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PREFACE 
 
The Finnish National committee of the International Lithosphere Programme (ILP) 

organises every second year the LITHOSPHERE symposium, which provides a 

forum for lithosphere researchers to present results and reviews as well as to inspire 

interdisciplinary discussions. The tenth symposium  - LITHOSPHERE 2018 – 

comprises 39 presentations. The extended abstracts (in this volume) provide a good 

overview on current research on structure and processes of solid Earth.  

 

The three-day symposium is hosted by the University of Oulu and it will take place 

on the Linnanmaa campus in Oulu in November 14-16, 2018. The participants will 

present their results in oral and poster sessions. Posters prepared by graduate and 

postgraduate students will be evaluated and the best one will be awarded. The invited 

talk is given by Prof. Ulrich Riller (Universität Hamburg, Institut für Geologie).  

 

This special volume “LITHOSPHERE 2018” contains the programme and extended 

abstracts of the symposium in alphabetical order. 

 

 

Helsinki, October 31, 2018 

 

Ilmo Kukkonen, Suvi Heinonen, Hanna Silvennoinen, Fredrik Karell, Elena 

Kozlovskaya, Arto Luttinen, Kaisa Nikkilä, Vesa Nykänen, Markku Poutanen, 

Pietari Skyttä, Eija Tanskanen, Timo Tiira and Kati Oinonen 

 

 

Lithosphere 2018 Organizing Committee 
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Retrieving of surface and body waves from ambient seismic noise, 

recorded during XSodEX experiment 
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In this article, we describe the first results of passive seismic data analysis, collected during XSodEX seismic 

experiment. Application of advanced technique of retrieving Empirical Greens Functions allowed to extract both 

surface and body waves from ambient seismic noise. 

 

Keywords: ambient seismic noise, passive seismic interferometry, surface and body waves 

retrieving 

 

1. Introduction 

At present, passive seismic methods of applied geophysics are rapidly developing. These 

methods are very good tool for solution of many applied tasks, where information about elastic 

properties of the rocks in near-surface layers is needed (microseismic zonation, groundwater and 

microearthquakes sources study etc.). In some situations, such as measuring near active industrial 

object or other areas with high level of seismic noise, application of passive seismic techniques 

is the only option (Place and Malemhir, 2015, Cheng et al., 2015; Shirzad and Shomali, 2014; 

Vidal et al., 2014, Panea et al., 2014, etc.). In this study, we described the first results of analysis 

of ambient noise recorded during XSodEx seismic experiment. Retrieving surface and body 

waves from the noise is based on splitting of all records to time windows with surface or body 

waves only and calculation of crosscorrelation function separately for these parts. The main idea 

of data processing has been taken from works by Vidal et al. (2014) and Panea et al. (2014). 

  

2. Description of the passive seismic experiment 
For extraction of surface and body waves from ambient seismic noise, we used continuous 

passive seismic data recorded since 21.08.2017 to 23.08.2017 with the sampling frequency of 

500 Hz along the profile of total length of about 950 m with intersensor spaces about 10-15 m. 

The equipment consisted of 38 DSU-SA 3C MEMS and 60 1C SG-5 seismic sensors with the 

autonomous RAUD eX data acquisition units produced by Sercel Ltd. The profile was located 

near roads and river, which may be sources of continuous seismic noise.  

For evaluation of surface and body wave parts of empirical Greens functions, we particularly 

used the procedure, described on Panea et al. (2014). The algorithm of the data processing 

includes spectral whitening of seismic noise records, splitting of all records to time windows of 

1 minutes length, calculation of crosscorrelation functions. After this visual inspection of 

calculated crosscorrelation functions had been apllied. The main criteria of separation were 

apparent velocity, which must be higher for body waves. 

After visual inspection, time windows have been merged into two new records contained only 

body waves or both surface and body waves. After this, we calculated crosscorrelation functions 

separately for these records and stacked correspondent functions for different locations of a 

virtual source (figure 1). 

mailto:nikita.afonin@oulu.fi
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Shear zones and structural analysis of the Loimaa area,  

SW Finland 
 

I. Pitkälä1, J. Kara1, T. Leskelä1, P. Skyttä1, M. Väisänen1, H. Leväniemi2, J. Hokka2, M. 

Tiainen2, Y. Lahaye2 
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Shear zones of various ages and orientations are common in Southern Finland. In the study area, E-W and N-S 

trending shear zones are the dominant structural feature. Mylonitic foliations were identified from the most intensely 

sheared rocks. Ductile shearing has mainly been of dip-slip type. Structural mapping revealed several larger map-

scale folds, which appear to be relatively continuous across the study area from SE to NW. In the central area, folding 

interfered with the shear zones causing a complex crustal structure such as associated with the Uunimäki 

mineralization. Aeromagnetic and lithological maps, field observations, stereographic projections and oriented thin 

sections were used to determine the structural features of the study area.      
 

Keywords: Shear zone, structural geology, fold, deformation, mylonite, aeromagnetic map  

 

1. Introduction 

The two-year project “Spatial distribution of gold mineralizations in SW Finland with respect to 

the crustal structure and hosting lithologies of the Häme and Pirkanmaa Belts” between the 

University of Turku and Geological Survey of Finland (GTK) was started in 2017. The aim is to 

provide information about the possible new and existing exploration targets with the structural, 

geochemical, geochronological and lithological data (see also Kara et al., 2018; Leskelä et al., 

2018; this issue). The main objective of this study is to form a model of the structural features in 

the Loimaa area in SW Finland, which might have linkages with gold and other mineralisations 

(Fig 1). 

 

 
 

Fig. 1. A) Geological overview of the Fennoscandian shield (Koistinen et al. 2001), B) 

Geological map of the Häme belt presenting the study area, major shear zones and gold prospects 

(Bedrock of Finland – DigiKP). 
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2. Regional geology  

The study area is located in the western end of the E-W trending Häme belt, which is part of the 

Svecofennian domain in the Central Fennoscandian shield (Fig. 1). The Häme Belt consist of 

1.89-1.87 Ga plutonic-volcanic rocks with volcanic arc affinities (Hakkarainen, 1994; Kähkönen, 

2005; Mäkitie et al., 2016), which have undergone metamorphism mainly in the amphibolite 

facies conditions (e.g. Nironen, 1999; Hölttä and Heilimo, 2017). The area hosts several known 

gold occurrences (Kärkkäinen et al., 2012). 

 

3. Study material  
The data consist of 484 bedrock observations. Tectonic features measured were the foliations, 

lineations, fold axes, axial surfaces, faults and, in some outcrops, fractures and veins. The main 

emphasis in selecting the observation targets was put in the areas of the two major shear zones. 

However, observations from the surrounding areas were also collected, including the major fold 

systems. For the kinematic renditions, oriented samples for thin sections were collected from the 

most promising outcrops. One sample was taken for zircon U-Pb geochronology from a granite 

intruding the N-S shear zone.  

 

4. Delineation of the structural domains based on the structural data 

The study area was divided into subareas based on the dominant structural signatures. The 

subarea division utilized both the aeromagnetic signatures of the crust, as well as field mapping 

data. The subareas are the N-S shear zone, E-W shear zone, North fold, Alastaro fold, Oripää 

fold and Uunimäki gold prospect (Fig. 2). Both shear zones are ductile, which involve strain 

releasing along the forming shear bands and mylonites with kinematic features. Location of the 

North fold between the N-S shear zone and the Kynsikangas shear zone (Fig. 1) have a potential 

to enlighten their correlation. The Oripää fold in the SE is the least affected by the two shear 

zones. The Alastaro fold is located south of Uunimäki and between the other two major fold 

systems, and it is more incoherent than the North fold or the Oripää fold.  

 

4.1 Shear zone domains 

The E-W shear zone (C in Fig. 2) is characterised by penetrative foliation and gneissic banding. 

Mylonitic foliation was observed only on a few outcrops, which characterise zones of most 

intense deformation. Planar and linear fabrics are mainly moderately or steeply inclined. Dextral 

shear sense was observed from these outcrops and thin sections. Since the collected structural 

data from the N-S shear zone (D1-D4 in Fig. 2) is not as homogeneous as the E-W shear zone, 

the area was subdivided into four subareas. Similar to the E-W shear zone, most planar and linear 

structures are the steeply to moderately inclined. Foliations of the southernmost subarea (D1) are 

NE-SW striking and the structures are most likely related to other shear zone in SW known as 

the Kolinummi shear zone (Fig. 1)(Väisänen and Skyttä, 2007). L-tectonites were locally 

observed from this subarea, while the other three subareas mainly contain S-tectonites and some 

S-L-tectonites. The NNE-SSW striking negative magnetic anomaly is visible on the map, 

possibly representing the continuation of the N-S shear zone towards SSW. Mylonitic textures 

and strong recrystallization of quartz characterise the structures in the next subarea towards north 

(D2). Mainly steeply-dipping foliations were observed, including mylonitic foliations on the best 

outcrops. Gently to sub-vertically plunging lineations are mainly weak to strong mineral or 

stretching lineations. Shear deformation-related major folding with axes plunging gently or 

moderately towards N-NNE was observed from subarea D3. Within the D4 sub-area the 

dominant structural trends are NNW-SSE.  
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Fig. 2. Structural map of the study area, structural domains (A-F) and stereographic projections 

of the dominant planar (great circles) and linear (lineation; dots) features. 

 

4.2 Folded domains 

Major fold areas include the North fold, the Alastaro fold and the Oripää fold (A, E and F in 

Fig. 2). The data collected from the Oripää fold area indicate a major synformal structure. The 

calculated major fold axis plunges steeply towards east (086/69). Plunges of the mineral 

lineations range at 47°-80°. From the North fold area, the data suggests two antiforms with 

steeply NE plunging fold axes (055/68). Penetrative foliation and schistosity were the most 

common type of planar features of the area, and some mylonitic and pseudotachylitic textures 

were observed from narrow zones. The more incoherent Alastaro fold south of Uunimäki contain 

Z and S type of folds on outcrops and the NE-plunging steep fold axis (060/72) was calculated 

from foliations.  
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5. U-Pb zircon dating 

In order to estimate an age of the shear activity, a granite intruding the N-S shear zone was 

sampled for zircon dating. The dating was performed in the Finnish Geosciences Research 

Laboratory at GTK. The data revealed several age populations ranging from Archean to 

Paleoproterozoic. The youngest population yield an upper intercept age of ~1.87 Ga. 

 

6. Conclusions 

A continuous chain of major folds (A to F in Fig. 2) has evolved in collision prior to the generation 

of the major shear zones. As a result of the folding and shearing, a very complex crustal structure 

was generated, e.g. in mineralized Uunimäki area (B in Fig. 2). Different shear sense between 

the N-S and Kynsikangas shear zones indicates separate deformation events. Structures in the 

subarea D1 are probably related to the nearby Kolinummi shear zone in the SW (Väisänen and 

Skyttä 2007). The kinematic indicators within the N-S shear zone are supporting west side-up 

movement. The E-W shear zone shows south-side-up movement. Dextral strike-slip component 

has also been significant in some parts of the E-W shear zone.  

  The zircons from the granite within the shear zone contain several inherited populations. 

The youngest ~1.87 Ga population is, within errors, similar to that obtained from the nearby 

Oripää granite (Kurhila et al. 2005). That age was interpreted to be inherited from the source. 

That is also probably the case in this study. 
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The Kynsikangas shear zone, Southwest Finland: Importance for 

understanding deformation kinematics and rheology of lower 

crustal shear zones 
 

S. Reimers1, J. Engström2 and U. Riller1 

 

1 Universität Hamburg, Institut für Geologie, Bundesstrasse 55, 20146 Hamburg, Germany 
2 Geological Survey of Finland, P.O. Box 96, 02151 Espoo, Finland.  

