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PREFACE
The 3rd Finnish National Colloquium of Geosciences is the third colloquium organised 
by the university geoscience departments in collaboration with the Geological Survey. 
Since 2001, the Finnish Graduate School in Geology has been a nationwide postgraduate 
programme based on close co-operation between all universities training geologists in 
Finland. An important activity has been the annual geological colloquiums (tutkijapäivät 
in Finnish), which have been organized for the last 17 years.

In order to maintain and further develop co-operation within the Finnish geoscience 
community, it was decided to continue the tradition of the annual seminars by organizing 
the Third Finnish National Colloquium of Geosciences on 15–16. March 2017 at the Geo-
logical Survey of Finland (GTK) in Otaniemi. The colloquium provides an opportunity to 
present the results of current scientific research and innovation projects in geosciences. 
Contributions from doctoral students and postdoctoral researchers are particularly en-
couraged. Both oral and poster presentations on all sub-disciplines of geosciences were 
invited for the Colloquium. The language of the abstracts and presentations is English.

The focus areas of the 2017 Colloquium are economic and bedrock geology, marine geol-
ogy and global change, geochemistry, geophysics, environmental geology, physical geog-
raphy and sedimentology. Young scientists, guided by their professors and teachers, will 
be in a key role, presenting their PhD projects, and postdoctoral researchers will report 
on their new research themes and results. Senior scientists will introduce new research 
methods and innovations. 

Among the recent new results, discoveries of orogenic gold from Central Lapland, flake 
graphite from Southern Savo and a massive sulphide mineralization at Sakatti, Sodan-
kylä, will be described. The presentations will cover geology and geography from the Pre-
cambrian supercontinents to the depth of the Fennoscandian plate and the deep breath 
of life, deep exploration of ores and the present carbon flux in the tundra. New methods 
for remote sensing to be adapted for various geological and geographical applications will 
be shown. New laser-induced analytical methods, isotope chemistry and leaching tests 
for metals will be elucidated. Sedimentological studies from China and new findings from 
the Pleistocene stratigraphy and the last glacial cycle will be described. Holocene climate 
change, marine geological changes and developments in the Baltic Sea will be reported. 
Environmental challenges and the study of acid sulphate soils will be presented in several 
papers.

Our haul of abstracts is 61, of which 31 will be presented as oral papers and 31 as poster 
presentations in the 8 sessions of the Colloquium. The 9th session will be a panel discus-
sion on geosciences and employment, and careers in the future society and industry. The 
spectrum of geoscientific topics and their practical applications is promising, as in prin-
ciple, geology and geography are applied sciences. Future visions of the use of Finnish 
geology are optimistic.

We are very pleased to have prominent researchers in the focus areas as chairs and speak-
ers in the sessions: Professors Tapani Rämö, Pertti Sarala, Aarno Kotilainen, Annakaisa 
Korja, Ferecnc Molnar, Veli-Pekka Salonen and Miska Luoto.
 
On behalf of the organizing committee and GTK, acting as the host organization, it is 
my great pleasure to wish you all a warm welcome to attend and enjoy the 3rd Finnish  
National Colloquium of Geosciences.

Keijo Nenonen, Chief Expert, Science and Innovations, GTK
Chairman of the Organizing Committee

Keywords: Earth sciences, bedrock, geochemistry, marine geology, geophysics,  economic 
geology, environmental geology, geography, symposia, Finland
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WEICHSELIAN HISTORY OF SEDIMENTATION IN  
KITINEN BASIN, SODANKYLÄ

by

A. K. Åberg, V.-P. Salonen, A. Kaakinen, K. Korkka-Niemi, A. Rautio and S. C. Åberg

Department of Geosciences and Geography, University of Helsinki,  
P.O. Box 64, FI-00014 Helsinki, Finland
E-mail: annika.aberg@helsinki.fi

The Weichselian stratigraphy of northern Finland is based on scattered informa-
tion from several locations (Hirvas 1991). The Weichselian sedimentary history has 
recently been studied in greater detail in Rautavaara and Hannukainen sections in 
Kolari (Salonen et al. 2014, Lunkka et al. 2015) and in Sokli in Savukoski (Helmens et 
al. 2007), which are located 200 km apart. The Sakatti area in Sodankylä is located 
in the middle of this region and connects these key localities within the ice divide 
zone (Hirvas 1991) of Central Lapland. Thick sedimentary sequences are preserved 
around the valley of the River Kitinen. Typical geological features within the ice 
divide zone are an abundance of weathered bedrock sites, the occurrence of sorted 
subtill and organic sediments, and multiple till beds. The aim of this study was to 
reconstruct the development of the landscape in the Sakatti area by investigating 
the well-exposed sediment sections in Kärväsniemi combined with information 
from earlier studies, interpretations of a LiDAR DEM and a larger view of the till 
geochemistry database.

Six test sites excavated in Sodankylä, a ground penetrating radar survey (45 km 
lines), a 3D sedimentary model (Åberg et al. in preparation), GIS databases and a 
LiDAR DEM were used to investigate the sedimentation history in the Sakatti area. 
The test sites were logged and correlated with the earlier Palosenjänoja section of 
Hirvas (1991) and those recently examined by Sarala et al. (2015) from the same area. 
OSL samples were collected from the test sites in order to obtain age estimates for 
sandy sediments representing different stratigraphical levels.

The sediments can be separated into three till beds and four sorted sediment 
units in the Kärväsniemi test sites. Of the two main till units, the lower till is widely 
distributed in the Sakatti area, whilst the upper till has a more scattered occurrence. 
A thin middle till unit only exists in Kärväsniemi. The two major till units were also 
observed at test sites in Moskuvaara. The sorted deposits represent fluvial braided 
river deposits; braided river bars are also visible in a LiDAR DEM of the area. Sorted 
subtill sediments are distributed in Kärväsniemi and Pahanlaaksonmaa and on 
the eastern side of the River Kitinen, and are generally deposited along the river 
valleys in Sodankylä.

The OSL ages of two test sites located in Kärväsniemi indicate deposition since 
the Early Weichselian. However, there is a gyttja unit that is biostratigraphically 
correlated with the Eemian at the Paloseljänoja site (Hirvas 1991). The upper till 
unit was deposited during the Late Weichselian and can be correlated with till bed 
II of Hirvas (1991). The thin middle till unit may have a Middle Weichselian origin. 
The lowest till is interpreted as the basal till unit and it may represent deposition 
during the Early Weichselian. The basal till can be associated with till bed III of 
Hirvas (1991). The OSL age of the middle sorted unit (79 ± 12 to 67 ± 13 ka), over-
lain by the upper till, suggests deposition during the Odderade interstadial. The 
datings obtained in this study are younger than the ages in Sarala et al. (2015). The 
OSL datings of sands and sandurs in Sarala et al. (2015) vary from 74.2 to 89.5 ka, 
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indicating fluvial and glaciofluvial deposition in Sodankylä during the Rederstall 
in the Early Weichselian.

The existence of sorted deposits overlain by basal till together with the non-
destructive contacts suggests that they were deposited from a stagnant frozen-bed 
ice sheet. The stagnant glaciers and basins of bedrock have preserved sediments 
from erosion.

