological map of southern Finland (modified from Korsman et al. 1997).
Key: SFSZ = South Finland shear zone, (1) Metavolcanic rocks ca. 1.92-1.88 Ga, (2) Rapakivi
granites ca. 1.6 Ga, (3) Late-orogenic granites and migmatites of the LSGM ca. 1.85-1.80 Ga, (4)
Granitoids and/or mica schists ca. 1.89-1.88 Ga, (5) Diabase dykes ca. 1.65-1.57 Ga, (6) Major
faults and shear zones.
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Figure 2. A schematic drawing with a structural interpretation of a part of the study area. The
stereographic projections of the measured fold axes define conical folds, especially in Finno area,
formed as a response to the vertical component (1) to the overall shear stress. The field mapping
further reveals that the conical folds are refolded into large-scale folds along NW-SE fold axes as a
result of the compressional (normal) component (o) of the overall, regional force field affecting the
area. The same overall structures area repeated over the entire study area.
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This paper summarizes the geological, metamorphic and geochronological evolution of the approx. 1.9 Ga
Lapland Granulite Belt (LGB) and discusses its correlation with the other ~ 1.9 Ga orogenic belts of the
world. The provenance of the metasediments of the belt is mostly from a ~ 2 Ga silicic source. There is no
such a silicic rock complex, large enough to have provided the sediment supply of the LGB, in the
Fennoscansian Shield, Greenland or eastern part of the Canadian shield. Orogenic belts having an approx. age
of 2 Ga seem to be abundant in some other continents like South America, Africa and Sinokorean craton.
The igneous, moustly enderbitic rocks of the belt could be correlated with similar ~ 1.9 Ga rocks in
Greenland and Canadian shield. On the other hand, metamorphism, deformation and exhumation of the
Lapland granulite belt took place considerably earlier (30 — 50 Ma) than in those high-grade belts of
Greenland and Canada that have earlier been correlated with the LGB.

Keywords: Lapland, granulite, petrology, migmatite, enderbite, high-grade metamorphism,
zircon, U-Pb-dating, SIMS

1. Introduction and geological setting

The migmatitic metapelites of the Lapland granulite belt (LGB) in the NE part of the
Fennoscandian Shield represent an arc-related greywacke basin metamorphosed in the
granulite facies. The belt is bordered in the northeast by the Archaean and Proterozoic Inari
and Kola gneiss complexes and in the southwest by the Archaean Karelian gneiss complex
and the Proterozoic Central Lapland schist and greenstone belts. The granulite belt was
juxtaposed between Archaean and Proterozoic terrains in the NE part of the Fennoscandian
Shield concurrently with the accretion of Svecofennian arc complexes at ~1.9 Ga. The belt
consists mainly of aluminous migmatitic metagreywackes. Abundant noritic to enderbitic
magmas were intruded concordantly into the metasediments and were probably an
important heat source for metamorphism, which took place during the crystallization of the
magmas. This is supported by structural and contact relations of metasediments and
igneous rocks, and by the lack progressive metamorphic reaction textures in the igneous
rock series.

2. Regional metamorphism

The peak of metamorphism took place above the dehydration melting temperature of the
biotite-sillimanite-plagioclase-quartz assemblage at 750—850 °C and 5-8.5 kbar which lead
to formation of a restitic palacosome and peraluminous granitic melt in metapelites.
Subsequently, the rocks were decompressed and cooled below the wet melting temperature
of pelitic rocks (650 °C) under the stability field of andalusite coexisting with potassium
feldspar (2—3 kbar). Cooling was accompanied by the crystallization of the neosomes, often
carrying aluminium-rich phases (Tuisku et al., 2006). Postmetamorphic duplexing of the
LGB is clearly seen in the distribution of calculated PT conditions (Korja et al., 1996).
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3. Isotopic dating

Detrital zircons from migmatitic metapelites are derived from 1.94-2.9 Ga old acid source
rocks (U-Pb SIMS ages). The clustering of detrital zircon ages between 1.97 and 2.2 Ga is
problematic, because abundant felsic crust of this age is rare in the shield. The
metasediments are characterized by Sm-Nd model ages of ca. 2.3 Ga. A younger,
1905-1880 Ma population of homogeneous zircons was formed during regional
metamorphism. The peak high-grade metamorphism took place at ~1900 Ma and the latest
chronological record from subsequent decompression and cooling phase is from ca. 1880
Ma (Tuisku and Huhma, 2006).

Monazite U-Pb ages of migmatitic metasediments in the range 1906-1910+3 Ma
overlap the late stage of enderbite intrusion and growth of early metamorphic zircons.
Garnet-whole rock Sm-Nd ages from leucosomes in the range 1880-1886+7 Ma are
concurrent with the growth of the youngest metamorphic zircons and probably indicate the
crystallization of leucosomes or the influence of a fluid liberated from them. Isotopic and
petrologic data reveal that the evolution of Lapland Granulite belt from the erosion of
source rocks to the generation of a sedimentary basin, its burial, metamorphism and
exhumation took place within ca. 60 Ma (Tuisku and Huhma, 2006).