E-mail: sebastian.reimers@studium.uni-hamburg.de 

 

Eroded Proterozoic orogens in southern Finland provide perfect conditions for elucidating deformation processes at 

lower crustal levels. The crudely N-S striking Kynsikangas Shear Zone (KSZ) belongs to a set of prominent, ductile 

deformation zones within the Svecofennian Orogen in SW-Finland. In order to assess the regional tectonic 

significance of the KSZ, knowledge of the overall deformation regime and kinematic evolution of the shear zone is 

necessary. Evident by the results of a detailed field-based structural analysis, the KSZ portrays well the heterogeneity 

of transpressive deformation at lower crustal levels and provides new constraints on the structural evolution of the 

Svecofennian Orogen, the internal structure and rheology of lower crustal shear zones. 

 

Keywords: ductile shear zone, lower crust, kinematics, strain localisation, Svecofennian Orogen 

 

1. Introduction 

Unravelling deformation kinematics of shear zones on multiple scales is important for 

elucidating the evolution of lithotectonic terranes. This study addresses the Svecofennia Province 

of Finland, which formed by the amalgamation of crustal terranes at 2.0 - 1.8 Ga. This process 

leads to the formation of multiple sets of prominent shear zones and fault systems. One of these 

zones is the NW-SE striking Kynsikangas shear zone (KSZ) in the Pori area of southwest Finland 

(Fig. 1). The KSZ is generally interpreted as a first-order, sinistral strike-slip zone that formed 

under NE-SW shortening at ca. 1.8 Ga (Pajunen et al. 2008). 

 

Figure 1. A: Regional tectonic relationship of prominent shear zones in southern Finland. 

Dashed lines mark the possible connection of the Kynsikangas Shear Zone (KSZ) with the 

Kolinummi (KoSZ) and the Hämeenlinna (HSZ) shear zones. The suture of Paleoproterozoic 

subprovinces is marked in grey. Blue dashed line indicates a proposed thrust zone. B: Map 

displaying trajectories and inclination of foliation planes of the KSZ. 

 

Uncertainty of the KSZ exists regarding its internal structure, kinematic evolution, 

geometry, cause of shearing, age of its initiation and the depth of deformation. Moreover, it is 

B 
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uncertain to what extent the KSZ is kinematically linked to the nearby Hämeenlinna and 

Kolenummi shear zones (Fig. 1A) (Väisänen and Skyttä, 2007, Saalmann et al. 2008) or is rather 

of local importance. Due to excellent exposure, the KSZ lends itself also to shed light on ongoing 

fundamental structural geological controversies, such as the questionable match of small-scale 

and regional-scale kinematic indicators of shear zones. This issue pertains to better understanding 

heterogeneity and rheological properties of lower-crustal shear zones.  

 

2. Kinematic analysis 

Based on the orientation of mineral foliation (S) and lineation (L) in metagranitoid rock and 

migmatite, the Kokemäki segment of the KSZ can be divided into and an eastern, a central and a 

western zone (Fig. 2). The shear zone center is characterized by strongly prolate (L>>S) mineral 

shape fabrics with sub-horizontal E1-axes (Fig. 3), where E1 ≥ E2 ≥ E3. By contrast, the eastern 

and western zones are marked by S > L fabric geometry with moderately to steeply plunging E1-

axes (Fig. 3). The km-scale curvature of foliation surfaces points to an overall left-lateral sense-

of-shear during ductile deformation (Fig. 1B). However, shear sense based on small-scale 

kinematic indicators, notably S/C fabrics, rotated rigid objects and asymmetrically folded 

metamorphic layers (Fig. 2) are at variance with the first-order kinematics of the KSZ (Fig. 1B). 

This holds in particularly for stations with known E1-axis orientations and shear directions 

inferred from S/C fabrics, showing large angular departures between the two. The transformation 

of open into isoclinal folds and the transposition of rock fabrics of the eastern segment into the 

central part of the KSZ (Fig. 1A) is in contrast to the rock fabrics of the western segment, leading 

to an asymmetric structure of the shear zone. 

 

 
 

Figure 2. Schematic block diagram depicting the common structures in each segment of the 

Kynsikangas Shear Zone. Foliation and folds are displayed by grey lines, lineation is shown by 

green lines and dots. Sinistral and dextral sense of shear on C-surfaces and porphyroclasts are 

indicated by black and red symbols, respectively. Arrows denote shortening direction. 

 

3. Discussion and Conclusions 

Collectively, the structural and kinematic observations lead us to conclude that the KSZ formed 

under two different deformation regimes. Despite complex internal ductile flow, evident by the 

spatial variation in S-L fabric geometry and kinematics of S/C fabrics, the KSZ seems to have 

accommodated a strong component of left-lateral, pure shear-dominated transpression under 

NW-SE shortening (Fig. 4). This deformation is followed by thrusting of the central over the 

eastern segment under brittle conditions (Fig. 2). During ductile deformation, metamorphic 

fabrics and folds of the eastern segment were transposed into the KSZ. E-W shortening under 

brittle conditions overprint ductile fabrics and accounts for the observed asymmetry of 

metamorphic mineral fabrics. We also note that small-scale kinematic indicators, now routinely 
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used as criteria for the determination of shear-zone kinematics, do not provide reliable kinematic 

information in a transpressive regime, as they show highly variable sense-of-shear. This is in 

conflict with mesoscopic and regional-scale kinematics inferred from the curvature of foliation 

trajectories (Fig. 2) and questions the use of small-scale kinematic indicators for determination 

of the kinematics on the shear-zone scale.  

Based on the branching geometry of foliation trajectories at the southern terminus of the 

KSZ, a physical connection of the KSZ with the Kolinummi and the Hämeenlinna shear zones is 

likely (Fig. 1). The pervasive and continuous deformation in rocks of the Pirkanmaa Belt and the 

Häme Belt indicate that the suture of the Southern and Western Finland Subdomains (Lahtinen 

et al. 2005) predates ductile deformation of the KSZ. Thus, the KSZ is younger than, or formed 

at a late stage of, terrain amalgamation in southern Finland. 

Implications regarding the relationship of shape fabric geometry and its intensity and 

asymmetric fabrics provide new insights into the structure and rheology of lower crustal shear 

zones. The spatial relationship of metamorphic mineral fabrics and concentration of shear bands 

in the central KSZ may indicate that deformation is not exclusively dependent on temperature, 

but also on strain rate. In particular, shear bands may form during co-seismic deformation under 

the same deformation regime as metamorphic mineral fabrics. Finally, observed foliation patterns 

in the eastern KSZ deviate to some extent from numeric models of oblique transpression (Fig. 

4). 

Figure 3 (top). Diagramm of the central segment of the Kynsikangas 

shear zone displaying shape fabric intensity (SFI), foliation (S) and 

lineation (L). We note a correlation in strain intensity, geometry and 

orientation of mineral fabrics. 

 

Figure 4 (right). Synoptic representation of foliation traces formed in 

oblique left-lateral transpression. Segment 1 represents observed 

foliations of the KSZ. Segment 3 is based on a numeric model by Robin 

and Cruden (1994). We note a mismatch in the foliation pattern in the 

western KSZ. 
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Ulrich Riller 

 

Universität Hamburg, Institut für Geologie, Bundesstrasse 55, 20146 Hamburg, Germany 

E-mail: ulrich.riller@uni-hamburg.de 

 

The floors of large impact structures are generally flat, contain one or more morphological rings and are dissected 

by radial, concentric or polygonal fracture networks. Deformation accomplishing the formation of such impact 

structures occurs on time and length scales ranging from seconds to thousands of years and from millimetres to tens 

of kilometres, respectively. Based on recent drilling of rocks underlying the peak ring of the 66 Ma Chicxulub impact 

structure, Mexico, field evidence from the 1.85 Ga Sudbury impact structure, Canada, and scaled analogue 

modelling, cratering mechanisms accounting for the observed morphological and structural characteristics are 

identified. In particular, the mechanisms provide evidence for the existence of acoustic fluidization during initial 

cratering and viscous relaxation of crust during long-term crater modification. 
 

Keywords: impact cratering, acoustic fluidization, deformation mechanisms, long-term crustal 

relaxation, Chicxulub, Sudbury 

 

1. Introduction 

Hypervelocity impact is recognized as a fundamental geological process in the solar system 

(Melosh 1989). In particular, large meteorite impact is paramount for understanding (1) the 

evolution of the early Earth, (2) the geological modification of Earth’s crust and surface, (3) the 

evolution of life and (4) the formation of giant natural resource deposits. Unravelling processes 

of large impact cratering on Earth is hampered by the planet’s high resurfacing rates. 

Consequently, most of the 190 confirmed terrestrial impact structures are eroded. Only three of 

these, known as “the big three” qualify as large impact basins. They are: Vredefort (South Africa); 

Sudbury (Canada) and Chicxulub (Mexico).  

 Based on numerical modelling (Morgan et al. 2016), the formation of impact structures, 

such as the Chicxulub, containing an inner morphological ring (Fig. 1b), the so-called peak ring, 

starts by shock wave-induced, crustal-scale excavation of a bowl-shaped transient cavity (Fig. 

2b). Gravitational instability of the cavity causes uplift of the crater centre and concomitant 

inward slumping of the cavity wall (Fig. 2c). Collapse and radial outward displacement of 

uplifted material over inward-slumped cavity wall segments followed by gravitational settling of 

the peak ring characterize the terminal phase of crater modification (Fig. 2d). Outstanding 

problems in our knowledge of large impact cratering are the mechanism of ring formation, the 

cause for flat floors and mechanisms of floor fracturing. 

 

 
 

Figure 1. Typical impact structures of the Moon (http://quickmap.lroc.asu.edu). Topographically 

elevated areas in (a) to (c) are highlighted in magenta. (a) Central-peak crater: Tycho, (b) Peak-

ring crater: Schrödinger, (c) Multi-ring impact basin: Orientale. 
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Figure 2. Formation of the Chicxulub impact structure based on numerical modelling of peak-

ring crater formation (Morgan et al. 2016). A grid of tracer particles is shown to highlight the 

sub-crater deformation. Dark red area of crust in each panel tracks the material that eventually 

forms the peak ring. T denotes time in seconds after impact. Red half arrows indicate the direction 

of major shear displacements relative to adjacent material. 

 

2. Short-term deformation process of cratering 

The formation of the innermost topographic ring, the so-called peak ring, and the causes of target 

rock weakening leading to observed flat crater floors are not well understood. Constraining these 

mechanisms has been the prime structural geological objective of IODP-ICDP Expedition 364 

“Drilling the K-Pg Impact Crater”, using the ~200-km diameter Chicxulub impact structure, 

Mexico, as a terrestrial analogue for the formation of planetary impact basins (Morgan et al. 

2016). A total of 829 meters of core was recovered from borehole M0077A drilled into the peak 

ring of the Chicxulub crater. From bottom to top, the core is crudely composed of: (1) pervasively 

shocked granitoid target rock hosting meter- to decameter-thick impact melt rock and suevite 

dike-like bodies, (2) a 130 m thick impact melt rock and suevite unit overlying the target rocks, 

and (3) a 112 m thick section of post-impact pelagic carbonate rocks. Based on visual appraisal 

of the drill core, prominent impact-induced deformation structures in target rock pertaining to 

cratering are delineated. 

In addition to microscopic planar structures formed by shock metamorphism, the target 

rocks are replete with impact-induced, mesoscopic planar deformation structures (Riller et al. 

2018). These structures include: (1) pervasive, grain-scale fractures, (2) cataclasite zones, (3) 

shear faults, (4) crenulated mineral foliations, and (5) ductile band structures. Structural 

overprinting criteria point to a relative age for these structures that can be correlated with 

individual cratering stages (Riller et al. 2018). In particular, pervasive fracturing preceded the 

other deformation mechanisms and is, thus, attributed to shock loading, decompression, and 

transient cavity growth (Fig. 2b). Cataclasite zones are plausible candidates for accommodating 

the deformation of pre-fractured target rock during transient cavity collapse and central uplift 

formation (Fig. 2c). As the central uplift transitions from motion upwards to outwards and 

downwards during collapse (Fig. 2d), cataclastic flow is superseded by shear faulting. Finally, 
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the formation of crenulated fabrics and ductile band structures accomplish gravitational 

spreading of the topographically elevated peak ring (inset in Fig. 2d). 