Traces of three or four glaciations and four ice-free events have been preserved 
in the Sakatti area. The sedimentation consists of alternating phases of glaciers 
depositing tills and non-glaciated events depositing fluvial sediments. The repre-
sented stratigraphy can be correlated with the stratigraphy of Sokli, Hannukainen 
and Rautuvaara.  This study points out, along with Salonen et al. (2014) and Lunkka 
et al. (2015), that the Weichselian sedimentation history in the ice divide zone con-
sists not only of till beds but also of preserved fluvial deposits that indicate complex 
sediment environments and several ice-free events during the Weichselian.
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3D HYDROGEOLOGICAL CHARACTERIZATION OF A 
BANK STORAGE-AFFECTED AQUIFER IN SODANKYLÄ 

IN NORTHERN FINLAND

by

S. C. Åberg, K. Korkka-Niemi, A. Rautio, V.-P. Salonen and A. K. Åberg

Department of Geosciences and Geography, University of Helsinki,  
P.O. Box 64, FI-00014 Helsinki, Finland
E-mail: susanne.aberg@helsinki.fi

A promising Cu-Ni showing has been discovered in Sodankylä in Northern Finland 
(Brownscombe et al. 2015), which located below the Natura 2000-protected Viianki-
aapa mire next to the River Kitinen. Before planning intensive exploration activities, 
it is important to understand the hydrostratigraphy of the surficial deposits and 
the surface water–groundwater interactions in order to avoid possible environ-
mental risks. The surficial deposits of the study area consist of varying layers of till 
and sorted sediments, which were mainly deposited during the last glacial period, 
the Weichselian glaciation (Åberg et al. in preparation). Sandy deposits host minor 
aquifers close to the river, often perched on the underlying tills with relatively low 
hydraulic conductivity. The River Kitinen has been regulated since the 1960s by 
Kemijoki Oy, causing the reduction of flooding in the area. The aim of this study is to 
understand the flow patterns of the groundwater and surface water and the change 
in the hydrological situation due to the construction of hydroelectric power plants.

The groundwater flow patterns were investigated by numerical flow modelling. 
A simplified version of a 3D stratigraphic model (Åberg et al. in preparation) was 
used as a setting for 3D hydrostratigraphy for the MODFLOW-NWT (Niswonger et 
al. 2011) flow model. Hydraulic conductivity values of hydrogeological units were 
calculated from the results of grain-size distribution analyses and slug tests. The 
surface water flow directions were estimated from the gradient variations in the 
water body elevations and from the morphology of mire’s flark and string patterns 
using LiDAR DEM and ortho images. Groundwater table monitoring data (2012–2015) 
from 17 observation wells were used in order to understand the present bank stor-
age situation. The change in the hydrological settings due to the dam was examined 
by comparing older maps, the older river stage, and discharge and flood data with 
the present situation.

Surface water flows towards the River Kitinen in the western part of the mire. 
According to flow modelling, the groundwater mainly flows towards the River 
Kitinen. On the eastern side of the river, a NE–SW flow direction is also present. 
Variations in hydraulic conductivity values of the sediment units considerably affect 
the groundwater flow patterns. Monitoring well data and interpretation of the 
groundwater table from GPR lines were used to calibrate the model. The calibration 
process was carried out with a combination of manual and automatic parameter 
estimation, and it was challenging due the uncertainty of the spatial distribution 
of hydrogeological units.

The regulation of the river has caused a rise of several metres in the river stage, 
changing the hydrological setting of the study area. Especially on the northern side 
of Matarakoski hydro-electric power plant, the river stage has risen by almost seven 
metres, which has affected the groundwater flow patterns. The change is visible 
due to wetting of the mire area after the constructing of the power plant in 1995, 
indicating a rise in the groundwater table.
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THERMOGEOLOGICAL INVESTIGATIONS OF THE FIRST 
LARGE-SCALE GROUNDWATER ENERGY UTILISATION 

SITE IN FINLAND: A CASE STUDY

by

Teppo Arola

Geological Survey of Finland, P.O. Box 96, FI-02151 Espoo, Finland
E-mail: teppo.arola@gtk.fi

Introduction: We present geological studies from the thermogeological characteri-
zation of Finland’s first-ever planned large-scale aquifer thermal energy storage 
(ATES) facility. The site is known as the Asko area, located in the city of Lahti. The 
size of the Asko area is approximately 30 hectares and it consists of the former 
industrial production facilities of the companies Asko and Upo. The area will be 
developed for urban use, including a modern and smart energy concept. A crucial 
part of the energy concept is to utilise the underlying aquifer for energy purposes. 

Methods: The site has been under geological investigation since July 2015. In the 
first phase, existing geological, geotechnical, hydrological and geochemical data 
were analysed from a thermogeological perspective. Field measurements were also 
performed to provide more basic geological data. Secondly, two new groundwater 
monitoring wells were installed and monitored, and a geophysical and geotechnical 
investigation was concluded to investigate soil properties and bedrock elevation. 
A 3D visualisation map with proposed geothermal utilisation wells was reported. 
Thirdly, a pumping test well (Ø350 mm) and one groundwater monitoring well was 
installed. After installation, an aquifer pumping and infiltration test was performed 
in July to August 2016.

Results: The soil in the Asko area is typical for the distal side of the Salpausselkä. 
The first 20 to 40 m from the ground surface downwards consist of silt, silty clay and 
sand layers of variable thickness underlying a 1- to 25-m-thick layer of sand, gravel 
and gravelly till, which is deposit on top of the bedrock. The elevation of bedrock 
surface varies significantly in the area. Due to the upper fine-grained layers, the 
aquifer is (partly) confined and the groundwater piezometric level is 4 to 7 m bgl. 

The groundwater pumping test was performed for 39 days, comprising 28 days 
of groundwater withdrawal and 11 days of head recovery. The pumped volumes 
range from 350 to 540 m3/d, leading to a total volume of 10,400 m3 of groundwa-
ter. Significant variations in the groundwater level were observed during the test. 
The maximum decrease in the groundwater level was 18.0 m in the pumping well.

The results indicated that the aquifer’s temperature remained nearly constant, 
being between 7.4 to 7.9 °C during the test period. Heat pulses with temperature 
variation of 0.1 to 0.3 °C were observed in the pumping well and nearest monitoring 
well (18 metres from the pumping well) during the pumping test and recovery phase. 
At the regional scale, the natural temperature of groundwater is about 5.8–6 °C.

In total, 103.5 m3 of water was supplied to the test well during the nearly 9 h 
groundwater infiltration test. The groundwater level in the infiltration well rose 
by 4.11 m during the test. 

The oxygen concentration in groundwater is low and the iron concentration is 
elevated. No chloride or other harmful chemical substances were observed.

mailto:teppo.arola@gtk.fi
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Conclusions and further actions: A significant amount of groundwater can be 
utilised for energy purposes in the Asko area. The results indicate that a portion 
of the pumped groundwater can be infiltrated back to the aquifer, which makes an 
ATES system possible. 

The groundwater temperature is elevated by 1.5 to 2 °C in the Asko area. The 
higher-than-average temperature is most likely influenced by the anthropogenic 
heat flux into the ground. The pumping test suggests that groundwater temperatures 
are expected to remain elevated during the ATES system operation. An elevated 
temperature significantly increases the groundwater heating potential. Conversely, 
the groundwater cooling potential decreases, but groundwater still constitutes 
an effective cooling energy reservoir, because groundwater temperatures remain 
below air temperatures during the summer, and hence the efficiency of the cooling 
system is extremely high.

Due to the low oxygen concentration and increased iron concentrations, potential 
clogging has to be considered when designing an ATES system. 

The aquifer needs time to “recover” from intensive pumping, and periodic 
groundwater energy utilisation is thus recommended.    

A pilot test of a double-well ATES system is recommended for further actions. 
Similarly, detailed groundwater thermogeological modelling is needed to design a 
multi-well ATES system for the site. 
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LITHOSTRATIGRAPHY AND MAPPING OF ACID 
SULPHATE SOILS IN THE COASTAL BOTHNIAN BAY, 

FINLAND

by
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 E-mail: anton.boman@gtk.fi

The Geological Survey of Finland (GTK) started to map the properties and distribu-
tion of acid sulphate (AS) soils in the coastal areas of the Bothnian Bay in 2015 as 
part of a partly EU-funded project (INTERREG Nord). The field observation density 
is about 1 / 2 km2, and so far around 1400 soil probings down to a depth of 2–3 m 
have been conducted. Besides assessing the acidifying potential (estimated using the 
incubation pH) and distribution of the soils, we have also been taking detailed notes 
on the lithological properties and stratigraphic position of the sedimentary units.