The norite-enderbite series of the LGB represents arc-magmas, which were intruded
into the metasediments at ~1920 —1905 Ma ago according to ID-TIMS zircon U-Pb ages
and were probably an important heat source for metamorphism (Tuisku and Huhma, 2006).
Zircon SIMS U-Pb dating and BE-imaging reveal that the zircons in these intrusions
usually have igneous ~ 1.90 — 1.92 Ga old cores, which are often surrounded by slightly
younger rims (Tuisku and Huhma, 2005). Older, zoned zircon grains in a quartz norite vein,
initial eng values of 0 to +1 and the continuous spectrum of LILE enrichment in the
enderbite-series probably reflect assimilation of metasediments by magmas (Tuisku and
Huhma, 2006). Similar zoned, inherited, older grains are are also abundant in Mydssdjavi
biotite-garnet granodiorite body, although the trace element pattern of this intrusion is
similar to the intrusion with lesser amount of inherited grains (Tuisku and Huhma, 2005).

4. Correlation

The orogenic evolution of the LGB may be considered part of the Svecofennian orogeny,
which had its most active phase between 1.93 and 1.87 Ga in Finland. The ca. 1.92—-1.91
Ga norite-enderbite series of the LGB has the same age as the pre- or syntectonic tonalites
of the primitive arc complex of Central Finland, dated at 1.93—-1.91 Ga (Vaasjoki et al.,
2003). The supracrustal sequences of the primitive arc are considered 1.92—1.88 Ga old and
the active arc-continent collision phase 1.89—-1.87 Ga old, which is similar to the
exhumation stage of the LGB, obtained in the present study. The difference between the
Svecofennian orogen and the LGB is that the LGB evolved within a relatively short period
of time around 1.9 Ga. Its evolution was terminated in an oblique continent-continent
collision between the Karelian terrain and Kola Peninsula terrain at the NE edge of
Karelian terrain (Korja et al., 1996), while the Svecofennian orogen evidently was built up
over a longer interval by accretion of separate arc complexes at the SW edge of the cratonic
nucleus.

The age of the norite-enderbite series of the LGB is similar to 1.92 Ga Arfersiorfik
quartz diorite and Sisimiut charnockites of the Nagssugtoqidian belt in Greenland.
Correlation of the igneous event of the LGB to Greenland is thus justified on a
geochronological basis. However, later tectonic and thermal events evident in the
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Nagssugtoqgidian belt are lacking in the high-grade rocks of the LGB. The assembling of
Nagssugtoqgidian took place at ca. 1850 to 1820 Ma and was considerably later than the
1910-1880 Ma assembling event in the LGB. The Greenland events are thus not correlated
to the thrusting and exhumation event of the LGB, even if diachronous assembling were to
be considered, and it is evident that Hoffman’s (1989) construction needs refining in this
respect.

If we go further west to North America, and the Canadian Shield (i.e. Torngat Orogen),
it may be stated that in relation to the LGB, the same applies as with Greenland. Ca. 1.9 Ga
arc magmatism is widespread in the Torngat Orogen and may be chronologically correlated
to the LGB, but again, the orogenic deformation is much younger in the Torngat than in the
LGB. Even arc magmatism is considerably younger, i.e. 1865—-1800 Ma, in other orogens
of the eastern North America (Wardle et al., 2002).

However, arc magmatism and deformation of about the same age or slightly older as in
the LGB are found in the Taltson-Thelon magmatic zone in the Western part of the
Canadian Shield (Bostock and van Breemen, 1994) and in the Aldan Shield (Frost et al.,
1998). In the western Canadian Shield, 2.3-2.0 Ga juvenile crust is present in the Wopmay
orogen, which could be a potential provenance for the sedimentary protoliths of the LGB
metapelites (Hoffman, 1988). Also, the first two arc episodes of the Wopmay orogen
overlap the arc and granulite-facies evolution of the LGB (Bowring & Podosek, 1989). As
proposed by Frost et al. (1998), the Aldan and western Canadian Shields could be linked,
but, according to our data, the LGB could possibly be added to that linkage. It is quite
evident that the intercontinental correlation of terranes having different protoliths, different
metamorphic and accretion history is often possible only after their final juxtaposition
during crustal assembly. Friend and Kinny (2001) actually showed this for the Lewisian
Complex of Scotland. It is also evident that even if we have terranes of approximately the
same protolith or metamorphic age side by side in this kind of late assembly, the age
criteria alone does not prove their past close relationship.
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Modeling the source of the Svecofennian late orogenic granites:
a case study from West Uusimaa, Finland
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In this study we have described the host rocks of the 1.85—1.79 Ga late orogenic granites in the West Uusimaa
area and modeled partial melting of local felsic volcanic rocks and mica gneisses to see if Ba, Rb, and Sr
evolve towards the values observed in the late orogenic Tynnarlampi granite pluton. The models used were
modal and non-modal batch melting and muscovite dehydration melting. Muscovite dehydration melting of
mica gneiss and fractionation of K-feldspar and plagioclase from the partial melt produce Rb, Ba, and Sr
concentrations close to those of the Tynnédrlampi pluton.

Keywords: S-type granite, partial melting, West Uusimaa, Finland

1. Introduction

Peraluminous S-type granites are thought to originate by melting of crustal sources (e.g.,
Chappell and White, 1974). In this study we are trying to find the most probable source for
the late orogenic, peraluminous granites in the West Uusimaa area in south-western
Finland. Based on earlier studies related on the genesis of peraluminous granites (e.g., Jung
et al., 2000; Solar and Brown, 2001; Milord et al., 2001; Johannes et al., 2003) we have
focused our modeling on acidic gneisses, formerly felsic volcanic rocks, and mica bearing
gneisses that are both abundant in the West Uusimaa area. To model partial melting of
these rocks we have used modal and non-modal batch melting models (e.g., Allegre and
Minster, 1978) for felsic volcanic rocks and muscovite dehydration melting model (e.g.,
Patifio Douce and Harris, 1998; Zou and Reid, 2000) for mica gneisses.