Initial pervasive grain-scale fracturing causes a profound loss of cohesion and shear 

strength in target rocks at the onset of, and during, transient cavity growth (Fig. 2b). Small 

displacements on subsequently forming cataclasite zones across the entire rock mass is consistent 

with macroscopic deformation of an acoustically fluidised rock mass. In acoustic fluidization, 

short-wavelength, high-frequency pressure oscillations around the lithostatic pressure 

temporarily reduce the overburden pressure and, thus, friction between fractured target rocks 

(Melosh 1996). Cataclasite zones are prime candidates for the physical expression of sheared 

block boundaries serving as contact strain zones, during oscillation of target rock blocks. This 

process allows target rocks to flow rapidly over large distances during initial cratering (Fig. 2b, 

c). The onset of shear faulting heralds an increase in shear strain of the rock mass and waning of 

acoustic fluidisation. The transition from distributed cataclastic flow to localised shear-faulting 

illuminates the target rock regaining sufficient strength to generate and support the topography 

of the peak ring (Fig. 2d). 

  

3. Long-term crater modification 

Evidence of long-term modification of terrestrial craters is rather sparse, but paramount for fully 

understanding large-meteorite impact processes. Owing to the excellent exposure, access and 

post-impact tilting of impact-generated lithologies and structures, Sudbury appears to be the only 

large, terrestrial impact structure that allows for a structural analysis aimed at unravelling long-

term modification of large impact craters. Besides providing the first quantitative structural 

evidence for long-term crater modification on Earth, understanding this process at Sudbury is 

also important for designing exploration strategies of Cu-Ni and platinum group element (PGE)-

rich ore deposits. 

 

 
Figure 3. Fracture patterns in model crater floors with regard to crater diameter, crater depth and 

thickness of brittle crust. 

 

The following structures and mineral fabrics associated with the 1.85 Ga Sudbury Igneous 

Complex (SIC), the deformed relic of an impact melt sheet, are traditionally attributed to the 

Paleoproterozoic Penokean orogeny: (1) contact-parallel igneous mineral fabrics in the SIC; (2) 

contact-parallel, high-temperature metamorphic fabrics in the thermal aureole of the SIC and (3) 

granitoid dikes, known as Offset Dikes, emanating from the SIC and derived from (partially-

melted) target rocks. These structures are genetically related to cooling and solidification of the 
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SIC, which occurred within approximately ten thousand years after impact and, thus, 

substantially faster than the duration of Penokean deformation. Offset Dikes, in particular, have 

been interpreted as equivalents to lunar crater floor fractures. In fact, simple two-layer analogue 

models using viscous and granular materials for the lower and upper crust, respectively, scaled 

to length, time and viscosity display polygonal fractures in the model craters as a result of 

isostatic (i.e., viscous) re-equilibration of model crust (Fig. 3). Moreover, PGE-rich Cu-Ni 

sulfides occupy tensional fractures in target rocks immediately underlying the SIC. The sulfides 

segregated from the silicate impact melt upon cooling of the melt below about 1450°C and 

accumulated at the base of the melt sheet, from which they migrated into dilational target rock 

fractures, akin to the emplacement of Offset Dikes. 

In summary, the mentioned structures have been attributed erroneously to orogenic 

deformation and underestimated with regard to deformation caused by long-term crater 

modification. In fact, they all amount to vertical thinning and horizontal extension, i.e., oblate 

strains, of the SIC and underlying target rocks, which is consistent with crater floor modification 

caused by viscous relaxation of crust known also from remote sensing studies of the lunar surface 

and Mercury. 

 

4. Conclusions 

Recent drilling into the peak ring of the Chicxulub impact structure, Mexico, unveiled an 

unprecedented record of brittle and viscous deformation mechanisms accounting for the drastic 

weakening of target rocks, followed by the regain of sufficient strength of rocks to build and 

sustain topographic rings. The observations point to quasi-continuous rock flow and, thus, 

acoustic fluidization as the dominant physical process controlling initial cratering. Structural 

analysis of impact melt rocks at Sudbury, Canada, and scaled analogue modelling suggests that 

crater modification of large impact structures occurs on time scales of tens of thousands of years 

through viscous relaxation of crust. This process is responsible for the formation of crater floor 

fractures, which are sinks for the accumulation of giant metal resource deposits.   
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Migmatites and related granites in southernmost Finland around Hanko Peninsula and Ekenäs archipelago are 

complex and vary greatly in petrology, geochemistry and field relations. We propose that a felsic MASH (melting, 

assimilation, storage and homogenization) processes in the middle crust can have given the area its distinct 

appearance. 
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1. Introduction 

Melting, assimilation, storage and homogenization of basaltic magmas have long been thought 

to occur in lower crustal MASH zones, but only recently have examples of similar processes in 

felsic systems of the middle crust been described (Schwindinger & Weinberg, 2017). In these 

areas, melts from different crustal sources interact with each other, crystal mushes and restites. 

Signs of fluid interaction with the melt, and as an inducing agent of anatexis, are also often 

present. 

 

2. Granites and migmatites in southernmost Finland 

The granite and migmatite rich bedrock of southern and western Finland was formed in the 

margin of the Archaean Karelian craton in the Svecofennian orogeny at 1.9-1.8 Ga. This orogeny 

consisted of two different collisional stages and an intervening extensional stage, of which the 

later collision caused the most voluminous granite production. The Late Svecofennian granite-

migmatite zone (LSGMZ) of metapelitic and psammopelitic migmatites goes through southern 

Finland in roughly WSW-ENE direction (Ehlers et al., 1993). In the LSGMZ, partial melting is 

thought to have occurred as fluid-absent incongruent melting with garnet, cordierite and 

sometimes orthopyroxene as peritectic minerals (Schreurs and Westra, 1986; Väisänen & Hölttä, 

1999; Kriegsman, 2001). Andersen & Rämö (2018) suggest that dehydration melting is a 

plausible mechanism for forming late Svecofennian granites in southern Finland. 

Bedrock in the southernmost part of Finland around Hanko Peninsula and Ekenäs 

archipelago, to the south of the LSGMZ, is characterized by migmatites on the mainland and 

inner archipelago, and granites in the outer archipelago (Figure 1). These migmatites are very 

heterogeneous and it appears that many different types of protoliths have been involved, resulting 

in many different types of melt. Field observations suggest that amphibolite rocks and K-feldspar 

bearing gneisses are the major protoliths to the migmatites. This contrasts with the migmatites in 

the LSGMZ. 

The morphology and mineralogy of the southernmost Finland migmatites are more similar 

to migmatites where partial melting occurred in water-fluxed rocks, than those produced in water-

absent melting (Weinberg & Hasalová, 2015). Mineralogically, the absence of garnet, cordierite, 

OPX and CPX are indicative of water-fluxed melting. Morphological signs of water-fluxed 

melting are diffuse leucosomes boundaries and the absence of melanosomes. In the migmatites, 

we can also see assimilation of xenoliths, which supports the idea of a mid-crustal MASH zone. 
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Figure 1. Lithological map of the study area. The markers denote the different rock types 

prevalent on some key localities. Blue circles: grey even-grained granites; orange circles: red 

even-grained granites; grey squares: K-feldspar megacrysts-bearing gneiss; yellow square: 

tonalite. 

 

One of the most predominant rocks to the southeast of the area is a K-feldspar megacryst-

bearing gneiss that occurs often together with an even-grained red granite. Field relations 

between these rock types are somewhat ambiguous, but they clearly interact: in places, it looks 

like the gneiss is partially melting into the granite, but in other places the megacryst-bearing rock 

looks more like an igneous granite from which the even-grained granite is separated through filter 

pressing. In areas with more metatexitic migmatite, megacryst-bearing gneiss appears as layers 

in highly metamorphosed supracrustal sequences. It is therefore difficult to say if the K-feldspar 

megacryst-bearing gneiss is an ortho- or a paragneiss.   

The larger granite bodies in the southwest of the area are even-grained but vary in 

appearance from grey, magnetite fleck-bearing granite west of Hanko peninsula to red granite to 

the south and southeast of the peninsula. Xenoliths of the K-feldspar bearing gneiss are found in 

the granite bodies. Some even-grained red granites also differ from others in mineralogy and 

chemistry, appearing more evolved. 

 

3. Age data 
U-Pb dating of zircon from the megacryst-bearing gneiss shows ages ranging between 1900 and 

1870 Ma, but in an area where the rocks look more like igneous granites, a few zircon rims also 

show ages at around 1830 Ma.  

Our dating results show that the even-grained granites also mainly crystallised around 1830 

Ma, which is also concurrent with Huhma’s dating of zircon in the even-grained Hanko granite 

(1986). In some of the even-grained red granites, we also found zircon ages at around 1850-1840 

Ma. Similar granite ages were also found in some granites in Ekenäs archipelago by Hopgood et 

al. (1983) and in Hanko by Kurhila et al. (2005), although all of these come with large 

uncertainty. 

The oldest ages found in the megacryst-bearing gneisses correspond with the early volcanic 

arc magmatism stages and the first collisional event after it in the Svecofennian orogeny.  The 

intervening extensional event corresponds with the rather uncertain ages in some of the even-

grained red granites, so if these ages are real it is possible that some granites were formed in the 

area even during the extension. The 1830 Ma ages correspond to granite magmatism in the later 

collisional stage, and similarly to the other late Svecofennian granite sites, this appears to have 

been the time when granite formation was most voluminous also in southernmost Finland.  
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Figure 2. Geochemical trace element diagrams. A) MORB-normalized trace element spider 

diagram with representative tonalite (○), K-feldspar megacrysts-bearing gneiss (□), red even-

grained granite (+) and grey even-grained granite (D) samples. All the rock types in the area show 

the same volcanic arc trend with a distinctive T-N-T anomaly. B) La vs. La/Sm diagram showing 

partial melting and magma differentiation trends. 

 

4. Geochemistry 
We have geochemically analysed the main rock types in the Hanko area. While the major element 

compositions differ greatly between different rock types, trace elements show some consistent 

patterns. 

In trace element composition, all our sampled rock types show distinct volcanic arc 

features, including negative Nb, Ta and Ti anomalies (Figure 2A). This suggests that rocks 

stemming from the original volcanic arc have been reworked enough to form many melts that 
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differ from each other in appearance and in mineral and major element composition, but all still 

carry a very similar trace element signature. There appears to be no major influx of magmas from 

other sources, as even the even-grained granites show the volcanic arc pattern. 

La vs La/Sm diagram (Figure 2B) shows that some of the samples follow a partial melting 

trend, while others follow along the fractional crystallisation trend. This is consistent with the 

felsic MASH zone model, as melting and crystallisation are expected to occur simultaneously. 

 

5. Discussion 

The southernmost Finland granite and migmatite area fits well with Schwindinger and 

Weinberg’s (2017) description of a mid-crustal felsic MASH zone. Both granites and migmatites 

in the area show many of the melting and assimilation features characteristic to a MASH zone, 

but homogenisation appears to have been halted, possibly because of very rapid cooling after the 

orogeny. Compared to the granites in southern Finland Late Svecofennian granite-migmatite 

zone, where the granites appear as intruding batholiths, in southernmost Finland the granites 

appear to be stored by the anatectic site. 
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This abstract highlights the significance of understanding the fragmentation of the Archaean continent as a key factor 

in controlling the evolution of the overlying Proterozoic supracrustal sequences in Northern Finland. The given 

example builds upon the recent findings from the Peräpohja Belt, and indicates that the understanding the apparently 

complex crustal structures may be more straightforward when the rigid basement block can be correctly delineated 

and incorporated into the structural interpretations.  
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1. Introduction 

Utilization of old structures during new deformation events is an important mechanism that 

provides important controls on the style and localisation of deformation e.g. when continents are 

rifted into pieces (e.g. Zwaan and Schreurs, 2017; Corti et al., 2018) or when brtille deformation 

is localised (Skyttä and Torvela, 2018). The cases of structural inheritance are of particular 

significance in geological domains where the older basement structures are inherited during the 

evolution of the overlying cover sequences, as not only the structures but also the deposition of 

the volcanic and sedimentary units of the cover are affected. From the exploration point of view, 

these are the critical factors to be understood that correct ore genetic models (e.g. Hitzman et al., 

2010) may be applied and mineralization targeted.  