In general, AS soils in Finland are found in the coastal area, which has been subject 
to intense glacial isostatic rebound and marine regression since the last glaciation. 
The formation of sulphidic sediments in this setting has mainly been controlled 
by the varying salinity of the Baltic, iron influx from the continent and the organic 
productivity or the supply of organic matter (Sternbeck & Sohlenius 1997).

During the mapping process, we have found that sulphidic sediments typically 
occur in separate units with different lithological properties (Fig. 1). The lowermost 
unit in the strata is typically glacial till with a low acidifying potential, unless it 
is contaminated by black-schist rock material, which can be found sporadically 
in the study area. The till is often draped by a relatively thin layer of glaciolacus-
trine rhytmites (pale brown/reddish fine sand to clay), reflecting deposition from 
underflows and suspension during seasonal changes in glacial melt. The production 
of organic matter in the water during the late glaciation was low and the acidify-
ing potential of this unit is usually very low (i.e. no significant drop in pH during 
incubation). The rhytmites are typically overlain by massive light-grey postglacial 
lacustrine clays. The unit has a relatively low organic content, but it often contains 
some sulphur (generally S(tot) < 0.2%), which usually appears as black monosulphidic 
bands or mottles. This unit is interpreted to have deposited in deep water during 
the Ancylus Lake phase (Ignatius et al. 1968, Papunen 1968 and Spiridonov et al. 
2007). The organic-rich brackish-water sulphidic sediments (generally S(tot) > 
0.2%) overlying the lacustrine clays comprise the most common AS soil-forming 
unit (Yli-Halla et al. 1999). This unit, representing the Littorina Sea or younger 
sediments, is typically massive or weakly stratified black gyttja-containing silt 
or clay deposited in relatively shallow water. It typically has an erosional lower 
bounding surface with a thin sandy horizon. Another unit comprising a significant 
amount of acidifying potential in the area is a typically upward coarsening unit of 
sand deposited during the littoral phase or in river mouths. This unit can be found 
overlying any of the preceding units.

The study on lithological properties and stratigraphic positions in the mapped 
area can be used to reconstruct the depositional environments of sulphidic sedi-
ments and to predict their distribution based on secondary data such as Quaternary 
sediment maps and geotechnical surveys. Lithostratigraphic descriptions will also 
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provide more detailed 3D information on AS soils, which can be readily used in 
sustainable land-use planning. The identification of different lithological proper-
ties is additionally important when identifying sulphidic sediments and AS soils 
in the field. The lithostratigraphic units in the area also have varying acidifying 
potentials, which can be further used as a basis for risk classification.
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Fig. 1. A log profile showing the typical lithological units encountered in the corings 
during the acid sulphate soil mapping.
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SOUTHERN FINLAND 

by
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This study aims at mapping and interpreting the brittle structures of the Palaeo-
proterozoic bedrock underlying the First Salpauselkä ice marginal formation in 
the Hyvinkää area. This study is linked to a larger project focused on developing 
digital elevation models (DEMs) of the bedrock surface for aquifer modelling and, 
more generally, understanding the linkage between the bedrock structure and the 
overlying glacial deposits. The structural data and interpretations derived from 
this study will be used as input data in developing the bedrock DEM interpolations 
(Ruuska et al. 2017, this volume). 

The study area is located around the town of Hyvinkää in southern Finland, about 
50 km north of Helsinki. The location was selected due to the presence of the First 
Salpauselkä ice marginal formation, the localization of which had been controlled 
by the underlying bedrock structure (Skyttä et al. 2015). End moraine formations 
are also groundwater aquifers and so have importance as community water sup-
plies. The source data include a LiDAR-based ground surface DEM (Land Survey), a 
bedrock surface DEM compiled from gravimetric surveys, groundwater monitoring 
wells and outcrop data within an earlier aquifer modelling project (Breilin et al. 
2004). Moreover, we used aeromagnetic and topographic maps of the region, as 
well as approximately one hundred foliation measurements from the Geological 
Survey of Finland. 

The methods of this study comprise structural mapping and analysis of the 
ductile and brittle bedrock structures, with a spatial focus on the existing bedrock 
DEM area (Fig. 1). The area has a complex deformation history, but by examining 
the relationships of the ductile and the brittle structures, it is apparent that duc-
tile structures had strong control over later fracturing (e.g. Fusseis et al. 2006). 
For this reason, mapping of the ductile structures is necessary to understand the 
brittle ones. Nevertheless, detailed fracture mapping was also conducted at every 
suitable outcrop and road cut, recording the following characteristics: fracture atti-
tude, density, morphology, size, fracture termination and crosscutting relations. 
Fractures with parallel orientations were categorized into fracture sets, according 
to their relative abundance, that were specific to each outcrop. 

We revised the existing ductile structural form line interpretation according to our 
mapping results and defined four structurally homogeneous domains, A1 to A4 
(Fig. 1). A1 predominantly contains NE–SW-trending orientations, reflecting the 
orientation of the Somero shear zone splay (Väisänen & Skyttä 2007). A2 covers the 
regional E–W shear zone, and so the ductile structures also have E–W directions. A3 
covers a large part of a regional scale, upright fold structure, as well as some N–S 
directions in the eastern part of the domain. Foliation data reflect the folded na-
ture of the domain, and the resulting complex fracture orientations require further 
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investigation. Area 4 strictly contains the Hyvinkää gabbro intrusion. This area is 
omitted from the study for the time being.  
 
Fracturing is dominantly of the cubic type with the main fracture set (R1) orientation 
strongly controlled by the foliation. The second most abundant set (R2) tends to be 
at a right angle to R1, and the third group (R3) consists of horizontal to subhorizontal 
fractures. Minor fractures that had no clear repetition were not considered. In future 
steps, the effect of the rock type on structural orientations will be examined, as well 
as how the fracturing is affected in the shear zone’s close vicinity. Further statistical 
analysis of the fractures in each domain will also be carried out. The main software 
used for this study was MOVE TM (Midland Valley Exploration Ltd.). 

 
Fig. 1. Foliation (yellow) and shear zone (pink) form lines and foliations coloured ac-
cording to their dips. The white line indicates the area of the existing bedrock DEM. 
Stereoplots show foliations of sub-areas A1–A3 (left) and the three fracture populations 
of sub-area A1 (right). 
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Acid sulphate soils are often called the nastiest soils in the world (Dent & Pons 1995). 
Releasing a toxic combination of acidity and metals into the recipient watercourses 
and estuaries, these soils represent a crucial environmental problem. Moreover, these 
soils can have a considerable economic impact through the resulting corrosion of 
concrete and steel infrastructures, or their poor geotechnical qualities. Therefore, 
mapping of acid sulphate soil occurrence constitutes a key step in targeting the 
strategic areas for subsequent environmental risk management and mitigation. 
Conventional mapping (i.e. soil sampling and subsequent pH measurements) has 
typically been used for acid sulphate soils. Nonetheless, spatial modelling techniques 
have recently been assessed, demonstrating promising results at catchment or re-
gional scales (Beucher et al. 2014, 2015). Furthermore, electromagnetic induction 
data obtained from an EM38 proximal sensor enabled the refined mapping of acid 
sulphate soils over a field (Huang et al. 2014).

The present study aims at developing an efficient and reliable method for the 
detailed predictive mapping of acid sulphate soil occurrence in a field located in 
western Finland. Different machine learning approaches will be assessed using 
soil and environmental data, in particular proximal sensing electromagnetic data 
collected from a DUALEM. Measurements of the apparent soil electrical conduc-
tivity can provide data on the spatial variation of soil salinity, which is associated 
with acid sulphate soils, but also of soil texture. This information appears critical, 
because the spatial distribution of different acid sulphate soil material types (e.g. 
clay, silt, sand) may have a considerable influence on the related environmental 
hazards (e.g. leaching of acidity) and their spatial variability at the  field scale. 
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The problems with leaching of acidity and metals into recipient waters related to 
the disturbance (agriculture, peat production, dredging and infrastructure devel-
opments) of acid sulphate (AS) soils have been known for centuries, but not until 
2009 did systematic mapping and characterization of AS soils commence under the 
responsibility of the Geological Survey of Finland (GTK).