2. Geology of the West Uusimaa area

The study area is located in the central part of the Uusimaa belt, within the Kemi6—
Jarvenpaa field (see e.g., Kéhkonen, 2005). It is delimited by the ~1.83 Ga late orogenic
granites of Pernio (Selonen et al., 1996), Veikkola, and Tenhola (Kurhila et al., 2005) on
three sides and the Somero shear (Skytta et al., 2006) in the north. The area consists of ca.
1.90-1.87 Ga old volcano-sedimentary rocks, granodiorites and mafic rocks of the Arc
complex of southern Finland (e.g., Huhma, 1986; Korsman et al., 1997; Vaisanen and
Manttari, 2002; Vaisanen et al., 2002). The area was metamorphosed in low-P, high-T
(amphibolite and granulite facies) conditions at 1.83—1.81 Ga (Schreurs and Westra, 1986;
Mouri et al., 2005). The 1.85-1.79 Ga late orogenic granites are present throughout the
area in small volumes, occurring as dikes and small patches that migmatize and intrude the
metamorphic rocks. Some larger granite masses (a few km?), such as the Tynnirlampi and
Kovela plutons, are also found in the area.

Late orogenic granites within the West Uusimaa area are mostly coarse-grained or
pegmatitic and quite leucocratic. Biotite is the most common mafic mineral and garnet (up
to a few cm in diameter) is also abundant. Some pyroxenes or amphiboles were also
observed in granites within the granulite facies metamorphic block, but these may be due to
partly digested xenoliths within the granites.

In the West Uusimaa area the synorogenic Svecofennian rocks types such as acidic
gneisses, mica schist, and mica gneisses form a potential source of the peraluminous,
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microcline-rich granites (see e.g., Jung et al., 2000; Solar and Brown, 2001; Milord et al.,
2001; Johannes et al., 2003). Based on field observations, acidic gneisses can be divided
into three groups: (1) Fine to medium-grained, texturally homogenous or slightly schistose
rocks which are mainly composed of quartz and biotite. Feldspars and garnet are present in
some samples; (2) Porphyritic, matrix-supported rocks, which are mainly composed of
quartz, K-feldspar and biotite. Matrix is fine-grained. Round porphyroclasts or
porphyroblasts, mainly composed of quartz, are 0.5-1 cm in diameter; (3) Medium-grained,
schistose, light brown rocks composed mostly of quartz, K-feldspar and biotite. Some
samples were pyroxene-bearing. These rocks were found within the granulite facies
metamorphic block and resemble the metamorphic charnockites that Helenius et al. (2004)
have described in the Turku granulite area further west. Mica schists and gneisses are also
abundant in the West Uusimaa area. They are usually grey, medium-grained rocks which
are schistose and/or strained and consist mostly of  quartz,
biotitetmuscovite+garnet+cordierite. In some places these rocks are strongly schistose
and/or strained, folded and migmatized. Strongly migmatitic, garnet-bearing rocks are
mostly located within the granulite facies metamorphic block, and biotite is the main mafic
mineral in them. Other rock types in the study area comprise limestones, amphibolites,
ultramafic rocks, and granodiorites.

3. Geochemical modeling

For modeling purposes, a sample set was chosen from samples collected for the “Granite
Petrology and Uranium Metallogenesis in Southern Finland” —project of the Department of
Geology, University of Helsinki and from the Lithogeochemistry Database of the
Geological Survey of Finland (GTK). The samples include three late orogenic granite
analyses from the Tynnérlampi and Kovela plutons and 89 analyses from the host rocks in
the West Uusimaa area.

The Tynnérlampi and Kovela granites are both peraluminous. The Kovela granite is
higher in CaO, Na,0, and Sr and lower in K,O, SiO,, Ba, and Rb than the Tynnérlampi
granite. The low SiO; content of the Kovela granite suggests that the pluton has suffered
from episyenitization (i.e., leaching of silica during hydrothermal alteration). REE patterns
of the two granites are similar in shape and seem to be controlled by monazite which is an
abundant accessory mineral in both plutons.

The modeling was focused on the Tynnirlampi granite as the pluton seems to have
suffered less from hydrothermal alteration than the Kovela granite. In addition, the host
rocks of the Tynndrlampi pluton include both felsic volcanic rocks and mica gneisses.
Felsic volcanic rock sample 92008769 and mica gneiss sample 92008782 from the
Lithogeochemistry Database of the GTK were used as the source compositions and granite
sample LSL-05-29.1 from the Tynndrlampi pluton was used as the modeling target. Models
were based on evolution of Rb, Ba, and Sr in the partial melt as the distribution of these
elements is controlled by major rock forming minerals such as feldspars and micas.

The models used in the study were (1) modal and non-modal batch melting models
(e.g., Allegre and Minster, 1978) for congruent melting of sample 92008769 and (2)
muscovite dehydration melting model using the incongruent dynamic melting equation of
Zou and Reid (2000) for sample 92008782.