Potential coupling between the Archaean and Palaeoproterozoic crust is particularly 

important in Northern Fennoscandia, where Archaean rocks from a major portion of the crust 

either directly exposed (e.g. Hölttä et al., 2008), or underlying the Proterozoic crust as revealed 

by e.g. the Nd-isotopic signatures (Mellqvist et al., 1999). Moreover, recent work has revealed a 

close relationship between the structural discontinuities of the Archaean basement and the 

evolution of the Palaeoproterozoic cover sequences within the Peräpohja Belt, Nortehrn Finland 

(Piippo et al., 2018; Skyttä et al., 2018), providing improved understanding of the basement-

cover linkages and about the structural control of mineral deposits. The results (op. cit.) support 

earlier tentative models from the Kuusamo area further south-east, where the pattern of two 

orthogonally trending fold systems was attributed to the presence of rigid Archaean blocks 

controlling the strain partitioning during one single deformation event (Silvennoinen, 1972). In 

their work, Skyttä et al. (2018) further suggested that the geometry of the Archaean blocks would 

originally relate to the rifting of the Archaean continent commenced at around 2.45 Ga.  

The purpose of this work is to test the concept of fragmented Archaean crust as controlling 

the evolution of the Proterozoic cover sequences, and whether the apparently complex structural 

signatures could be explained by the dynamic interaction of the rigid basement blocks and the 

relative thin supracrustal cover.  

 

2. Application of the basement-cover concept  

The Sattanen map sheet in the Sodankylä area was selected as a test target due to i) the apparently 

orthogonal structural trends, ii) pre-existing structural interpretation addressing the orthogonal 

fold trends to two separate structural events (Tyrväinen, 1983, and iii) the apparently relatively 

this supracrustal cover shown by the presence of the Archaean basement windows (Fig. 1). 

Introducing the NW-SE and NE-SW trending basement discontinuities into the structural  
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Figure 1. A structural sketch map illustrating the orthogonal structural trends defined by the 

inferred basement discontinuities. Explanation for the other map symbols is found in Tyrväinen 

(1980).  

 

interpretations allows the apparently conflicting fold pattern to be understood as a result of one 

deformation event, where the contrasting trends relate to the margins of underlying fragments of 

the Archaean crust. The interpretation is plausible as no cross-folding may be recognised from 

the map patterns. 

 

 

3. Conclusion 

The inheritance of Archaean structures appears to explain the structural signatures of the selected 

test site, is assumed be a fruitful concept towards better understanding of the crustal structure in 

Northern Fennoscandia, and should be used as a proxy when targeting new mineral deposits, as 

well as when interpreting regional-scale geophysical datasets. Applying the presented approach 

also requires that the relationship of the structural evolution and the primary stratigraphy of the 

supracrustal belts is appropriately addressed.  
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Airborne LiDAR DEMs have revealed several postglacial faults (PGFs) in the interior of the former Fennoscandian 

Ice Sheet (FIS). One of them, called as Vaalajärvi-Ristonmännikkö PGF system in central Finnish Lapland, was 

verified with trenchings. The PGF-trench exhibited indication of multiple earthquake events. Here, we present 

morphological evidence of subglacial faulting in the area by interpreting the LiDAR-DEMs of the Late Weichselian 

landforms. Along the SE-trending down-ice transect from the fault, one of the striking feature is irregular groupings 

of straight or curvilinear and transverse-to-ice flow ridges, which are not comparable to annual or ice-marginal end 

moraines. We propose that some of the paleo-earthquakes were subglacial and therefore the ice crevassing created 

pathways for the saturated material to squeeze into the fractured ice system. At 40 km distance from the PGF, a field 

of arcuate/semi-circular Pulju moraines is associated with transverse-to-ice ridges forming a complex of seismic-

induced subglacial landforms.  

 

Keywords: PGF, subglacial deformation, squeezing, crevasses, seismic impact 

 

1. Introduction 

Fennoscadian shield has subjected to end- or postglacial crustal events (Arvidsson, 1996) 

contributing to postglacial fault (PGF) systems and subaerial deformations, such as landslides 

and liquefaction features (Ojala et al., 2017a; Sutinen et al., 2018a; Fig. 1). PGFs eventually have 

been also a dynamic driver for the subglacial bed deformations, such as the Pulju moraines 

(Sutinen et al., 2018b). 

    Transverse-to-ice flow moraines are common in the areas formerly covered by continental ice 

sheets, yet their morphology, size and shape are highly variable and there are no consensus about 

the genetic constraints. Some of the transversally oriented moraines, such as Rogen moraine or 

ribbed moraine are regarded as active-ice subglacial, often polygenetic, landforms (Lundqvist, 

1997). Ice-marginal moraines, such as washboard moraines exhibiting crevasse-squeeze features 

(Ankerstjerne et al., 2015) or De Geer moraines associated with proglacial water bodies (Ojala, 

2016), show regular ridge-to-ridge pattern, probably attributed to annual ice recession. Also, 

small end moraines may exhibit regular pattern of the ridges as a result of ice-marginal 

oscillations (Ham and Attig, 2001). 

    As far as we know, the origin of irregular fields of small transversal moraines has not linked 

to paleoseismicity. It is known, that modern earthquakes/icequakes e.g. in Alaska and Greenland 

(Ekström et al., 2006) contribute to deformations on subglacial beds. In a similar way, late glacial 

earthquakes may have contributed to ice-crevassing and subglacial deformations and seen now 

as transverse-to-ice flow morphologies in the interior part of the Fennoscandian Ice Sheet. 

 

2. Materials and methods 
In this paper we provide airborne LiDAR DEM (Digital Elevation Model) information on the 

group of landforms, such as transverse-to-ice flow moraine ridges and arcuate/ winding Pulju 

moraines with regard to their spatial coexistence with the known Vaalajärvi-Ristonmännikkö 

postglacial fault (PGF) system in central Finnish Lapland (Fig. 1). The airborne LiDAR DEM 

data is provided by the National Land Survey of Finland, applying a Leica ALS50-II laser scanner 

from a flight altitude of 2000 m. The LiDAR data were interpolated to a 2�u2 m grid. Last-return 

data with generally one to three hits per m2 allows 14-cm-vertical ground resolution. 
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Figure 1. Vaalajärvi-Ristonmännikkö PGF system in central Finnish Lapland (#5 in the 

orientation map) with subsets Suksivaara, Vitsa-aapa and Iso Vitsavaara on the LiDAR DEM. 

PGFs and paleolandslides from Olesen et al. (2004), Lagerbäck and Sundh (2008), Sutinen et al. 

(2014), Mikko et al. (2015) and Ojala et al. (2017a; 2017b). 1. Suasselkä, 2. Riikonkumpu-

Isovaara, 3.Venejärvi, 4.Pasmajärvi-Ruokojärvi, 5. Vaalajärvi-Ristonmännikkö, 6. Palojärvi, 7. 

Sevetti, 8. Stuorragurra, 9. Pärvie, 10. Lainio-Suijavaara, 11. Merasjärvi, 12. Landsjärv. 

 

3. Results 

Figure 2 shows the Ristonmännikkö PGF (location in Fig. 1) with the upthrown block facing SE. 

The LiDAR DEM exhibits a significant amount of straight and curvilinear moraine morphologies 

40 km SE of the fault ramp. These moraines are roughly oriented transverse-to-ice flow, from 

northwest toward southeast. We interpret this field of moraines as subglacial deformations 

induced by PG faulting. The irregular spacing between the ridges indicates rather a sudden 

seismic-induced bed deformation than end moraine processes within the ice-margin oscillations 

(Ham and Attig, 2001) or regular pattern of washboard or De Geer moraines (Ankerstjerne et al., 

2015; Ojala, 2016). 

    The Iso Vitsavaara LiDAR DEM (Fig. 3, location in Fig. 1) shows a complex of subglacial 

landforms constituting transverse ridges and the Pulju moraines (see Sutinen et al., 2014; 2018a; 

2018b). The squeeze-up materials of the Pulju moraine has been shown to be anisotropic, but not 

indicative of ice-flow pattern (Sutinen et al., 2018a). Here, the transverse-to-ice ridges are 2-3.5 

m high and with 50-100 m inter-spacings. Those can be seen to cover the local hills with no 

preference to the elevation. The arcuate/circular Pulju moraine ridges are 1-4 m high and are 

randomly spaced on the Iso Vitsavaara hill (Fig. 3). 
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Figure 2. Ristonmännikkö postglacial fault (location in Fig. 1). Photo by N. Nordbäck. 

 

 

 
Figure 3. LiDAR DEM showing transverse-to-ice flow squeeze-up ridges and arcuate/round 

shaped Pulju moraines (indicated by arrows) at the Iso Vitsavaara site in central Finnish Lapland 

(location in Fig. 1). 
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The transverse-to-ice oriented ridges at the Suksivaara site, 8 km from the Ristonmännikkö 

PGF (location in Fig. 1), are 1-2.5-m-high and are rather randomly spaced with the separation 

between single ridges ranging from 100 to 300 m. Also, some minor ribbing pattern can be seen 

between the dominant transverse ridges, particularly in the NE part of the Suksivaara site. The 

minor ridges are 0.5-1 m high are the ridge-to-ridge separation ranges from 10 to 50 m. These 

transverse-to-ice flow ridges are deforming and/or superimposed on the NE-SE oriented ice-

parallel forms, thus indicating the time difference between these morphological assemblages, 

i.e. the transverse ridges are younger and presumably dating back to late glacial. Some of the 

transverse-to-ice flow ridges show curvilinear morphologies with horns bending up-ice 

direction (Vitsa-aapa location in Fig. 1). The tallest ridges reach 2.5-3 m and the ridge-to-ridge 

spacing varies from 50 to 100 m. The morphometry of the ridges display evidence of the 

crevasse-squeeze up processes (Hoppe, 1952; Ankerstjerne et al., 2015). We interpret the origin 

of the crevasses had been subglacial event of the Ristonmännikkö PGF (Figs. 1-2). According 

he original squeezing hypothesis for the hummocky moraines in Norrbotten, Sweden by Hoppe 

(1952), the saturated bed material is forced into cavities by the ice load. We agree with this 

concept, but in the vicinity of the Ristomannikkö PGF, we postulate that seismic impact(s) 

primarily contributed to crevassing of the ice and squeeze-up of water-saturated bed materials.  

 

References: 
Ankerstjerne, S., Iverson, N.R., Lagroix, F., 2015. Origin of a washboard moraine of the Des Moines Lobe inferred 

from sediment properties. Geomorphology 248, 425-463. 

Arvidsson, R., 1996. Fennoscandian earthquakes. Whole crustal rupturing related to postglacial rebound. Science 

274, 744-746. 

Ekström, G., Nettles, M., Tsai, V.C., 2006. Seasonality and increasing frequency of Greenland glacial earthquakes. 

Science 311, 1756-1758. 

Ham, N.R., Attig, J.W., 2001. Minor end moraines of the Wisconsin Valley Lobe, north-central Wisconsin, USA. 

Boreas 30, 31-41. 

Hoppe, G., 1952. Hummocky moraine regions with special reference to the interior of Norrbotten. Geografiska 

Annaler 34, 1-72. 

Lagerbäck, R., Sundh, M., 2008. Early Holocene faulting and paleoseismicity in northern Sweden. Sver. Geol. 

Unders. C836, 80 pp. 

Lundqvist, J., 1997. Rogen moraine − an example of two-step formation of glacial landscapes. Sedimentary 

Geology 111, 27-40. 