By 2016, about 67% of the potential total of 5 million hectares had been mapped. 
To date, more than 16 000 observation points (observation density c. 1 / 2 km2) 
have been sampled and in excess of 10 000 analyses have been conducted. At the 
observation points, soil probing and sampling down to 2–3 m is carried out and 
observations of the soil type, texture and structure, pH, oxidation depth and ground 
water level are recorded. Samples are collected for further analyses of the incuba-
tion pH, trace and major elements using aqua regia dissolution and ICP-OES, loss 
on ignition and grain size. The results from the mapping are publicly available at 
http://gtkdata.gtk.fi/Hasu/index.html.

The definitions and terminology for AS soils set by the International Acid Sul-
fate Soil Working Group in 2008, and published in Sullivan et al. (2010) have with 
some minor modifications also been adopted for Finnish AS soils. In Finland, AS 
soils are defined as naturally occurring soils, sediments (including glacial till) or 
organic substrates (e.g. peat) in which sulphuric acid (H2SO4) is produced from 
(iron) sulphide oxidation (reactions 1 & 2), or may be produced, in such amounts 
that the soil pH is significantly lowered (pH < 4).
4FeS + 9O2 + 10H2O → 4Fe(OH)3 + 4H2SO4  (1)
4FeS2 + 15O2 + 14H2O → 4Fe(OH)3 + 8H2SO4  (2)

Sulphidic material is defined as soil material containing ≥ 0.01% Ssulphide. If the soil is 
severely acidified by sulphide oxidation, the sulphidic material is termed hypersul-
phidic, whereas it is termed hyposulphidic if the formed acidity is buffered and the 
soil pH remains elevated.

AS soils are further divided into: (1) potential AS soils, which are waterlogged 
and often covered by a layer of peat and have not yet started to produce sulphuric 
acid and (2) actual AS soils, in which sulphuric acid is being produced. The actual 
AS soil materials are in most cases underlain by a layer of potential AS soil material  
below the groundwater level. The diagnostic criteria for Finnish AS soils are: (1) 
a field pH <4.0 (<3.0 for peat) in the oxidised soil and/or (2) a drop in soil pH to 
<4.0 (<3.0 for peat) and more than 0.5 pH units compared with the field pH when 
the sample has been oxidised for 9–19 weeks following the procedures described 
in Creeper et al. (2012).

http://gtkdata.gtk.fi/Hasu/index.html
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During the national AS soil mapping, four main types of AS soil materials have been 
encountered:
1. Fine-grained AS soil materials have commonly been deposited in (shallow) es-

tuary systems where the input of organic matter is usually high and the condi-
tions for sulphide formation are favourable. These sediments started to form 
during the Littorina Sea stage (c. 8000–3000 years ago) and continue to form 
today in waters along the coastal areas. Due to the post-glacial isostatic re-
bound, many of these sediments are currently located above the present sea-
water level. The sulphide concentration is generally quite high (c. 0.5–1.0%) in 
this type of material (e.g. Åström & Björklund 1997).

2. Coarse-grained AS soil materials consist of glaciogenic and/or re-deposited 
glaciogenic material, e.g. beach sand deposits formed by littoral forces (e.g. 
Mattbäck et al. under review). Because of the generally low organic matter con-
tent in this type of material, the conditions for sulphide formation are less fa-
vourable. This would explain the typically low sulphide concentrations (<0.1%; 
Mattbäck 2014) in these materials.

3. Glacial sulphidic till formed from eroding black schists may contain high sul-
phide concentrations and may upon oxidation acidify the environment (cf. 
Loukola-Ruskeeniemi et al. 1998). Black schists can be considered fossilised 
(metamorphosed) fine-grained sulphidic sediments, which in Finland were 
formed some 2 Ga ago during the Palaeoproterozoic era.

4. Sulphidic peat can have very high sulphide concentrations (>5% is not uncom-
mon) and often overlie fine- and coarse-grained AS soil materials as well as 
sulphidic till and black schists. Peat overlying black schists has been shown to 
be highly enriched in sulphur (Yli-Halla et al. 2014). In peat excavation areas, 
they may constitute a huge environmental problem, which thus makes it very 
challenging for peat extraction. Extensive peat areas are found throughout Fin-
land, but probably the most harmful sulphidic peats are found within the Lit-
torina Sea area.
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Sediments rich in metastable iron sulphides (mackinawite and greigite) are common 
in the coastal areas of Finland. These sediments are commonly very dark and contain 
high concentrations of acid volatile sulphide (AVS) and chromium reducible sulphur 
(CRS) (Boman et al. 2008, 2010), thus indicating the presence of metastable iron 
sulphides and pyrite. Using SEM-EDS, Boman et al. (2008) detected three different 
iron sulphide minerals in sulphidic sediments, two of which had Fe:S ratios close 
to that of mackinawite and greigite, and the third type had a ratio similar to pyrite.

In this study, the goal was to separate greigite from other iron sulphide minerals 
present in sulphidic sediments (four samples) using strong neodymium magnets, 
and in this way obtain an enriched magnetic fraction for analysis using X-ray powder 
diffraction (XRD; model Bruker D8 Discover A25). Similar procedures using strong 
magnets have successfully been attempted by Reinholdsson et al. (2013). Epoxy 
mounts (4 pieces) of the magnetic fractions were prepared for studies on FE-SEM 
(JEOL JSM 7100F Schottky). For the magnetic separation, both fresh sediment 
and freeze-dried samples were tested. For comparison, original and magnetically 
untreated samples were also analysed with XRD and FE-SEM.

The equipment and reagents used for the magnetic separation were 1) a plastic 
container (15 mL), 2) parafilm, 3) deoxygenated ethanol, and 4) a neodymium mag-
net (Fig. 1). The procedure for the magnetic separation was as follows: The sample 
was placed in a plastic container (15 mL), which was then filled with deoxygenated 
ethanol. A piece of parafilm was carefully placed on top on the container and held 
in place by attaching the lid to the container. A neodymium magnet was placed on 
top of the lid and held in place with excess parafilm protruding underneath the lid. 
After this, the container was shaken and the magnetic materials were trapped on 
the parafilm and held in place by the magnet. The container was left to stand for a 
while in order to allow non-magnetic particles to settle onto the bottom. The lid was 
carefully removed (with the magnet still attached) and the magnetic fraction on the 
parafilm was washed with deoxygenated ethanol into a new plastic container. The 
whole separation process was repeated a few times and the fractions were washed 
into the same container as the initial fraction. This enriched magnetic fraction was 
subsequently washed and purified, using the same procedure as described above, 
in order to remove as much non-magnetic material as possible. The final enriched 
magnetic fraction was kept in deoxygenated ethanol prior to XRD analysis. Imme-
diately before XRD analysis, the ethanol was removed from the container and the 
magnetic fraction was dried with Ar for a few minutes. The samples were analysed 
at an angle between 2→ 2–70o CuK→. The generator was set at 40kV/40 mA, the distance 
between measurements was 0.02o and the measurement time was 0.1 s.
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Fig. 1. Separation of magnetic fractions (greigite) from sulphidic sediments.