The mass-proportional reaction

22Ms + 7P1 + 8Qtz -> 25Melt + 5Kfs + 5Sil + 2Bt (Patifio Douce and Harris, 1998)
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was used to describe the muscovite dehydration reaction in model (2). Kp-values used were
from Ewart and Griffin (1994).

Neither congruent melting of felsic volcanic rock nor muscovite dehydration melting of
mica gneiss could produce Rb and Ba contents comparable to those in the Tynnérlampi
granite (Figs. 1 and 2). However, Rb values comparable to the Tynnirlampi sample were
obtained with 50% fractionation of K-feldspar from melt generated by 20% partial melting
of mica gneiss (Fig. 3). Minor plagioclase fractionation would be needed to generate Ba
and Sr values observed in the Tynndrlampi pluton. Our modeling result is consistent with
the leucosome—granite model of Johannes et al. (2003) based on the migmatites of the
Turku area.
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Figurel. Congruent, non-modal melting (F = 20%) of sample 92008769 (felsic volcanic rock) and
fractionation of K-feldspar from the partial melt.
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Figure 2. Incongruent muscovite dehydration melting of sample 92008782 (mica gneiss).
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Figure 3. The effect of fractionation of K-feldspar, plagioclase and biotite from partial melt
acquired by 20% melting of sample 92008782, (A) Ba vs. Rb, (B) Ba vs. Sr and (C) Rb vs. Sr.
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Crustal conductivity of the central Fennoscandian Shield
revealed by 2D inversion of GGT/SVEKA
and MT-FIRE datasets
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By 2D inversion we have acquired new crustal conductivity models for the central Fennoscandian Shield
along the GGT/SVEKA transect and across the Archaean - Proterozoic border zone. The original
magnetotelluric dataset was collected during several projects in 1985-1998. The latest addition to this data is
the broadband sites measured during years 2003-2005 in the frame of MT-FIRE project.
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1. Introduction

Magnetotelluric studies of the Fennoscandian Shield have a history of more than 20 years.
In early studies the models were obtained by forward trial and error search (e.g. Kaikkonen
& Pajunpidi, 1984; Korja & Koivukoski, 1994). Only recently the 2D inversion techniques
and tools have developed enough to provide geologically meaningful models routinely.
Using these new tools on older data previously modeled with forward techniques helps us
to verify the results. Recently Lahti et al. (2002, 2006) have inverted the GGT/SVEKA data
which consists of old SVEKA sites and previously unmodeled data from the southwestern
and northeastern parts of the GGT/SVEKA profile (Fig 1). The latest acquired and inverted
dataset is the MT-FIRE (Vaittinen et al., 2005) which aims to complement the reflection
seismic data of the FIRE project. This dataset coincides partially with GGT/SVEKA but
also provides information from areas where no previous magnetotelluric work has been
done (Fig 1). Also the vertical component of magnetic field is measured and used in the
inversion of the new data. In this presentation we combine the crustal conductivity models
and results of these two studies.

2. Datasets and inversion

The two profiles of lengths 710 km and 255 km along the GGT/SVEKA transect cross the
main tectonic units in the central part of the Fennoscandian Shield (Fig. 1). These units are
the Archaean Karelian Province in the northeastern part of the profile 1 and several
Paleoproterozoic arc complexes in the Svecofennian Domain to the southwest from the
Karelian Province (e.g. Korsman et al., 1999). In MT-FIRE we have several shorter
profiles crossing the same borders at different areas, which give us better possibility to
model the essentially three dimensional environment. Due to the development in
instrumentation, in the latter field campaign we were able to gain data at much shorter
periods than before. Thus the new data has penetration depth range from about one
kilometer to upper mantle whereas the older data in average misses the uppermost ten
kilometers. Description of the data acquisition and processing of the GGT/SVEKA and
MT-FIRE dataset can be found in Korja and Koivukoski (1994) and Vaittinen et al. (2005),
respectively.
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In the traditional 2D inversion of magnetotelluric data the geoelectrical strike of the area
must be known in order to rotate the impedance tensor so that only the principal (=off-
diagonal) components remain. These components correspond to two perpendicular
directions known as the TE (electrical field along the strike) and TM (electrical field
perpendicular to the strike) modes for which the apparent resistivity and phase are fit in
inversion. In the areas where the determination of a stable regional strike is difficult (e.g.
due to three-dimensionality), it is possible to invert the determinant apparent resistivity and
phase since they are independent of the selected strike. This is the case in most of our
profiles, and thus the inversion was carried out using the REBOCC code (Siripunvaraporn
& Egbert, 2000) modified for determinant inversion by Pedersen & Engels (2005). For
more specific details on data dimensionality analysis and inversion see Lahti et al (2002)
for GGT/SVEKA profiles and Vaittinen et al (2005) for MT-FIRE.

3. Models and discussion

As examples of our work we show in this abstract 2D inversion models of the
GGT/SVEKA profile 1 and the MT-FIRE profile C (Fig. 2a and 2b, respectively). These
models are chosen because they are partly collocated and illustrate very well the difference
of the datasets and how the shorter site distance and wider period range of the new data
affect the resolution of the model. In the collocated part of these profiles the conductor
associated with the Kainuu Belt is dipping under the resistive lisalmi Complex to the
approximate depth of 20 km. The Kainuu Belt conductor can be traced very close to
surface using the high-density MT-FIRE data. The MT-FIRE data shows also clearly that
the southwestward dipping Kainuu Belt conductor and the eastward dipping conductor
beneath the lisalmi complex are two separate conductors.