Mikko, H., Smith, C., Lund, B., Ask, M.V., Munier, R., 2015. LiDAR-derived inventory of post-glacial fault scarps 

in Sweden. GFF 137, 334–338. 

Ojala, A.E.K., 2016. Appearance of De Geer moraines in southern and western Finland – Implications for 

reconstructing glacier retreat dynamics. Geomorphology 255, 16-25. 

Ojala, A.E.K., Mattila, J., Markovaara-Koivisto, M., Ruskeeniemi, T., Palmu, J-P., Sutinen, R., 2017a. Distribution 

and morphology of landslides in northern Finland: An analysis of postglacial seismic activity. Geomorphology, 

http://dx.doi.org/10.1016/j.geomorph.2017.08.045. 

Ojala, A.E.K, Mattila, J., Ruskeeniemi, T., Palmu, J-P., Lindberg, A., Hänninen, P., Sutinen, R., 2017b. 

Characterization and timing of the Isovaara and Riikonkumpu faults in northern Finland. Global and Planetary 

Change 157, 59-72.  

Olesen, O. Blikra, L.H. Braathen, A. Dehls, J.F. Olsen, L. Rise, L. Roberts, D. Riis, F., Faleide, J.I., Anda, E., 

2004: Neotectonic deformation in Norway and its implications: a review. Norwegian Journal of Geology 84, 3-

34. 

Sutinen, R., Hyvönen, E., Middleton, M., Ruskeeniemi, T., 2014. Airborne LiDAR detection of postglacial faults 

and Pulju moraine in Palojärvi, Finnish Lapland. Global and Planetary Change 115, 24–32.  
Sutinen, R., Hyvönen, E., Liwata-Kenttälä, P., Middleton, M., Ojala, A., Ruskeeniemi, T., Sutinen, A., Mattila, J., 

2018a. Electrical-sedimentary anisotropy of landforms adjacent to postglacial faults in Lapland. 

Geomorphology, https://doi.org/10.1016/j.geomorph.2018.01.008 
Sutinen, R., Hyvönen, E., Middleton, M., Airo, M.-L., 2018b. Earthquake-induced deformations on ice-stream 

landforms in Kuusamo, eastern Finnish Lapland. Global and Planetary Change 160, 46–60. 

 

http://dx.doi.org/10.1016/j.geomorph.2017.08.045


LITHOSPHERE 2018 Symposium, November 14-16, 2018, Oulu, Finland 115 

 

 

Magnetic disturbances driven by currents  

in the solid Earth and ionosphere 
 

E.I.Tanskanen1 

 

1ReSoLVE Centre of Excellence, Aalto University, Finland 

 

E-mail: eija.tanskanen@aalto.fi 

 

The Earth´s magnetic environment is continuously disturbed by ionospheric currents and solid 

Earth variations. Ionospheric currents are modulated by solar wind disturbances while internal 

variations arise from currents induced in the solid Earth. We have examined variability of 

geomagnetic disturbance amplitude |dB/dt| for over solar cycles 23 and the role in solid Earth 

currents during different solar cycle phases. 
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1. Introduction 

Geomagnetic activity varies in time-scales from seconds and minutes to years and solar cycles 

(Figure 1). Magnetic data recorded at the surface of the Earth is a superposed signal of all 

disturbances from above and below. It is known that the largest role of the currents in the solid 

Earth in short time-scales is found during the substorm onset (Tanskanen et al., 2001). It is, 

however, unknown how the role of induced currents varies over the longer-time scales such as 

seasons and solar cycles.  

 

 
 

Figure 1. Geomagnetic activity varies in space weather and space climate time-scales. Space 

weather phenomena include ULF pulsations, auroral substorms and geomagnetic storms while 

space climate includes solar cycle-to-cycle variability in 11 and 22 years, and over modern solar 

grand maximum. 

 

In this study we investigate how the role of induced current in the geomagnetic activity vary 

for the solar cycle 23 from 1998 – 2009. 

 

2. Solar cycle variability of the role of induced currents 

Magnetic field fluctuations of the north-south component |dX/dt| are computed for year from 

1998 to 2009, separately for each IMAGE network station (Tanskanen, 2009). The magnetic 

fluctuation amplitude is shown by the red circle (Figure 2). Solar cycle variability of the 
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magnetic fluctuation amplitude is the largest in the auroral oval latitudes from 65 – 75 deg 

CGM. The largest fluctuation amplitude is found in the early declining solar cycle phase i.e. in 

the year 2003 while the smallest fluctuation amplitude is found in the year 2009. That is the 

year of the solar minimum. Then the largest fluctuation amplitudes are observed over the 

Svalbard. Throughout the solar cycle the smallest magnetic field fluctuation rates are seen in 

the southern Finland below the auroral zone.  

 

  
 

Figure 2. Magnetic field fluctuation amplitude |dX/dt| computed from the measurements by the 

magnetic stations in Fennoscandia for the years (a) 2001, (b) 2003, and (c) 2009. 

 

 

The internal part of the magnetic field signal increase up-to the 40% during the substorm onset 

(Tanskanen et al., 2001) while the role of internal part decreases down to the 10-15% during 

the other substorm phases (growth and recovery phases) for inland stations. The role of internal 

part during substorm growth and recovery phases is roughly 25-30% for coastal stations, being 

only 10-15% less than for the substorm onset times in inland.  

 

3. Conclusions 

The role of currents induced to the solid Earth are the largest for the coastal stations and during 

the rapid magnetic field fluctuations for example during Pc5 pulsations and substorm onset. 

The largest effects from the internal sources are found during declining solar cycle phase and 

in winter months since then the most ULF waves in Pc5 frequency range and continuous 

substorm trains with rapid onsets are seen. These results are valuable when evaluating the 

effects of rapid magnetic field fluctuations to the current infrastructure, formulating models for 

space weather predictions, and building new infrastructure sensible to the space weather effects. 
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We sampled one felsic volcanic rock from the lower part of the Kisko formation and two cordierite-anthophyllite 

rocks from Orijärvi and Iilijärvi for U-Pb dating. The felsic volcanic rock yield a zircon 207Pb/206Pb weighted 

average age of ~1.89 Ga. The oldest zircons from the Orijärvi cordierite-anthophyllite rock give a weighted average 

age of ~1.89 Ga. The monazite from the same sample yield a concordia age of ~1.80 Ga and the xenotime yield a 

concordia age of ~1.82 Ga. The Iilijärvi cordierite-anthophyllite rock gives a monazite concordia age of ~1.82 Ga. 

This implies that two metamorphic pulses are recorded in the samples. 
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1. Introduction 

The Orijärvi area in southern Finland is historically and geologically important: it was the site 

of the first copper mine in Finland opened there in 1757 (Poutanen 1996). Orijärvi was also the 

area from where Pentti Eskola developed the theory of metamorphic facies (Eskola 1914, 1915). 

Since then the Orijärvi area has been a target for numerous studies focused on ore geology, 

geochronology, petrology, geochemistry and structural geology (eg., Latvalahti 1979, Väisänen 

& Mänttäri 2002, Skyttä et al. 2006, Pajunen 2008, Väisänen & Kirkland 2008, Nironen et al. 

2016, Kara et al. 2018).   

 A special interest has been the cordierite-anthophyllite, quartz-cordierite as well as 

garnet and andalusite-bearing rocks which represent the metamorphic equivalents of 

hydrothermally altered volcanic-sedimentary rocks which are associated with the Cu-Zn-Pb 

mineralisations (Smith et al. 1992, Rajavuori & Kriegsman 2002, Ratsula 2016). The 

hydrothermal alteration is regarded to have been acting simultaneously with volcanism or at 

least before the regional deformation and metamorphism at c. 600 °C and 3 kbars (Latvalahti 

1979, Schneiderman & Tracy 1991). The age of the metamorphism is, however, unknown. 

Orijärvi forms a triangular shaped low-strain area bounded by shear zones where early-stage 

deformation is well-preserved and the metamorphic grade is lower than outside the triangular 

area where the rocks are migmatitic (Ploegsma & Westra 1990, Skyttä et al. 2006).      

 We sampled two cordierite-anthophyllite rocks (CARs) and one felsic volcanic rock 

(FVR) for dating and separated zircons, monazites and xenotimes from CARs and zircons from 

FVR. This was done to gain better understanding of the timing of the volcanism, alteration and 

metamorphism. One CAR sample was collected from the vicinity of the Orijärvi mine and 

another CAR sample was sampled from the Iilijärvi mineralised zone 600 m to the north. The 

unaltered FVR was sampled from the lower part of the Kisko formation, stratigraphically above 

the altered rocks.  Sample locations are indicated in Fig. 1. 
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2. Geological setting  

The bedrock of Orijärvi is composed of mafic to felsic volcanic rocks and metasedimentary 

rocks (Kähkönen 2005). These supracrustal rocks are also accompanied with bimodal igneous 

rocks that represent magma chambers to the volcanic rocks (Väisänen and Mänttäri 2002, Kara 

et al. 2018). Based on the structural and geochemical features, bedrock in Orijärvi has been 

divided into four formations: the Orijärvi, Kisko, Toija and Salittu formations (Fig. 1). 

 

 

Figure 11. (A) Simplified geological map of southern Finland and (B) geological map of the Orijärvi 

area with previous and new sample locations indicated with circles and squares. F = felsic volcanic rock, 

M = Orijärvi (mine) cordierite-anthophyllite rock, I= Iilijärvi cordierite-anthophyllite rock, G = Orijärvi 

granodiorite (Väisänen et al. 2002), K= Kisko dacite (Väisänen & Mänttäri 2002), O = Orijärvi rhyolite 

(Väisänen & Mänttäri 2002) S = Salittu gabbro (Väisänen & Kirkland 2008), T = Toija felsic volcanic 

rock (Väisänen & Kirkland 2008). Figure is modified from Väisänen & Kirkland (2008). 

 

The Orijärvi formation is stratigraphically the lowest one. It includes the Orijärvi granodiorite 

which contains mafic enclaves and shows signs of magma mingling (Kara et al. 2018). The 

volcanic and sedimentary rocks around the granodiorite are intensively hydrothermally altered. 

The zircon U-Pb age of unaltered Orijärvi rhyolite is 1895.3±2.4 Ma while the Orijärvi 

granodiorite is dated at 1898±9 Ma (Väisänen et al. 2002).   

 To the north and stratigraphically above of the Orijärvi formation lies the Kisko 

formation. Rocks of the Kisko Fm. are mainly felsic, intermediate and mafic volcanic and 

sedimentary rocks. Gabbros and plagioclase porphyries intrude the volcanic-sedimentary rocks. 

A dacite from the upper part of the formation yielded a U-Pb zircon age of 1878.2±3.4 Ma 

(Väisänen and Mänttäri 2002). 

 To the west and north lies the Salittu formation composing of ultramafic and mafic lavas 

(Schreurs et al. 1986) intercalated by metapelites and marbles. Tonalites, granoriorites and 

gabbros crosscut the lavas. Based on the field relationships, the Salittu formation is thought to 

have deposited around 1875 Ma (Väisänen and Kirkland 2008, Nironen et al. 2016). 

 The westernmost subarea is the Toija formation. It consists of rhyolites and pillow-

basalts with metapelite and marble intercalations. The felsic volcanic rock yielded a zircon age 

of 1878±4 Ma with metamorphic 1815±3 Ma rims (Väisänen and Kirkland 2008).  
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3. Results 

The U-Pb analyses were performed in the Finnish Geosciences Research Laboratory at the 

Geological Survey of Finland in Espoo. 

 

Kisko felsic volcanic rock 

Prismatic zircons are partly metamict, hampering the choice of intact domains for analyses 

spots. Consequently, many analyses are slightly discordant. However, the 207Pb/206Pb ages give 

a coherent weighted average age of ~1.89 Ga.  

 

Orijärvi cordierite-anthophyllite rock 

Zircons occur in many morphological types and grains are metamict and rich in inclusions. 