FE-SEM analysis indicated that the majority of iron sulphides in the magnetic frac-
tions were greigite, but the results (both FE-SEM and XRD) demonstrated that it was 
not possible to quantitatively separate greigite from the other iron sulphides. One 
reason for this is that pyrite, as seen with FE-SEM, was contained within sediment 
aggregates and plant material. Other possible reasons could be that 1) the washing 
and purification of the magnetic fraction was incomplete, and 2) nanoparticulate 
mackinawite is intergrown with greigite. A positive finding, however, is that it was 
actually possible to detect greigite (as well as mackinawite and pyrite) with XRD 
in the magnetically enriched fraction. In comparison, iron sulphides could not be 
detected with XRD (pyrite was weakly detected in one sample) in any of the mag-
netically untreated (original) samples. It was also clear that the results were better 
when using fresh instead of freeze-dried sediment. This is most likely because fewer 
aggregates were present in the fresh sediment. Moreover, it is possible that some 
iron sulphides are oxidised during the freeze-drying process. For these reasons, 
fresh samples should be used instead of freeze-dried samples.

Despite the promising results, the method still needs to be improved in order 
to better break down sediment aggregates and to remove as much as possible of 
the contaminants (e.g. other iron sulphides, plant material, silicates) before XRD 
analysis. For instance, other reagents than ethanol could be tested and ultrasonic 
treatment could be used to break down any sediment aggregates present.
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The estuary Södra Stadsfjärden (area 16 km2, volume 19.2 M m3) in Vasa, Western 
Finland, is recipient to two major river catchments, Toby å (506 km2 catchment 
area, 30% arable land) and Solf å (144 km2 catchment area, 38% arable land), which 
drain known acid sulphate soils of the coastal lowland (Roos & Åström 2005). Since 
artificial drainage and cultivation started to increase, the subsequent oxidation of 
hypersulphidic (Sullivan et al. 2010) soil material in the catchment area has led to 
several tons of sulphate, organic matter, nitrate, phosphorous and heavy metals 
(e.g. Al, Cd, Co, La, Mn, Ni, Zn) being flushed into the estuary during high water flow 
conditions (Roos & Åström 2005; Nystrand et al. 2016). Bacterial re-sulphidisation 
processes in the estuarine sediments have consequently been rapid due to the high 
influx of organic carbon and available iron and sulphate (cf. Plugge et al. 2011). Due 
to the heavy influx of suspended material, the estuary has a high sedimentation 
rate, and approximately 115 000 m3 of sediments were therefore dredged in 2016 
to prevent the rivers from overflowing. The dredged materials were deposited next 
to the estuary with the intention of turning the area into arable farmland (Västra 
Finlands miljötillståndsverk 2008). The sediments are rich in sulphides and metals, 
which can be released in the form of acid and metal-rich pore water when subjected 
to oxidation due to artificial drainage (Toivonen & Österholm 2011). This study fo-
cuses on the characterization of the acidity stored in the estuarine sediments for a 
future risk assessment of the dredge materials.

In March 2016, three 2.5-m-long cores of the estuarine sediments were sampled 
using a modified Livingston piston corer. Fifteen 1-m-long cores were additionally 
sampled across the whole estuary using a Russian peat corer. The long cores were 
split in half for visual inspection and magnetic susceptibility measurements, and 
subsampled for bulk density, loss on ignition (LOI) and 137Cs dating. The 1-m-long 
cores were split into 0.2-m subsamples for bulk physicochemical analysis, including 
grain size, incubation pH (Creeper et al. 2012), LOI and major and trace elemental 
analysis with ICP-MS/OES, as well as characterization of titratable incubation 
acidity (TIA) (Österholm & Nystrand 2016) and speciation of sulphur and iron. 
Using 137Cs dating, a sedimentation rate of 15 mm yr-1 since 1986 was estimated 
for the core furthest from the river mouth. No clear 137Cs peak representing the 
1986 Chernobyl incident could be established in the two other cores, indicating 
that wind waves, currents and winter ice reduce sediment deposition close to the 
river mouths. Magnetic susceptibility measurements from all three cores indicate 
an estuary-affecting incident that coincides with the large-scale drainage of the 
nearby Söderfjärden meteorite crater during the 1920s (Molander & Järvinen 2008). 
The estuarine sediments are very acidic. After a 16-week incubation period, pH 
values ranged from 2.0–3.9, and the titratable incubation acidity was in the order 
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of 300 mol H+ ton-1 or more, which is relatively high when compared to known acid 
sulphate soils in the catchment area. This equals an acidity potential capable of 
releasing several tons of sulphuric acid and affecting the mobility of heavy metals 
for a considerable amount of time.
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Finland faced a new situation during the 2000s and 2010s, when China’s economic 
growth created a worldwide mining boom. Foreign companies invested in mineral 
exploration and mining, and applied for several permits in Finland. The arrival in 
Finland of several multinational companies to explore and exploit the mineral re-
sources started to create opposition around the country, initially against uranium 
exploration. After the leakage of Talvivaara Nickel Mine’s gypsum pond in 2012, op-
position against mining spread. As a response to an increasing wave of anti-mining 
criticism, the government launched the Programme for Sustainable Mining. As one 
of the consequences of this Programme, the Finnish Network for Sustainable Mining 
was created by the Finnish Innovation Fund (Sitra) in 2013. At the same time, several 
other projects promoting and investigating sustainable mining were established 
(see Eerola 2014 for review). The Geological Survey of Finland (GTK) participated in 
many of these projects, such as Sustainable Acceptable Mining (SAM), and led the 
MiningAcademy. The MiningAcademy concentrated on the investigation, devel-
opment and promotion of sustainable mineral exploration. It created a model for 
stakeholder engagement, which was refined within the SAM project.

GTK, SAM and the Finnish Network for Sustainable Mining cooperated in order 
develop and complement a multi-stage and integrated model for stakeholder 
engagement in mineral exploration, which was launched at 2015 (Kestävän kaivos-
toiminnan verkosto 2015). 

In the model, mineral exploration was subdivided into four stages: 1) preparation, 
2) reconnaissance, 3) mineral exploration and 4) rehabilitation. The subdivision 
was made according to the Finnish mining law’s permit system, which gives the 
timing for stakeholder engagement. Each stage has its own specific approaches 
towards the local stakeholders. 

The work was performed and coordinated by the Working Group on Mineral 
Exploration of the Network for Sustainable Mining, composed of representatives 
of mineral exploration companies, stakeholders and GTK. The cooperation between 
GTK and the Network for Sustainable Mining proceeded with the creation of the 
Sustainability Evaluation System for Mineral Exploration at 2016 (Kestävän kaiv-
ostoiminnan verkosto 2016). It is based on the Canadian Towards Sustainable Mining 
(TSM) protocol. The TSM was originally only designed for mining, but the Finnish 
Network for Sustainable Mining and GTK adapted it for mineral exploration. 

The life cycle of mineral exploration has been subdivided into three to four stages, 
depending on the tool. The sustainability evaluation for mineral exploration is 
based on four tools: 1) stakeholder engagement, 2) biodiversity conservation, 3) 
health and safety and 4) crisis management. Each tool has ranking criteria from C 
(lowest, follower of the legislation) to AAA (highest, forerunner).
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Mining and mineral exploration are seen as important economic activities in the 
EU, including Finland. The model for stakeholder engagement and the sustain-
ability evaluation system were created as attempts to help companies to obtain the 
social license to operate in their mineral exploration in Finland. The first one gives 
guidance for approaching the local stakeholders and the second evaluates compa-
nies’ performance in social and environmental issues. Hopefully, these tools will 
be applied by companies and improve the approval of mineral exploration in the 
country. If successfully implemented, these could also be exported and adapted for 
other countries and regions.  
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The Sakatti Cu-Ni-PGE deposit is situated in northern Finland and was discovered by 
Anglo American Exploration in 2009 (Halkoaho 2014). It is said to be one of the most 
significant discoveries in Finland for more than a generation (Maier et al. 2015). The 
mineralization comprises massive, disseminated and vein sulphides. A stockwork 
is formed by the sulphide veins, which contains exceptionally high grades of Cu, 
platinum-group elements (PGE) and Au in the shallow eastern part of the deposit. 
In contrast to the massive and disseminated sulphide mineralization, the mineral-
ogy, mineral paragenesis and petrography of the stockwork zone is relatively poorly 
uninvestigated, and this study aimed at increasing knowledge of it.  