Main results from all of our models are: (1) resistive Archaean lower crust as opposed to
generally conductive Palaeoproterozoic lower crust, (2) conductivity structure of the
Tampere Belt and Pirkkala Belt supporting a theory of two subductions, (3) subsurface
discontinuity of the conductive metasediments of the Kainuu and North Karelia Belts as
well as the Kainuu and Savo Belts.

Note that the very thick conductors in the models are more likely a result of the Occam
inversion procedure that is looking for a smooth transition between structures instead of
sharp boundaries. It is shown by 2D forward modeling (Lahti et al. 2006) that, for instance
in the case of the Kainuu Belt, a model with a 10 km thick conductor having resistivities
from 0.4 Qm to 40 Om and the inversion model with smooth structures (Fig. 2a) have
equal fit to measured data. Also due to the very high electrical conductivity the resolution
beneath good conductors is very limited or the data may provide no information beneath
the conductors.
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Figurel. Location of magnetotelluric sites used in this study. Geological map is simplified from
Koistinen et al., 2001. Circles indicate magnetotelluric sites that were used in the inversion by Lahti
et al (2006), large circles and small circles belong to profile 1 and profile 2, respectively. Black thin
lines indicate the location of the 2D models of the profiles 1 and 2. Note that only the model from
profile 1 is shown in Fig. 2. Inverted triangles show MT-FIRE sites. Profile C (model shown in Fig.
2b) is part of the profile 1 and is shown by a parallel thin line. Thick lines show the FIRE reflection
seismic lines. Abbreviations: EFC = Eastern Finland Complex, IC =Ilisalmi Complex,
KaB = Kainuu Belt, SA = Saimaa Area, PiB = Pirkkala Belt, TaB = Tampere Belt, CFGC = Central
Finland Granitoid Complex, PoB = Pohjanmaa Belt, OA = Outokumpu Area, SaB = Savo Belt,
UuB = Uusimaa Belt, HaB = Himeenlinna Belt, KuB = Kuhmo Belt
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Figure 2. The two laterally collocated electrical resistivity models obtained by 2D inversion of
magnetotelluric data. Panel (a) is the smooth (Occam) inversion model along the profile 1 (RMS =
2.6%) (Lahti et al., 2006). Panel (b) is similar inversion model of MT-FIRE profile C (RMS =
3.0%). Gray scale refers to model resistivities in Qm. Abbreviations used to mark geological units
for models: EFC = Eastern Finland Complex, IC =Iisalmi Complex, KaB =Kainuu Belt,
PiB = Pirkkala Belt, TaB =Tampere Belt, CFGC = Central Finland Granitoid Complex,
SaB = Savo Belt, SaR = Satakunta Rapakivi area, KuB = Kuhmo Belt.
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Dyke swarms and plate movements
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Dyke swarms of the Fennoscandian shield reflect the rifting of the litosphere in several episodes during
Archean — Early Paleoproterozoic. 2.6-2.45 Ga dykes are geochemically similar between each other, but
diverse from 2.32-1.98 Ga dykes. Considerable plate movement from high to low paleolatitudes took place at
2.6-2.45 Ga.

Keywords: mafic dyke swarms, geochemistry, paleomagnetism, Archean, Paleoproterozoic,
Fennoscandian shield

1. Introduction

The eastern and northern Fennoscandian shield is transected by a number of dyke swarms
that were injected in different episodes of crustal rifting during Archean - Paleoproterozoic.
Dyke swarms provide invaluable material for studies on crustal evolution and are essential
for understanding of the tectonic evolution of rift-related environments and mantle plumes
and for defining plate tectonic processes and plate movements (see Hanski et al., 2006).
Recently, Bleeker and Ernst (2006) have stressed the importance of dykes in a model of a
long-lasting, ca. 2.7-2.0 Ga supercontinent that is constructed according to the occurrence
of dyke swarms on presently dispersed cratons. The Precambrian dyke swarms of the
Fennoscandian Shield provide excellent material for such studies due to their extensive
spatial and temporal coverage. The present paper shows the latest knowledge on the dyking
events and plate movements of the Fennoscandian shield during Archean -
Paleoproterozoic.

2. Dyke swarms
A map of the areal distribution of mafic dyke swarms in the eastern Fennoscandian Shield
is shown in Figure 1. Together with previous zircon ages (Vuollo 1994), the present results

(Table 1) indicate that there were several dyke emplacement events especially between 2.5
and 1.98 Ga (Vuollo and Huhma, 2005).

2.1. Achaean dykes/intrusions

At present, there are only few geochronological evidences of older Archean dyke swarms
in the Fennoscandian Shield. Bayanova and Yegorov (1999) have obtained an age of
2740+10 Ma from two gabbronorite dykes (Fig 1.) in Kola Province. A new age
determination from the Shalskiy gabbronorite dyke near the Burakovka layered intrusion
(Fig. 1) gives a Sm-Nd age of 2608+56 Ma (Mertanen et al. 2006b). Furthermore, new
preliminary unpublished age dating from the Tervonkangas dyke at Pudasjérvi block shows
nearly the same age - 2623+34 Ma (pers. comm., Mutanen and Huhma, 2006). A typical
feature of the Archean dykes/intrusions is their so called gabbro-noritic geochemical
signature. Dykes from the Kola Peninsula (Fedotov 2005) and Shalskiy do not principally
differ geochemically from those of the 2.45 Ga gabbronorite - norites in the Karelian
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Province (Karelian block, Kuhmo-Paajarvi area). All the dykes are quite similar showing
slight calc-alkaline affinity and low TiO, and high SiO, with moderate MgO and low Cr

and Ni (see Fig. 2).
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Figure 1. Areal distribution of 2.7-1.98 Ga dyke swarms in the eastern and northern

Fennoscandian shield.