Most analyses are discordant and their 207Pb/206Pb ages form a declining trend of ages from 

1901 Ma to 1786 Ma. Five oldest analyses form a distinct group and yield a weighted average 

age of ~1.89 Ga.   

 Monazites comprise both elongated and rounded grains. They yield a concordia age of 

~1.80 Ga. Xenotimes are all rounded in shape and yield a concordia age of ~1.82 Ga 

 

Iilijärvi cordierite-anthophyllite rock  

Only few zircons were recovered and they all are highly discordant. Monazites are mostly 

rounded save a few prismatic grains. The analyses are mostly concordant and yield a concordia 

age of ~1.82 Ga. 

 

 4. Discussion and conclusions 

The age of the Kisko felsic volcanic rock, ~1.89 Ga, is only slightly younger than the age of the 

Orijärvi rhyolite at 1895.3±2.4 Ma. This implies that the volcanism in the lower part of the 

Kisko formation continued after the deposition of the Orijärvi formation, without any hiatus in 

the volcanic activity as previously assumed.  This also brings into question whether the 

previously argued stratigraphic position of the 1878±4 Ma Kisko dacite is valid (c.f. Väisänen 

and Mänttäri 2002, Nironen et al. 2016). 

 The oldest ~1.89 Ga zircon from the Orijärvi cordierite-anthophyllite rock is regarded 

as an igneous age of the protolith while the rest of the grains are modified by hydrothermal and 

metamorphic processes. The monazite and xenotime yield ages of ~1.80 Ga and ~1.82 Ga which 

we regard as metamorphic. The Iilijärvi monazite, however, yield an age of ~1.82 Ga, i.e., about 

20 Ma older than the monazite from the Orijärvi sample even though the locations are only 

about 600 m apart.  

 The 1.82 Ga age of metamorphism and associated anatectic magmatism is common 

outside the Orijärvi triangle (Mouri et al. 2005, Skyttä and Mänttäri 2008, Väisänen and 

Kirkland 2008) related to regional granulite facies metamorphism. This implies that the lower 

grade Orijärvi triangle was metamorphosed simultaneously.  

 The 1.80 Ga metamorphism is more ambiguous but not unique. The metamorphic zircon 

from a gabbro within the Salittu formation yield an age of 1792±5 Ma (Väisänen and Kirkland 

2008) and the titanite from the 1878±4 Ma Kisko dacite was 1798±3 Ma in age. In general, the 

magmatic 1.80 Ga activity is well documented in southern Finland (e.g., Rutanen et al. 2011) 

and it might have thermal consequences.  

 We conclude that the oldest volcanism in the Kisko formation started at ~1.89 Ga. The 

regional metamorphism in the Orijärvi triangle has had two different events at 1.82 Ga and 

~1.80 Ga. 
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This study gives an overview of thermal environment within 150 km distance from the Pyhäsalmi zinc-copper 

mine which will be decommissioned in 2019. The site has hosted research activity related to nuclear physics. We 

have analysed geoneutrino flux in the area using a cylindrical model, and generated one-dimensional geotherms 

for a two-layered crust, applying upper crustal depth d = 10 km and Moho depth zm = 55 km, Moho heat flow Qm= 

9...15 mWm−2, surface heat flow Q = 32.1...46.1 mWm−2 from borehole data and upper crustal heat production 

values AH = 0.2...2.3 μWm−3. Our most plausible cylindrical model of the crust around Pyhäsalmi has Q = 39.0 

mWm−2, AH = 1.21 μWm−3 and Qm = 12.1 mWm−2. Crustal differentiation index is Di = 2.47 and geoneutrino flux 

Φ = 11.7 × 106 cm-2 s-1 in this case. An undifferentiated crustal cylinder with similar surface-Moho heat flow 

contrast would only produce Φ = 6.2 × 106 cm-2s-1. The upper crust in the immediate vicinity of Pyhäsalmi is not 

locally enriched in radiogenic isotopes, when compared to upper crust beyond 150 km, but separate investigations 

of near-field crust remain important to assess geoneutrino flux at any site with potential for a geoneutrino 

observatory.  
 

Keywords: heat flow, heat production, uranium, thorium, potassium, geoneutrino 

 

 

1. Introduction 

The Pyhäsalmi mine in north central Finland is operated by First Quantum Minerals Ltd. to 

produce zinc and copper. The 1444 m deep mine is the oldest operational mine in Finland but 

will be decommissioned in 2019. An underground science and technology centre will be built 

to the mine in the Callio project (https://callio.info/), calling for knowledge of local geophysical 

environment. Projects related to nuclear physics have been already undertaken in the mine 

(Kuusiniemi et al. 2013, Enqvist et al. 2017). In the new laboratory hall at a depth of 1430 m, 

the share of cosmic rays in total radiation is limited to muons, and radiation from geoneutrinos 

could be detected more easily than in upper levels. 

Geoneutrinos are electron antineutrinos resulting from beta decay series of 238U and 
232Th. They can be detected using underground liquid scintillation detectors, yet the energy 

threshold of 1.8 MeV in the inverse beta decay reaction (IBD) on free protons leaves the vast 

majority of geoneutrinos undetected. No signal from 40K and 235U can be observed this way, yet 

a method based on neutrino-electron elastic scattering and low-background, direction-sensitive 

tracking detectors may provide a solution to the problem. Therefore it is becoming more 

important to analyze the contribution from all three major heat producing elements (U, Th and 

K) as a whole. This has been previously done in the vicinity of geoneutrino observatory in 

Sudbury, Canada, near the border of Archean and Proterozoic lithosphere (Phaneuf and 

Mareschal, 2014). Following the same principle in a tectonothermal environment of roughly 

same age range, we focus on the Finnish lithosphere around Pyhäsalmi, using heat flow and 

heat production data. 

 

2. Heat production and heat flow 

The standard way of determining heat production is to use radiogenic element concentration 

data. For this purpose, we applied the Rock Geochemical Database of Finland (Rasilainen et al. 

2007). Heat production (A) [µWm-3] was calculated after Rybach (1973): 

https://callio.info/
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A = ρ (9.52CU + 2.56 CTh + 3.48 CK) ∙ 10-5                       (1)                                         

 

where ρ is the rock density [kg/m3] and CU, CTh and CK are concentrations of U [ppm], Th 

[ppm] and K [%]. Altogether 1467 observations, 22.7% of the entire database, are located 

within 150 km from Pyhäsalmi mine. We assume that our mean heat production value 1.21 

μWm-3 calculated from outcrop data in this area is representative of the regional upper crust. 

Heat production is directly proportional to geoneutrino production, but the connection 

between surface heat flow and geoneutrino production is not simple. Surface heat flow <Q> at 

the center of a cylindrical layer with thickness zm, radius R, heat production <A> and lower 

boundary heat flow <Qm> can be calculated as follows: 

 

< 𝑸 > −< 𝑸𝒎 >=< 𝑨 > 𝒛𝒎 (𝟏 +
𝑹

𝒛𝒎
− √𝟏 +

𝑹𝟐

𝒛𝒎
𝟐 )      (2) 

Differentiation index Di is obtained as the ratio of the average surface heat production <AS> to 

the average crustal heat production <A>, i.e. Di = <As> zm/(<Q>-Qm). Using constraints <AS> 

= 1.2 μWm-3, zm= 55 km, <Q> = 39 mWm-2, and Qm = 12 mWm-2, we end up to Di = 2.44. For 

a crust with an upper crustal layer of thickness d where H = <HS>, geoneutrino flux in a 

cylindrical layer can be related to the regional heat flow by (Perry et al. 2009): 
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In our case R = 150 km and d = 10 km. For our two-layered crust, the influence of heat 

production on geoneutrino flux can be calculated from <Q>, Di, and d. The ratio of upper to 

lower crustal heat production is Au/Al = Dizm/(zm−Did). Thickness of the lower crust is therefore 

45 km, and heat production 0.333 μWm-3 within it. Parameter γ [J-1] is ratio of neutrino activity 

ν [s-1] to heat production per unit mass AM [W/kg]. Using AM values of 9.52 × 10-5 W kg-1 for 

U, 2.56 × 10−5 W kg-1 for Th and 3.48 × 10−9 W kg-1 for K, corresponding ν values of 7.38 × 

107 s-1 kg-1, 1.61 × 107 s-1 kg-1 and 2.25 × 104 s-1 kg-1 (Mareschal et al. 2012) and mean 

concentrations of heat producing elements within 150 km distance from Pyhäsalmi (1.91 ppm 

for U, 7.35 ppm for Th and 2.15% for K) leads to γ = 0.70 × 1012 J-1. Hence, Equation 3 can be 

used to study differences in geoneutrino flux as a result of different crustal compositions. 

Changing the value of Di to 1 but keeping the integrated heat production unchanged in the crust 

is equivalent to an evenly distributed heat production of 0.59 μWm-3. Although surface heat 

flow is similar regardless of crustal differentiation, surface geoneutrino flux is highly dependent 

on near crustal sources and is therefore subject to substantial change. 

For evaluation of a two-layered geotherm of the crust around Pyhäsalmi area, we used 

temperature-dependent thermal conductivity λ: 

 

𝝀 = 𝝀𝟎 [
𝟏

𝟏+𝒃𝑻
+ 𝒄(𝑻 + 𝟐𝟕𝟑. 𝟏𝟓 𝑲)𝟑]        (4) 

 

Here T is temperature [°C], λ0 is thermal conductivity [Wm−1K−1] at the reference temperature 

of 25 °C and b is a pre-selected empirical parameter [1/K] dependent on lithology. In our case 

b=0.0008 as used by Veikkolainen et al. (2017). Radiative heat transfer is described by c, yet it 
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can be safely given a value of zero below temperatures of 800 °C. For b in crust, we applied a 

value of 0.0008. For surface value of thermal conductivity, we applied λ0 =2.9 Wm−1K−1. 

We assume here T0 = 0 °C and q0 = 39 mWm-2. A is 1.21 μWm-3 (mean of point data) at 

depth range z = 0...10 km, and 0.33 μWm-3 at z = 10...55 km. Using this information, we plotted 

a one-dimensional geotherm of the area. To reflect the standard deviation of H within the study 

area, we also plotted alternative geotherms, one with A = 0.20 μWm-3 and another with A = 2.23 

μWm-3, corresponding to mean upper crustal heat production added or subtracted by one 

standard deviation. We required the Moho heat flow to be 12 ± 3 mWm-2 based on xenolith 

thermobarometry (Kukkonen et al. 2003) and adjusted lower and upper limits of surface heat 

flow accordingly. In the model with large H in upper crust, surface heat flow was 32.1 mWm-2 

and in the model with small H in upper crust, 46.1 mWm-2. Accordingly, our Moho temperature 

range is 494-638 °C. In terms of differentiation index, our Model 1 features Di=2.47, Model 2 

Di=0.46 and Model 3 Di=4.09. For geotherms, see Figure 1. 

 

 
Figure 1. Geotherms for the crust of the study area, 150 km around Pyhäsalmi mine. Red curve 

represents the situation with AH = 1.21 μWm-3, cyan curve that with AH = 2.23 μWm-3 and green 

curve that with AH = 0.20 μWm-3, corresponding to Di = 2.47 (Model 1), Di = 4.09 (Model 2) 

and Di = 0.46 (Model 3), respectively. The temperature of 40 °C at the bottom of Outokumpu 

borehole (Kukkonen et al. 2011) is also shown. 