Traditional light microscopy and automated scanning electron microscope (SEM)-
based image analyses using a mineral liberation analyser (MLA) on 20 samples 
from 11 drill holes revealed a classic magmatic sulphide assemblage of chalcopyrite 
± pyrrhotite, pentlandite and pyrite. Additionally, 1,133 platinum-group mineral 
(PGM) particles belonging almost exclusively to the moncheite (PtTe 2) – meren-
skyite (PdTe 2) – melonite (NiTe 2) solid solution series were discovered (Fig. 1 a, b). 
Notably, almost two-thirds of the PGE-bearing phases consist of melonite. Some 
of the PGM particles contain inclusions of electrum (AgAu 2) and muthmannite 
(AgAuTe 2), which possess an average of 0.25 wt% Au. For the first time at Sakatti, 
one particle of irarsite (IrAsS) was encountered. The PGM display a trimodal particle 
area distribution, which is a result of an increasing mineralogical complexity of 
the particles relative to their sizes. Most of the PGM are hosted in inclusions (76%) 
(mainly in chalcopyrite), whereas minor amounts are located at grain boundaries 
(19%) and in cracks (5%).  

An enrichment of PPGE relative to IPGE was recognized in the sulphide veins, 
which is in line with data on the massive and disseminated sulphide mineraliza-
tion at Sakatti (Ahvenjärvi 2015). However, the difference between maximum and 
minimum enrichments is more pronounced for the sulphide veins.  
Element ratios calculated from geochemical data obtained by ICP-MS/OE analyses 
and displayed in various plots (e.g. Cu/Ir vs. Ni/Pd, Rh vs. Rh/Cu (Fig. 2)) indicate 
that the Cu-rich sulphide veins represent the magmatic crystallization products 
of a highly fractionated Cu-rich sulphide liquid enriched in Pt, Pd, Au, Ag, As, Bi, 
Pb, Se, Te and Zn, which separated from monosulphide solid solution (mss). Inter-
mediate solid solution (iss) solidified from the Cu-rich sulphide liquid, exsolving 
chalcopyrite at <550 °C. Simultaneously, small volumes of intercumulus residual 
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melt mainly contained the precious metals Bi and Te due to their incompatibility 
in iss. Solitary and composite PGM, as well as Au minerals crystallized first from 
the residual melt (<600 °C), followed by a succession of various Bi, Ag and Pb tel-
lurides (~540 °C), and finally sphalerite (ZnS) and galena (PbS). However, melonite 
crystallized in two stages: as large, solitary grains directly exsolved from Ni-bearing 
iss (~600 °C) shortly after the formation of moncheite and merenskyite from the 
residual melt, and during subsolidus exsolution (<600 °C) with precipitation on the 
surfaces of earlier formed PGM. Finally, slight remobilization of the PGM occurred 
at temperatures <300 °C, verified by minor amounts of Cl-bearing minerals and 
ragged particle shapes.      

Surprisingly, the geochemical data (Fig. 2), petrography and genetic concept 
of the sulphide veins at Sakatti proved to be very similar to the Cu-rich footwall 
veins at the McCreedy East deposit in Sudbury (Canada) (Naldrett et al. 1999, Dare 
et al. 2014). 

Fig. 1. (a) Backscattered electron (BSE) image of a large composite PGM. (b) Equivalent 
sparse phase liberation (SPL) mode image by SEM-based MLA displaying a large mer-
enskyite/moncheite (Pt,Pd)(Te,Bi) 2 grain with very minute NiTe 2 inclusions and some 
Au minerals in the core zone in false colours. Note the rim of Ag minerals and minor Bi 
tellurides, including very minute merenskyite (PdTe 2) inclusions. The particle is hosted 
by chalcopyrite (Ccp).    

(a) (b)
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Fig. 2 Rh vs. (Rh/Cu) * 107 ratio plot displaying the massive and disseminated sulphide 
samples  (Ahvenjärvi 2015) and the vein sulphide samples of Sakatti in comparison to 
data on samples from the McCreedy East deposit in Sudbury retrieved from Naldrett et 
al. (1999). Note the astonishingly similar patterns of the two deposits. Samples repre-
senting cumulates with varying amounts of trapped liquid plot between the mss and 
accompanying liquid fractionation line. These are spread out similarly to the massive 
and disseminated sulphides of Sakatti, whereas iss fractionated samples of McCreedy 
East show almost identical patterns to the vein sulphides. 
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European freshwater-related directives (Water Framework Directive, Habitats and 
Birds Directive) have a common goal of protecting the freshwater environment, but 
their integration and means are largely lacking due to the shortage of funding and co-
operation networks. Other directives, such as the Floods Directive and Groundwater 
Directive, are concerned with controlling and using freshwater resources. In this 
nexus of multiple directives, ecosystem services, biodiversity and cultural heritage 
need to be harmonized with the sustainable use of freshwaters. 

The FRESHABIT project aims at improving this situation by adopting best prac-
tices and turning demonstration practices into reproducible operational models and 
coordination structures aimed at the effective management of freshwater habitats, 
species and resources. 

With 30 partners, eight target areas, a duration of seven years and a budget of 
€25 M, it is the largest ever EU Life project in Finland.

GTK’s role in FRESHABIT is to act as a national-level geological expert organiza-
tion and to provide both new and existing geological data for the project areas. A 
background data package of existing geological data is produced for every project 
target area including, for instance, geological and geochemical information on 
their catchment areas. New data are being produced in two lake areas by means 
of acoustic-seismic studies and in two river catchment areas by conducting acid 
sulphate soil surveys.
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INTRODUCTION

Natural stone evaluation is a systematic (regional) process with the aim of locating 
prospects for natural stone and to evaluate the profitability of production. The process 
consists of individual stages of desk study, field mapping, and detailed examination 
of prospects (Luodes 2015). The beginning of the exploration process (desk study 
and field mapping) can be defined as a “reconnaissance phase”, where the purpose 
is to identify areas worthy of further investigation towards deposit identification 
(Selonen et al. 2014). In the detailed examination of a prospect (“target phase”), the 
production properties of the prospect are studied (Luodes 2015, Vartiainen 2017). 
The best practices of execution of the process involves understanding of the main 
aims of the individual stages of the process.

EVALUATION PROCESS

Desk stage

The preliminary evaluation of the exploration area is done with geological, geophysi-
cal, and topographical data. A geological model and a geological exploration model 
of the exploration area is prepared (e.g. Selonen et al. 2011).

Field mapping

Field mapping is carried out after the evaluation of the existing data. Target selec-
tion is largely based on the geological exploration model. Evaluation is made on the 
outcrop surface; important is to have a good knowledge of the criteria for feasible 
natural stones. 

The field mapping is focused on observations of characteristics of rock like tex-
ture, soundness, fracturing and homogeneity. In addition, colour variations are 
observed. Sampling is also an essential part in this stage. Small scale drilling from 
the rock outcrops is the most common method in sampling. The samples are used 
in evaluation of the colour and texture as well as the mineralogical composition 
of the rock. 

Detailed examination of the prospect

When a target studied during the field mapping is noticed to have potential for 
natural stone, a detailed examination of the prospect follows. Essential at this stage 
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is to define the subsurface properties of the prospect. This includes detailed map-
ping of the rock and its properties (in scale of 1:100) along traverses together with 
sampling with a hand-held diamond saw. For evaluation of the aesthetical proper-
ties and homogeneity of the rock larger block samples are extracted by drilling and 
wedging. Slabs with different surface finishing are produced to show the variation 
of characteristics and commercial potential of the rock.