2.2. Paleoproterozoic dyke swarms
The first Paleoproterozoic continental rifting phase of the cratonized Archean basement
involved emplacement of layered intrusions of the ages of ~2.5 Ga (Kola Province) and
~2.45 Ga (Kola and Karelian Provinces; Tornio-Niridnkdvaara area, Central Lapland and
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Burakovka) and associated boninitic—noritic—gabbronoritic—tholeiitic to Fe-tholeiitic dykes
in the northeastern part of the Fennoscandian Shield. Moreover, gabbronorite and gabbroic
dykes at Troms area in Norway show an age of 2403+3 Ma (U-Pb, zircon and baddeleyite)
(Kullerud et al. 2006). The next rifting phase occurred at ~2.32 Ga, and was represented

by small intrusions and dykes (Taivalkoski and Iisalmi blocks).

Table 1. Classification of Archean-Paleoproterozoic dyke swarms in the eastern

Fennoscandian shield.

Eastern Fennoscandian Shield

1.98 Ga Fe-tholeiitic-tholeiitic dyke swarm

2.32 Ga Fe-tholeiitic dyke swarm/ intrusions

— predate 1.95 Ga ophiolites

—f ew dykes and intrusions identified

— NW trend (Kuhmo), continental thol. to IAT type

— E trend?

— mainly unaltered (plagioclase and pyroxenes)

2.45 Ga dyke swarms

~2.1 — 2.05 Ga Fe-tholeiitic dyke swarm

— connected with layered intrusions; two magma types

—includes several pulses between 2.13 to 2.05 Ga

(1) boninite-norite dykes (high MgO, SiO,, Cr, Ni and
LREE, low TiO, and Zr), NE trend

— continental tholeiitic type

(2) gabbronorite dykes (low TiO,, Cr and Zr), NW trend

— mainly E trend (Kuhmo) and minor NW trend

(3) low-Ti tholeiitic (NW trend) and (4) Fe-tholeiitic
dykes (E trend), continental type

2.2 Ga low-Al thol. (karjalitic) layered sills

(5) orthopyroxene-plagioclase phyric dykes (high SiO,,
LREE; calc- alkaline aff.), E trend

— layered intrusions/sills (max. length 150km) and

2.6 — 2.7 Ga dyke swarms and intrusions

minor dykes

- gabbronorite dykes (low TiO,, Cr and Zr), Kola

— wehrlite—clinopyroxenite—gabbro—granophyre Peninsula — Burakovka and Pudasjirvi

— widespread in eastern and northern Finland

Low-Al tholeiitic or karjalitic magmas intruded through the basement at 2.2 Ga.
Most of the karjalites (gabbro-wehrlite association of Hanski, 1984) occur as layered sills.
The extensive E-W trending set of dyke swarms cutting through the whole Archean crust
and the Jatulian Group in Kuhmo is Fe-tholeiitic and points to a pronounced extensional
development at ~2.1 Ga.

A significant sign of the break-up event, which predates the formation of the 1.95
Ga Outokumpu and Jormua ophiolites (Kontinen 1987, Peltonen et al. 1996) and the
ophiolite in Central Lapland (Hanski 1997), is the existence of the 1.98 Ga tholeiitic and
Fe-tholeiitic dyke swarm.

The 2.32-1.98 Ga dyke swarms form a homogeneous group in terms of their
geochemical composition (Fig 2.), resembling that of continental tholeiitic basalts. This
means that subclassification of the younger Paleoproterozoic dykes according to their
chemistry is virtually impossible. Nevertheless, it has been possible to classify the dykes
with ages of ~2.1 Ga and 1.98 Ga in the Kuhmo block by reference to their geochemistry,
age, and orientation.
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3. Plate movements

Dyke swarms are used extensively in studies on plate movements and global
paleogeographic reconstructions. This is mainly because of voluminous precise isotopic
age datings, the occurrence of dykes as tectonically controlled formations and the
suitability of dykes for carrying out paleomagnetic field tests that can link the age of
magnetization to the isotopic age of the dyke magma. In the following, plate movement of
the Fennoscandian Shield during Archean and Paleoproterozoic is presented based on
paleomagnetic data (Figure 3).
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3.1. Archean

The oldest paleomagnetic data of the Fennoscandian shield are obtained from the high
grade granulitic intrusions in the Lieksa and Varpaisjdrvi areas (lisalmi block) in central
Finland (Fig. 1). In the Lieksa area the granulites are dated at 2.72 Ga (U-Pb on zircon, P.
Holttd, pers. comm., 2006), but the near-by Kutsu granite gives a U-Pb zircon age of 2.62
Ma which may reflect the age of metamorphism of the area (P. Holttd, pers comm., 2006).
In the Varpaisjérvi area Sm-Nd garnet-whole rock ages of granulites have given ages of
2.48-2.59 Ga (Holtta et al., 2000, Manttari and Holtta, 2002) which likely correspond to
the magnetization age of the formation. Both formations give a very stable steep inclination
remanence direction which in the Lieksa granulites is pointing upwards (Mertanen, 2000)
and in the Varpaisjarvi granulites downwards (Neuvonen et al., 1997, Mertanen et al.,
2006a). Based on these directions, the Karelian craton was located at high paleolatitudes at
ca. 2.6-2.5 Ga (Fig. 3a).