 

In the average geotherm, upper 10 km contributes 12.1 mWm-2 and total crust 26.9 mWm-2 to 

heat flow in Pyhäsalmi. In the entire upper crustal heat flow contribution, the share of a cylinder 

of 150 km radius representing upper crust around Pyhäsalmi is as much as 96.7%. The 

corresponding contribution of a cylinder of 100 km radius is 95.0% and that of a cylinder of 50 

km radius is 90.0%. Approximately as much as 26.7 mWm-2 of the crustal contribution to 

surface heat flow can be explained by an undifferentiated cylinder of 150 km radius and 55 km 

depth. Geoneutrino flux contribution in the middle of the surface of the cylinder is 6.174 × 106 

cm-2s-1 in the undifferentiated and 11.710 × 106 cm-2 s-1 in the differentiated case. Differentiation 

nearly doubles the flux from the crust nearest to the study area. The share of upper crust is 5.299 

× 106 cm-2 s-1 (45%) in the differentiated, but only 2.583 × 106 cm-2s-1 (42%) in the 
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undifferentiated case. The total geoneutrino flux is affected by lithospheric and asthenospheric 

mantle, but crustal differentiation causes most obvious changes. 

 

3. Conclusions 

Estimation of the total geoneutrino flux requires knowledge of the crustal structure also beyond 

the 150 km distance and integration over domains of different, often poorly known heat 

production constraints. The lithospheric part of geoneutrino flux should in principle be almost 

exclusively a result of heat production in crust, because xenolith pressure-temperature data 

imply very small mantle heat production A(M), 0.00-0.04 μWm-3 globally. The large thickness 

of the Fennoscandian lithosphere, 250 km, however, calls for a specific analysis for our area of 

interest. Even assuming a value H(M)=0.02 μWm-3 which is tenfold the constraint used by 

Veikkolainen et al. (2017) in their Fennoscandian geotherms results in a heat flow contrast of 

3.9 mWm-2 between Moho and the base of lithosphere. Recalling our cylindrical approximation 

of lithospheric mantle below 55 km depth adds 0.56 × 106 cm−2s−1 to crustal geoneutrino flux, 

only 4.2% to total flux in case of undifferentiated and 9.0% in the case of differentiated crust. 

In Pyhäsalmi, the share of upper crust is ~9.5 times as large as that of mantle in the 

undifferentiated, and ~4.6 times as large in the differentiated case. This is due to the importance 

of the near-field crust and crustal differentiation for the determination of geoneutrino flux, 

despite the fact that crust near Pyhäsalmi is not locally enriched in radioactive elements. 

Although the stable intraplate location would make Pyhäsalmi a good spot for geoneutrino 

studies, the forthcoming Hanhikivi nuclear power plant in Pyhäjoki, 130 km from the mine site, 

will strongly add up to the natural geoneutrino flux in the proposed observatory area. 
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In 2016, a three-component passive seismic survey along two 2D profiles was carried out in the Kylylahti area of 

Eastern Finland in association with a larger deployment of a thousand one-component (1C) receivers. This study 

attempts to develop a workflow for 3C seismic interferometry. The 3-by-3 correlations of the orthogonal recording 

components at different stations can be used to reconstruct the S-wave response or to support the 1C data 

interpretation. Through the application of non-conventional processing stages such as sign-bit normalization, we 

gain better continuity of retrieved reflections. 
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1. Introduction 

Theoretical advances (e.g. Wapenaar and Fokkema, 2006) have demonstrated that 

passive seismic ambient noise surveys allow new possibilities for seismic imaging and that the 

technique of seismic interferometry (SI) may provide a compelling alternative for traditional 

reflection surveying. SI aims at the reconstruction of the impulse response (Green’s function) 

of an elastic system between two stations. This is equivalent to the cross-correlation (or cross-

coherence) of the seismograms measured at the stations if the source is regarded as a delta 

function. For generalized displacement in three dimensions (elastodynamic assumption), 

Green's function is a tensor �̂�𝐪𝐩(𝐱𝐀, 𝐱𝐁, 𝝎) with nine components.  

The suitability of SI for body-wave reflection retrieval in a mining and exploration 

environment was recently tested in the COGITO-MIN project at Kylylahti polymetallic mine 

in Eastern Finland. In the field experiment of August/September 2016, a 3D seismic array of a 

thousand one-component receivers was continuously recording for about 30 days in an area of 

10.5 square kilometres. These data are used to develop an SI processing workflow to support 

mineral exploration at a mining-camp scale (Chamarczuk et al., 2017).  

Parallel to the COGITO-MIN experiment, the Comprehensive Test Ban Treaty 

Organization (CTBTO) was using the Kylylahti mine site as a testing ground to develop an 

emergent technique, resonance seismometry (Labak, Lindblom and Malich, 2017). Their 

experiment involved the deployment of 45 three-component (3C) seismometers, planted in 

surface holes 30–40 cm deep, for about 30 days along two of the COGITO-MIN receiver lines. 

The continuous data are available as MiniSEEDs with 24 h time spans and a sample rate of 

2 milliseconds.  

In this work, the CTBTO data are used for developing a passive-seismic 

3C interferometric workflow. The results are supported with synthetic modelling over the 

receiver lines.  

 

2. Study area and methods 

The Kylylahti polymetallic sulphide deposit features massive-to-semimassive sulphide ore and 

disseminated mineralisations. The main mineralization is a narrow ribbon in a SSW dipping 

hinge of a tight fold, mined at present deeper than 700 meters. The exploration environment is 

challenging due to the subvertical contacts between individual horizons of the Outokumpu 
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suite, making them difficult to detect seismically from surface. The Outokumpu rocks hosting 

the mineralisation are serpentinites, quartz-carbonate rocks, and tremolite-diopside skarns 

enfolded in deep-water turbidites and pelitic graphite schists. Kylylahti rock types can be 

simplified into four groups with distinct acoustic impedances: (1) mica schists and black schists 

formed in deep water, (2) Outokumpu ultramafics, i.e., serpentinite and soapstones, 

(3) metasomatic alteration rocks of previous group, and (4) massive-to-semimassive sulphide 

mineralisations. The groups are expected to be reflective when in contact with each other (Luhta 

et al., 2016). 

To infer the quality of the retrieval of reflections with passive SI, the 2D finite difference 

code fdelmodc by Thorbecke and Draganov (2011) is used to set up a synthetic reference 

experiment. The lithological domains along the CTBTO lines are extracted from the mining 

operator’s simplified block model and are associated with average velocities using 

petrophysical measurements of Luhta et al. (2016). We show that the resulting virtual shot 

gathers exhibit the same reflection events as a forward-modelled surface shot gather, so the 

interferometric workflow in general gives encouraging results. 

The preprocessing stages for the actual 3C data include downsampling to 250 Hz, 

spectral whitening, and sign-bit normalization, which equalize the spectral content of the raw 

traces and mute the biasing effects of strong transients. To prevent the leaking of energy from 

one component to another, we can distribute energy along Green’s function symmetries. We 

also rotate the 3×3 Green’s tensor from the ZNE to the inter-station vertical, radial, and 

transversal coordinate system (ZRT). 

The resulting coherency panels for ZRT components after rotation into the strike of the 

survey line are obtained from 30 days of noise. There are events in the vertical component panel 

that can be attributed to the impedance contrast between the host rocks of the mineralisation 

and its surroundings. The transverse component panel exhibits similar sparse reflectivity. 

 

4. Conclusions 

A passive seismic experiment employing a set of 45 3C seismometers deployed along two linear 

arrays is conducted for the CTBTO data collected at the Kylylahti deposit. Some non-

conventional approaches such as the sign-bit normalization for the passive data appear to yield 

better continuity of reflections than those conventionally used. 

Results from surface-based seismic interferometry contain reflectivity in expected 

areas, assuming optimal distribution of ambient-noise sources is available. Passive SI could be 

regarded as a standalone method for initial estimation of the target area or a supplementary tool 

for conventional exploration techniques for precise mapping of ore host rock continuity. 
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In 2012–2013, an uncontrolled refraction seismic survey was carried out on the Kokkola–Kymi transect 

(KOKKY). The line replicates the previous findings from deep seismic studies, such as a thick ~64 km crust, the 

presence of a high-velocity layer in the lower crust, and high Vp/Vs ratios below the Wiborg rapakivi batholith.  
 

Keywords: deep seismic refraction, cost-effectiveness, crust, Fennoscandian shield 

  

1. Introduction 

Data for controlled-source seismic studies are acquired during campaigns on wide-angle 

reflection and refraction (WARR) profiles which are hundreds of kilometres long and require 

strong explosive sources such as TNT. Given the cost of such experiments, logistic challenges, 

and the regulation on experiments involving explosives in lakes, modern seismic profiling 

benefits from methods such as noise correlation or utilization of transient sources from 

industrial activities. 

The 490 km Kokkola–Kymi seismic reflection line (KOKKY, Fig. 1) transects Finland 

in NW–SE direction and is parallel to Finnish national road number 13. In addition to the 

Central Finland Granitoid Complex, it crosscuts the Western and Southern Finland 

Subprovinces (WFS and SFS; Nironen, 2017). Sources in the KOKKY experiment are blasts 

from road construction sites and quarries. The applicability of quarries for seismic experiments 

had been previously tested in the HUKKA 2007 survey (Tiira et al. 2013). The line was 

surveyed in two parts: in 2012, the stations were spread along the Kokkola–Äänekoski transect, 

and in 2013, along the Karstula–Nuijamaa segment. 

The Fennoscandian crust is generally thickest in a c.a. 400×600 km2 area extending 

from the city of Joensuu across Central Finland to the Gulf of Bothnia, and in south all the way 

to the city of Hämeenlinna. In the Moho model by Grad et al. (2009) based on DSS surveys, 

the thickest crust (about 61 km) is found near the town of Heinävesi in Southern Savonia. 

However, results from SVEKALAPKO array seem to imply that the thickest crust is closer to 

64 km (Kozlovskaya et al., 2008), and occurs beneath the Central Finland Granitoid Complex 

(CFGC). 

 

2. Background of study area 

The NW–SE oriented KOKKY profile studies the crustal structure of the Paleoproterozoic 

Svecofennian province and crosses the suture between the WFS and SFS (Nironen, 2017) at a 

high angle. The profile shows the Bothnian belt (BB) and Central Finland granitoid complex 

(CFGC) of the WFS and the Southern Savo nappe and Saimaa area of the SFS 

(see Nironen, 2017 for nomenclature) as well as the Wiborg rapakivi batholith (WRB). 

KOKKY line connects the existing deep seismic sounding (DSS) lines SVEKA81, BALTIC, 

FIRE 1, and FIRE 2, and is in its NW end parallel to FIRE 3A (Luosto, 1997; Kukkonen and 

Lahtinen, 2006). Although the DSS line FENNIA does not parallel or crosscut KOKKY 
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(FENNIA Working Group, 1998), they might share similar positions in relation to the 

Svecofennian accretionary orogen, allowing joint interpretation between them. 

 

 
Figure 1. Location of KOKKY transect on the Finnish bedrock map along with stars indicating 

the locations of the industrial shots used for seismic modelling. The previous DSS lines FIRE 

1, 2, 3A, SVEKA81, and BALTIC are shown in white and grey. Abbreviations: BB = Bothnian 

Belt, CFGC = Central Finland Granitoid Complex, HB = Häme Belt, SA = Saimaa Area, 

WRB = Wiborg rapakivi batholith. 

 

The seismic structure of the central Fennoscandian shield exhibits three crustal layers, 

high crustal velocities, a high velocity lower crust (> 7 km/s), elevated crustal thicknesses (> 50 

km), and a diffuse Moho (Kukkonen et al., 2006). Central Fennoscandian refraction studies 

typically point to an interface between upper crust and middle crust or other crust-internal 

contacts. However, since these are not always clearly visible in reflection seismic studies, they 

may also be due to gradual transitions in metamorphism or rock chemistry. 

The Bothnian belt represents an accretionary prism of an arc complex. It is composed 

of metapelites and metagreywackes and minor metavolcanic units that have been deformed and 

metamorphosed under high-T-low-P conditions. FIRE 3A reflection seismic profile, parallel to 

the KOKKY line, revealed east–southeast dipping reflectors that have been correlated with the 

contacts of the supracrustal units on the surface (Sorjonen-Ward, 2006). 