The main geophysical method is the ground penetrating geo-radar (GPR). The 
horizontal and subhorizontal fractures appear clearly in the geo-radar profiles, 
while the vertical and subvertical fractures are more difficult to interpret (Luodes 
2015). Other geophysical methods can include, e.g. electrical resistivity tomography 
(ERT) & IP measurements, magnetic ground measurements, electromagnetic VLF-R and 
EM31, seismic ground survey methods, and microgravimetrical methods as well as the 
use of LiDAR data (Härmä & Selonen 2008, Luodes et al. 2014, Vartiainen 2017).

Core drilling gives invaluable information on the quality of the prospect by pro-
ducing a drill core in which the variation in colour, mineralogy and fracturing can 
be observed in depth (Vartiainen 2017). However, the correct placing of the ver-
tical or inclined drill holes is very important (Leinonen 2005, Luodes et al. 2015). 
The useful depth of core drilling is up to 50 m and the practical diameter of core is 
approx. 76 mm. Fractures can also be monitored by video cam in core drill holes. The 
method is well-suited for confirming the observations made from the drill cores 
(Vartiainen et al. 2017).

The detailed examination can be associated with test quarrying in which typically 
a few hundred cubic metres are extracted. In this process, the quarrying properties 
(extractability/drillability) of the rock are documented. The extracted material is 
processed into final products to determine the production properties such as sawability, 
flaming ability, honability, and polishing ability.
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The Finnish Reflection Experiment (FIRE) is a reflection seismic experiment that was 
conducted in collaboration with the Universities of Helsinki and Oulu, the Geological 
Survey of Finland (GTK), and the Russian company SpetsGeofysika in the early 2000s. 
The dataset comprises over 2100 kilometres of deep seismic reflection profiles that 
transect all the major Precambrian geological formations of the Finnish bedrock.

Regardless of the fact that the FIRE dataset is considered to be one of the best in 
the world, it has been relatively underused up to date. The main academic output 
based on most of the FIRE profiles was already compiled in 2006 and published as 
a preliminary report (Kukkonen & Lahtinen 2006). The material and datasets have 
been in the public domain since 2009, but their accessibility has been rather poor, 
which has led to relatively low usage and academic output.

FIRE-ATT is an open science project conducted as a part of the Ministry of Edu-
cation and Culture of Finland funded Open Science and Research Initiative (ATT 
– Avoin Tiede ja Tutkimus in Finnish) at the Institute of Seismology, University of 
Helsinki, in collaboration with the AVAA team of the ATT initiative and GTK. The 
project has produced a revised data archive and a new mobile-responsive intuitive 
map-based user interface – the OpenFIRE service – for FIRE data sets. The data are 
available for browsing and download through the AVAA portal maintained by the 
ATT initiative at https://avaa.tdata.fi/web/fire (Fig. 1).

The reprocessed database contains all FIRE raw data and intermediate data prod-
ucts, as well as interpreted and integrated community-based materials. Repro-
cessing has been conducted with a strict focus on quality and all major processing 
steps are documented, which makes the entire workflow visible to the end-user. A 
comprehensive errata is available for all profiles, and quality-controlled versions of 
shot gathers have been prepared for the entire FIRE dataset. The shot gathers have 
been repackaged into SEG-Y (Society of Exploration Geophysicists Y-format) files 
that each contain around 40–60 shots (5 kilometres). The project will also update 
the metadata for FIRE data and produce an INSPIRE (Infrastructure for Spatial 
Information in Europe) compliant metadata catalogue entry with documentation 
of the reprocessing procedures.

The most visible product of the project is an online service for browsing and 
downloading the FIRE dataset. The map-based interface and the supporting  
surface geology descriptions and deep structural interpretations have especially 
been designed to provide a familiar context for the geologist end-user. The table 
layout of the “seismologist’s interface” is intended to enable easy download of 
shot gathers and exploration of related metadata.

The infrastructure of the web service is compliant with the European Plate Observ-
ing System (EPOS) ICS-TCS Level 2 Integration Guideline (EPOS-IP WP6 & WP7 
Teams 2015). The authors are not aware of other EPOS-compliant services in this 
field, and the OpenFIRE platform and user interface are thus proposed to act as a 
reference realization of a web service for reflection seismic data in the scope of 
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EPOS. The user interface and the visualization methods used in the map view are 
suitable for visualizing other types of data as well.

The Beta version of the OpenFIRE service has been opened for public testing with 
a limited dataset since November 2016, and the full service with added functionality 
and full datasets will be made available in the spring of 2017.

The OpenFIRE service can be accessed at: www.seismo.helsinki.fi/openfire
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Fig. 1. A schematic diagram of the interdependencies and relationships between differ-
ent entities related to the services produced by the OpenFIRE project. The end-user can 
browse the desired FIRE database materials through the web service and place a data 
product order that will be fulfilled by a dedicated e-mail service.
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The Sodankylä region in Finnish Lapland is currently one of the most important and 
most active mineral exploration areas in Fennoscandia.  The recent discovery of the 
Sakatti Cu-Ni-PGE deposit in 2011 by Anglo American has attracted new attention 
from both exploration and mining companies, as well as research institutes, to the 
Sodankylä region in Central Lapland. A previously discovered Cu-Ni-PGE deposit 
in the area, Kevitsa, has already been developed into an operating mine. Kevitsa is 
located approximately 20 km north of the Sakatti deposit (Fig. 1), and it is not well 
understood how these deposits are connected to each other and whether they belong 
to the same mineralization system. 

The Geological Survey of Finland (GTK), Technische Universität Bergakademie 
Freiberg (TUBAF) and Oulu University (OU) are currently launching the project 
XSoDEx (Experiment of Sodankylä Deep Exploration) to study bedrock structures 
in the Sodankylä area. The aims of the project are to examine the structural and 
lithological framework at depth, possibly showing a linkage of the two major mineral 
deposits of the area, and to achieve a better understanding of the mineral system. 

The main task of the experiment is to acquire 150 km of seismic reflection and 
refraction data between and west of the known ore deposits during July and August 
2017. These data will be used to map crustal structures down to approximately 3 
km depth. The data will be acquired using a TUBAFs 32 t Vibroseis truck as a source 
and 15 Geode recorders with 24 geophones each resulting in a total of 360 chan-
nels per spread moving successively along the whole profile line. Data acquisition 
of this reflection seismic line will mainly take place along accessible roads within 
the research area.

Additionally, seismic refraction data will be acquired along the same profile line 
with the aim of providing independent information on the velocity structures of 
the subsurface, as well as providing constraints for processing the seismic reflec-
tion data. Wireless three-component receivers of Oulu University will be used to 
acquire the refraction data.
Petrophysical measurements will be conducted from samples collected in the vicin-
ity of the seismic profiles. Densities and seismic P-wave velocities of the samples 
will be measured in the GTK petrophysical laboratory, and the results will be used 
to constrain the interpretation of the seismic data.  

In order to gain a better understanding of the deep conductivity structures of the 
subsurface, AMT (audio magnetotelluric) measurements will also be conducted in 
the XSoDEx project. New gravity data will additionally be acquired along the same 
profiles with a measurement point interval of about 150 m. Density values obtained 
from the laboratory measurements will provide constraints to the gravity data inver-
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sion. The acquisition of multi-parameter data sets at the same location will enable 
a more accurate and reliable geological interpretation of the subsurface features.

One of the unique features of the planned XSoDEx seismic profiles is that they will 
connect seismic reflection data previously acquired in the layered mafic intrusions 
hosting Cu-Ni-PGE deposits to the orogenic gold deposits in the western part of the 
investigation area. Four high-resolution seismic reflection profiles were acquired 
in the Kevitsa region prior to the commencement of mining. In the western part 
of the XSoDEx survey area, reflection seismic data were acquired in the Petäjäselkä 
area, where gold mineralizations are known. Furthermore, Petäjäselkä seismic 
reflection profiles are connected to seismic profiles acquired in the Kittilä gold 
mine area. This interlinked network of high-resolution seismic reflection profiles 
will provide a completely new view on the two different geological environments 
and their structural relationship. Additionally, the crustal-scale seismic reflec-
tion profile FIRE4 crosscuts this wider Lapland exploration area. This will enable 
the detection of geological features that might have roots in the mantle and may 
thus be key features in unfolding the early history of the ore formation and later 
deformation. 