On the contrary, the 2608+56 Ma Shalskiy gabbronorite dyke in the Vodlozero
block (Fig. 1) shows a low inclination magnetization (Mertanen et al., 2006b) which places
the Fennoscandian shield at the equator (Fig. 3). Two alternatives for the difference in
paleopositions are suggested. First, the Fennoscandian Shield formed a single craton and
the shield drifted as a unity from high paleolatitudes to the equator during Neoarchean (Fig.
3). Second, the Karelian Province and the Vodlozero block were separated during
Neoarchean when the blocks were in close connection, but still capable of mutual rotations
and block movements, until their amalgamation at Early Paleoproterozoic, before the
emplacement of the 2.45 Ga formations.

Figure 3. Plate movement of the
Fennoscandian shield based on data from
Lieksa (L), Varpaisjarvi (V), Shalskiy (S),
Burakovka (B) and Pagjarvi (P) formations.
1.88 Ga position is from Pesonen et al.
(2003). The shield is shown in its present
form.

3.2. Paleoproterozoic

The 2.45 Ga position of the Fennoscandian shield (Fig. 3) is based on data from the
gabbro-norite dykes at Lake Paajarvi (Mertanen et al., 1999) and on data from the Shalskiy
diabase dyke which is related to the 2.45 Ga Burakovka intrusion in the Vodlozero block
(Mertanen et al., 2006b). Based on a positive baked contact test, the remanent
magnetization of the Shalskiy diabase dyke has been proven to be primary. The data are in
close agreement and place the Fennoscandian shield at the paleolatitude of about 30°.
Reliable paleomagnetic data for the 2.2 —2.0 Ga dykes and sills are still lacking. Based on
data from the 1.88 Ga gabbroic intrusions in central Finland (see Pesonen et al., 2003), the
shield had drifted about 50° across the equator between 2.45-1.88 Ga.
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The composition of fluorapatite and monazite from
the Naantali Carbonatite, southwest Finland:
implications for timing and conditions
of carbonatite emplacement
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Fluorapatite from the Naantali Carbonatite in southwest Finland have been investigated for trace element
chemistry using electron microprobe analysis (EMPA). Monazite inclusions within the apatite grains were
also analysed for the purposes of EMPA monazite geochronology. The aim of this study is to determine the
conditions of crystallisation and the timing of the carbonatite emplacement.

Keywords: carbonatite, alvikite, apatite, trace elements, REE, monazite geochronology,
Naantali, Finland

1. Introduction

The Naantali Carbonatite is 20 west of Turku in southwest Finland. It is comprised of 20-
30 fine-grained calciocarbonatite (alvikite) dykes, which strike roughly parallel concurrent
with a NW-SE trending shear zone. The dykes contain 90-90% calcite, 5-8% fluorapatite,
and 1% allanite. Other minor accessory minerals include quartz and titanite.

Fluorapatite appears as dark red, euhedral or partially rounded subhedral phenocrysts.
Crystals show complex zoning patterns in BSE images and have abundant inclusions of
calcite, quartz, monazite, bastnésite, and magnetite. Other minerals such as celestine and
thorite have also been identified.

Based on field relations and trace element geochemistry, Woodard (2005) proposed an
association with post-orogenic shoshonitic magmatism, particularly the 1.76-1.77 Ga
(Eklund & Shebanov 2005) bimodal Ava ring complex, 40 km west of Naantali. A Sm-Nd
model age of 1.8 Ga obtained from ID-TIMS analysis of whole-rock samples of the
Naantali dykes (Woodard et al. 2006) supports this hypothesis.

2. Samples and Methods

Three samples from the Naantali dykes swarm were selected for this study. JW06-001C is
from the centre area of a dyke and therefore exhibits relatively little interaction with the
wall rock. JW06-002A is from the contact area of the same dyke, and JW06-004B is from
the contact area of a second dyke. The samples from the contact areas also contain chlorite,
epidote, and prehnite in addition to the minerals listed above, reflecting the infiltration of
elements (Si, Al, Fe, Mg) from the wall rocks during fenitisation.