The CFGC contains strongly foliated synorogenic (1.89–1.88 Ga) and weakly oriented 

late orogenic (1.88–1.87 Ga) granodiorites and granites. Their anatexis took place in the crustal 

shortening of the continental collision stage. There is evidence of geochemically older, c.a. 2.0 

Ga lithosphere (‘Keitele microcontinent’) which might have evolved into the CFGC. Some later 

models (Lahtinen et al., 2014) suggest that Keitele was a linear strip and it was bent into the 

present shape of an equidimensional sphere during the accretion of Bothnian oroclines. 

Remnants of the Keitele block have been variably identified on the FIRE (Finnish Reflection 

Experiment) lines (Lahtinen et al., 2009). 

Southern Savo nappe system is a late allochtonous unit partly thrust on WFS 

(Nironen, 2017), and thus covers the suture between WFS and SFS. Magnetometric array 

studies and flight-EM measurements present the Southern Savo nappe as the easternmost limit 

of a conductive ribbon of graphite- and sulphide-bearing metasediments (Korsman et al., 1997). 

Towards south, the schists of Saimaa belt have been migmatized at 1.84–1.81 Ga. These 

intrusions of S-type microcline granites belong to the second-generation granitoids of the late 

Svecofennian leucogranite suite (Kurhila, 2011). 

The Wiborg suite granites intruded SFP and the Saimaa area at around 1.63–1.53 Ga 

(Rämö and Haapala 2005). The BALTIC profile has previously shown that in the WRB, the 
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thinner crust is associated with a doubly stratified Moho, and there is a lenticular high-velocity 

layer right beneath the rapakivi intrusion, potentially composing anorthositic rocks (Elo and 

Korja, 1993; Rämö and Haapala, 2005). 

 

3. Data acquisition 

In 2012, 49 portable seismic stations were deployed in the first 200 km of the KOKKY profile. 

In 2013, 74 portable seismic stations were deployed in range 140 km to 440 km. There was an 

overlap of 60 km between the deployments. The total number of the stations was 123 and the 

average receiver spacing was 4 km. 

 Maximum perpendicular deviation of the 63 blasts near the line was 25.4 km. The 

averaged perpendicular offset was 14 km. As the locations of the shots were initially unknown, 

they were determined with the Finnish national seismic network. The inherent uncertainty in 

shot location and timing was reduced by comparing the locations of shots to the known quarries, 

mines, and road construction sites using aerial orthomosaics of the National Land Survey of 

Finland, digital maps, and satellite images. The origin times were estimated by extrapolating 

individual station arrival times using the pre-existing time-distance curves for Finland. Since 

there was typically more than one shot available for a single quarry, the final seismic modelling 

only used the 25 best-quality blasts. 

 

4. Seismic modelling 
Three techniques of seismic interpretation were used for the record sections: seismic forward 

modelling, tomographic inversion yielding a smooth minimum-structure velocity model, and 

full-waveform modelling with a 2D finite-difference code. Since the record sections are wide-

angle, rays preferentially propagate horizontally, and the lateral resolution of profiles is coarser 

than the depth resolution. This makes refraction seismic data complementary to many other 

methods such as reflection seismic profiles or receiver function studies. 

Forward modelling (Červený and Pšenčík, 1984) is a trial-and-error method where the 

interpreter builds a structured layer-cake model and adjusts velocity gradients to minimise 

residuals in phase arrival times. P and S phase propagation are modelled in 2D with the eikonal 

equation. The interpreter can also insert velocity jumps and mid-crustal reflectors when it is 

supported by the data. Tomographic inversion (Hobro et al., 2003), on the other hand, results in 

smooth velocity models by automatically adjusting seismic velocities in a regular grid. Inverted 

models typically have minimal structures since adjustments are gradual and the algorithms 

cannot by default accommodate big jumps in velocities. Full waveforms can be used to verify 

the resulting models also in terms of phase amplitudes.  

According to the models, Moho depth varies from 54 km near Bothnian Bay to 63 km 

in the middle of the profile, and up to 43 km in Saimaa area. The high velocity lower crust with 

a homogeneous velocity of 7.35–7.4 km/s is well documented on the record sections. The layer 

is thickening from 4 km in SE part of the profile, reaching 18 km in its central part 

corresponding to CFGC, and then thinning again to about 12 km in NW part. 

Upper crustal P wave velocities show an enigmatic low-velocity keel (6.0–6.2 km/s), 

with a thickness of ~12 km near the transition between CFGC and the Southern Savo nappe 

complex. However, since there are several off-line shots, the rays might also be sampling the 

low velocities and high attenuation of the neighbouring Raahe–Ladoga shear zone. The high-

velocity anorthosite body observed in BALTIC is not seen in the present models, perhaps due 

to the inadequate source and receiver coverage within the WRB. 

The highest Vp/Vs ratios (>1.80) observed beneath the WRB are in good agreement 

with the reanalysis of BALTIC profile by Janik (2010). Large Vp/Vs ratios are also observed 

within the high-velocity lower crust. 
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5. Conclusions 

The results agree with previous geoscientific studies of Finland, especially for the CFGC and 

the north-western part. The profile extends the knowledge of the range of > 60 km deep Moho 

and contributes to the interpretation of the SVEKALAPKO experiment (Kozlovskaya et al., 

2008). 

Despite the sparse shot and receiver coverage, KOKKY line demonstrates the benefits 

of non-controlled seismology in further lithospheric studies. 
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The oxygen isotope composition of zircons from Paleaoproterozoic post-collisional carbonatites and lamprophyres 

in the Fennoscandian Shield has been investigated. Results show that for magmatic zircons, δ18O compositions 

form a tight cluster with values elevated relative to typical mantle values. The consistency of these values over a 

wide geographic area implies the deviation from mantle values is a source characteristic and not a result of crustal 

contamination. 
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1. Introduction 

Carbonatites and lamprophyres are found in a multitude of tectonic settings worldwide (e.g. 

Woolley, 1989; Rock, 1991; Woolley and Kjarsgaard, 2008; Woolley and Bailey, 2012), 

however studies of such rocks in post-collisional extensional settings are relatively uncommon. 

These rock types can provide information about how the recycling of crustal material via 

subduction influences the geochemical and isotopic characteristics of the upper mantle. Stable 

oxygen isotope ratios in igneous rocks provide a tool for monitoring the recycling of 

supracrustal materials into melts. Regardless of age, igneous zircons in high-temperature 

equilibrium with the mantle have relatively uniform δ18O ratios of 5.3 ± 0.3‰ (1σ, Valley et 

al., 1998). In mantle melts, deviation from these average values could reveal areas of source 

heterogeneity or give evidence of crustal contamination. 

In this study, the O isotope compositions of zircons from Palaeoproterozoic (1795-1781 

Ma) carbonatites and lamprophyres in the Fennoscandian Shield have been investigated. These 

intruded at relatively shallow levels in the crust and reflect the earliest manifestation of 

magmatism associated with post-collisional extension following the Svecofennian orogen 

(Eklund et al., 1998; Woodard and Hetherington, 2014; Woodard et al., 2014). Particularly with 

carbonatites, detailed isotopic studies from post-collisional orogenic settings are under-

represented in the literature (e.g. Bernard-Griffiths, 1988; Schleicher et al., 1998; Hou et al., 

2006; Woodard and Huhma, 2015). Specifically, studies of oxygen isotopes in zircons from 

these rock types representing post-collisional orogenic settings seem to be completely lacking 

in the literature. 

 

2. Geological Background  

At Naantali, southwest Finland, a swarm of narrow (2-60 cm) calciocarbonatite dykes intrude 

the Svecofennian bedrock in an area ~1 km wide and ~2 km long, surrounded by an aureole of 

potassic fenitization of variable intensity (Woodard and Hölttä, 2005). Woodard and 

Hetherington (2014) distinguished between both bright and dark domains in 

cathodoluminescence (CL) images of zircons and suggested that the bright domains had been 

affected by minor late-stage autometasomatism in the carbonatite. Emplacement of the dykes 

occurred at 1796 ± 9, marking the transition to a post-collisional extensional tectonic regime 

(Woodard and Hetherington, 2014).  

 The shoshonitic lamprophyre dykes in this study crop out in proximity to the paleosuture 

between the Archean Karelian Province and the Paleoproterozoic Svecofennian Domain. 
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Woodard et al. (2014) distinguished two groups of zircons in the lamprophyres: irregular 

fragments of large, irregularly shaped subhedral or anhedral grains (group 1) and rounded 

prismatic grains (group 2). Group 1 zircons were used to determine the intrusion ages for the 

dykes. In the North Savo region, small swarms of lamprophyre dykes intrude Late Archaean 

(3.1-2.7 Ga; Sorjonen-Ward and Luukkonen, 2005) gneiss in three separate areas: Lake Syväri, 

Lake Vuotjärvi and Niinivaara (Figure 1a). Intrusion ages (U-Pb, zircon) for these dykes are 

1785 ± 5 Ma, 1790 ± 3 Ma and 1784 ± 4 Ma, respectively (Woodard et al., 2014). In the NW 

Ladoga region, dykes intrude Svecofennian migmatised metapelite gneiss (1.92-1.90 Ga) and 

pyroxene-bearing tonalite (1.88-1.86 Ga; Koistinen and Saltykova, 1999; Koistinen et al., 

2001). Dykes crop out near the villages of Reuskula and Meijeri, ~15 km and ~20 km northeast 

respectively from the village of Lahdenpohja. Another isolated dyke crops out on Ivan's Island, 

south of the Jakimvarsky Gulf, while a small dyke swarm was found on Kalto Island to the 

north (Figure 1b). The age of the Kalto dykes was determined to be 1781 ± 20 Ma (Woodard et 

al., 2014). 

 

Figure 1. Plot of δ18O in zircon against age. Black circles are for magmatic (CL-dark or group 

1) zircons, while open symbols are for inherited (group 2) zircons. The horizontal dotted lines 

denote the range for mantle zircon (5.3 ± 0.3‰ 1σ, Valley et al., 1998) while the upper, inflected 

dotted line denotes the upper limit of the igneous zircon field as defined by Valley et al. (2005). 

 

3.Material and Methods 

The zircons in this study were the same zircons used by Woodard and Hetherington (2014) and 

Woodard et al. (2014) for U-Pb geochronology. Oxygen isotope compositions were measured 

on a Cameca IMS 1280 multicollector ion microprobe at the Swedish Museum of Natural 

History, Stockholm, Sweden. For the carbonatites, both CL-bright and CL-dark domains were 
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analysed; for the lamprophyres, both group 1 and group 2 zircons were analysed. Over the 

course of the each analytical session, 2-4 measurements were performed on the 91500 zircon 

standard after each 4-6 unknowns. A δ18O value of +9.86‰ (SMOW, Wiedenbeck et al., 2004) 

was assumed for the 91500 zircon in data normalization and small linear-drift corrections (-

0.001 - -0.007‰) were applied to each session. 

 

4. Results and Discussion 

Results from ca. 150 analytical points are plotted against age in Figure 1. Where available, the 
207Pb/206Pb spot ages for the specific grains (from SIMS analyses) were used; otherwise the 

intrusion ages were used (sourced from Woodard and Hetherington, 2014 or Woodard et al., 

2014). Magmatic zircons (CL-dark in the carbonatites; group 1 in the lamprophyres) from four 

samples representing each area have weighted average δ18O values of 6.86 ± 0.16, 6.40 ± 0.15, 

6.92 ± 0.08, and 6.58 ± 0.15; notably higher than the mantle values. Despite this deviation, there 

is remarkable consistency of values between samples and locations despite these rocks being 

dykes of varying size and separated by distances >400km. Such homogeneity argues against a 

model of crustal contamination, given that the heterogeneity of the Fennoscandian crust as well 

the unlikely scenario of all these intrusions experiencing precisely the same degree of 

contamination. Instead, it is more likely that the deviation represents a change in the mantle 

composition in the source area for these melts as a result of extended Svecofennian subduction. 

While this is largely circumstantial evidence that is by no means definitive, Woodard and 

Huhma (2015) came to the same conclusion using multiple isotopic systems from whole rock 

analyses of these rocks. 
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