Several polished thin sections (50um thick) were prepared from each of the samples in
order to select the best possible apatite grains for analysis. Samples were mapped using
SEM, and selected grains analysed using the Cameca SX-50 and SX-100 Ultrachron
electron microprobes housed at the Department of Geosciences, University of
Massachusetts, Amherst.
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3. Results

Fluorapatite chemistry

BSE images of two of the analysed apatite grains are shown in Figure 1. The variable
backscatter intensity, resulting in brighter and darker areas, is a function of the Th+LREE
concentrations. As the darker zones in the Naantali apatites commonly surround inclusions
of LREE-rich minerals (monazite, bastnisite), they are interpreted as having been depleted
in Th+LREE during dissolution-reprecipitation. It should be noted that HREE
concentrations remain constant throughout the grains. Experimental data by Ito (1968)
show that most divalent cations, including Sr*", can readily substitute for Ca>” in the apatite
structure. Monovalent Li” and Na* also substitute for Ca”" via charge-coupled substitution,
however incorporation of K' is limited. REE+Y (hereafter referred to only as REE) are
incorporated into the apatite structure via two main charge-coupled substitution reactions
(e.g. Ito 1968, Rensbo 1989):

REE* + Si*" & Ca*" + P** (1)
Na“+ REE*" « 2Ca* )

Na is below detection limits in all analysed points. There is a positive correlation between
Si and REE in all samples (Figure 2), suggesting reaction (1) was the controlling charge-
coupled substitution reaction in this system. Apatite in JW06-001C is particularly rich in
REE, containing up to 11.8 wt-% ZXREE,O;. Apatite in samples JW06-002A and
JW06-004B have lower concentrations, with XREE,O; at a maximum of 5.3 wt-%. Sr
concentrations, however, are uniformly around 1 wt-% regardless of the distance from the
contact.

Monazite Geochronology

Eight points on a monazite inclusion in apatite from sample JW06-002A were analysed
(Table 1) using the methodology described by Jercinovic & Williams (2005). A total U-Th-
Pb age of 1776 =+ 18 Ma (25) for the formation of the inclusion was calculated in
accordance with Williams et al. (2006).

4. Discussion and conclusion

Partition coefficients given by Watson & Green (1981) for fluorapatite vs. basaltic melt are
2.6-4.7-4.2-1.8 (Dra-Dsm-Dpy-Dry) at 1080°C and 8 kbar. Their experiments showed a
strong positive correlation between the partition coefficients and the silica activity of the
melt, as well as a negative correlation with temperature. Klemme & Dalpé (2003) report
partition coefficients between fluorapatite and carbonatite melt of 0.37-0.44-0.34 (Dy,-Dgm-
Dy,) at 1250°C and 10 kbar, demonstrating that the positive correlation continued even as
silica activity was reduced to zero. Interpolation of these data shows that partition
coefficients at 1250°C approach unity at 25 wt-% SiO,, which would shift towards lower
silica concentrations with decreasing temperature.

The partition coefficient data show that fluorapatite is commonly more enriched in
MREE compared to both the light and heavy REE’s. A consequence of this is that REE
patterns for apatites normalised to whole rocks have a bell shaped profile. However, plots
of the Naantali apatite versus whole rock have a slightly positive slope, which increases
with increasing alteration (Figure 3). The Naantali dykes have high chondrite normalised
La/Lu ratios (average La:Lux > 235.5, Woodard 2005), which is a characteristic feature of
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carbonatite (Woolley & Kempe 1989). The most likely explanation for the deviation from
the expected bell curve shape of the REE profile is the low HREE concentrations in the
whole rock samples.

The near constant composition of unaltered domains across individual apatite crystals
in the Naantali dykes indicates that they crystallised as homogenous phenocrysts. The
growth of quartz, monazite and bastnésite inclusions, coupled to the depletion in Si, Th and
LREE content in altered apatite suggests that the development of the inclusion assemblage
resulted from an in situ, intra-crystalline reaction, similar to the following:

(Th,S1,LREE)-Apatite + CO, — Apatite + Monazite + Quartz + Bastndsite

Similar reaction textures, which require the addition of a fluid, have recently been
discussed within the framework of dissolution-reprecipitation (Putnis, 2002). This reaction,
coupled with the variable diffusion rates in apatite for the REE (Cherniak 2000), could
account for the different slopes in Figure 3.

Near the contact, the availability of Si, Al, Fe, and Mg from the wall rock alteration
also resulted in the growth of allanite mantles around apatite (Woodard 2005). The
alteration of apatite, requiring fenitisation of the host-rock to promote allanite growth, and
the presence of CO, to facilitate the dissolution-reprecipitation reaction in apatite grains,
suggests that the alteration textures developed in response to auto-metasomatism of apatite
during carbonatite dyke emplacement.

Subsequently, the calculated monazite age of 1776 + 18 Ma places an age, not only on
the timing of apatite alteration, but also the timing of carbonatite emplacement, which is
within error limits equivalent to the timing of emplacement of the Ava ring complex
(Eklund & Shebanov 2005). This conclusion supports the findings of Woodard (2005), who
postulated an igneous association between these two intrusions.
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Figure 1. BSE images of apatite grains analysed in this study, a) JW06-001C, b) JW06-002A.
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Figure 2. Plot of Si (apfu) versus [IREE+Y (apfu) for all analyses in this study.
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Figure 3. REE patterns for selected apatite analyses normalised to average whole-rock

compositions of the Naantali carbonatite dykes, a) Unaltered zones, JW06-001C, b) Altered zones

in proximity to inclusions, JW06-001C.

Table 1. Measured concentrations (ppm) and calculated ages for monazite in JW06-002A.

Th

10047

9643
11692
13338
10394
10627
13304
12932

Rv)
—t

OO OTE~ WN -

11497
1523
539

avg.
st.dev.
1s

472
469
773
707
532
423
618
645

579
124
44

Pb U age
856 82 1782
836 125 1783
994 87 1783

1170 220 1782
840 21 1731
888 70 1759

1154 130 1803

1136 198 1792
984 116 1776
149 66 22

53 23 8