Fig. 1. Map showing the planned XSoDEx survey profiles as dashed black lines. The same 
profiles are to be used for seismic reflection, seismic refraction, AMT and gravity data 
acquisition. Previous high-resolution seismic reflection profiles acquired in Kevitsa, 
Petäjäselkä and Suurikuusikko areas are shown with thin red lines, and the crustal-
scale seismic profiles FIRE4a and b are shown with thick red lines. Yellow circles and 
green squares indicate known gold and nickel deposits or occurrences in the area. 
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A distinct seasonal pattern of deuterium excess (d-excess) values was determined 
in profile samples of groundwater from an esker aquifer in western Finland. The 
groundwater d-excess pattern revealed similarities in respect to the local precipita-
tion. A comparison of the d-excess in a groundwater observation well in Karhinkangas 
aquifer and the precipitation of Rovaniemi is presented in Figure 1. To confirm the 
seasonal behaviour in d-excess values, some other Finnish precipitation and ground-
water data were also reviewed (e.g. Kortelainen 2007). Both long- and short-term 
trends were recognized from the d-excess time series, as illustrated in Figure 2. As 
compared to precipitation, the seasonal variations in the d-excess in groundwater 
are damped by recharge processes. A time shift is also recognized.

Fig. 1. Deuterium excess time series of groundwater in the Karhinkangas esker forma-
tion, Lohtaja. Four to five water samples were taken from an observation well with a 
straddle packer each time. The d-excess (4-month running average) and amount of 
precipitation are presented for comparison.

The deuterium excess value represents the fractionation between oxygen and hy-
drogen isotopes in global water circulation from the evaporation of ocean water 
to the gradual rainout of moist air masses. The d-excess parameter is defined as:
d (‰) = δ 2H – 8*δ 18O (Dansgaard 1964)

For water vapour evaporated under the global average humidity conditions of 85% 
over oceans, a d-excess value of 10‰ is attained. Besides the meteoric conditions 
prevailing in the initial moisture source, d-excess contains information on sec-
ondary processes such as evaporation and freezing effects during rain events. The 
parameter is also used to trace the recirculation of moisture from large continental 
water bodies such as the Baltic Sea. In continental areas, the d-excess of monthly 
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precipitation is characterized by values of <10‰ during summer and >10‰ during 
early winter. In temperate climates such as Finland, the mean annual d-excess for 
both rainfall and groundwater is about 10‰. Similarly, it has been shown that the 
isotope ratios of infiltrated groundwater closely represent those of local weighted 
mean annual precipitation, even though runoff, evapotranspiration and the type 
of sedimentary deposition significantly limit the amount of rainfall replenishing 
aquifers. Variations in →18O and →2H values recorded in precipitation are generally 
almost smoothed out even before the percolating water reaches the groundwater 
level. Here, the so-called critical depth is reached, where the isotopic variation is 
less than the analytical 2→ error (Clark and Fritz, 1997). This may limit the use of the 
→18O and →2H of water in seasonal time series analysis, whereas in d-excess values, 
the trends inherited from precipitation are recognizable.

Current hydrogeological flow and transport modelling is becoming increasingly 
advanced and the demand for detailed input data is constantly increasing. The 
deuterium excess, as well as the →-values of oxygen and hydrogen, are conservative 
tracers to describe the movements of the water itself, and are thus valuable for 
controlling the timing of recharge processes, varying water sources and amount of 
infiltrating water, and in some cases the retention time of groundwater flow. Water 
isotope data from the Karhinkangas esker will also be considered against monitor-
ing records for soil moisture, the groundwater level and geochemistry, as well as 
the hydrogeological structure of the aquifer. Statistical time series analysis will 
be conducted on the long-term isotope records of precipitation and groundwater.

Fig. 2. Comparison of the d-excess in precipitation (6-month running average) and in 
some example groundwater sites. Waters from southern Finland on the left and from 
northern Finland on the right.
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Anholt Loch is a sedimentary basin located in the gateway between the Baltic Sea 
Basin and the North Atlantic. In 2013, during the Integrated Ocean Drilling Program 
Expedition 347: “Baltic Sea Palaeoenvironment”, Anholt Loch (Site M0060) was 
drilled. A ca. 200-m-thick sediment package consisting of seven different lithostrati-
graphic units was recovered. Here, an age–depth model for the topmost ca. 80 metres 
is presented. The studied sequence consists of three main units (Andrén et al. 2015): 
A shallow, near-shore marine sand unit (0–6 mbsf) is on top, a prograding marine 
delta sand and silt unit in the middle (6–24 mbsf) and a fine-grained marine unit 
with glacier meltwater influence on the bottom (24–80 mbsf). 

In total, 30 samples were radiocarbon (14C) dated at laboratories in Lund, Poznan 
and Zurich. Age determinations from the upper and middle unit samples were 
made from shell samples and from the bottom unit based on shell and foraminif-
era samples. Altogether, 17 out of 30 ages were selected into the final age model.

The topmost 80 metres of the Anholt Loch sediments form a Late Glacial–Holo-
cene sequence, starting from ca. 17.9 thousands years before present (kyr BP). After 
deglaciation, the study area was affected by a relatively stationary ice sheet located 
on the Swedish west coast until 15 kyr BP. At 14 kyr BP, the ice margin was already 
further away, and meltwater from a glacial ice lake flowed out from the Baltic Sea 
Basin via the Öresund area (Gyllencreutz et al. 2006, Hughes et al. 2015). The Kattegat 
area reached its maximum lowstand close to 13 kyr BP. Öresund strait closed at 11.6 
kyr BP, and at 11.4 kyr BP the sea level started to rise. At 8.1 kyr BP, oceanographic 
conditions in area were comparable to the present day (Gyllencreutz et al. 2006). 
There is a hiatus between the Late Glacial and Holocene sediments. Sedimentation 
rates derived from the age model are in the range of 0.07–0.08 cm/yr for the top 
unit, 0.58 cm/yr for the middle unit and from 1 cm/yr to even 3 cm/yr for the bottom 
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unit. The studied sediment series may have potential to help estimate the effect 
of the meltwater outflow from the Baltic Sea Basin on North Atlantic Deep Water 
(NADW) formation during the late Pleistocene (Hain et al. 2014) and constrain the 
deglacial chronology and history of the SIS.

This work is a part of the CISU project funded by the Academy of Finland and the 
Russian Foundation for Basic Research.
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The Kevitsa Ni-Cu-PGE sulphide deposits are hosted by the Kevitsa mafic-ultramafic 
intrusion located within the Central Lapland Greenstone Belt in northern Finland. 
A 3D seismic reflection survey was conducted over the intrusion in 2010 for mine 
planning and deep mineral exploration purposes. In earlier studies (Malehmir et 
al. 2012, Koivisto et al. 2015), laterally continuous reflections were observed in the 
Kevitsa 3D seismic data. It was suggested that these reflections originate from con-
tacts between the tops and bottoms of smaller-scale magmatic layers within the 
intrusion related to the extent of the economic mineralization (e.g., Standing et al. 
2009). However, this interpretation was not fully supported by the borehole data. 
Here, we have used data mining of Kevitsa borehole data, namely self-organizing 
map (SOM) analysis, and theoretical modelling of the petrophysical properties of 
the rocks within the Kevitsa resource area to better understand the origin of such 
reflections. 

Our results (Junno et al. in prep.) indicate that the reflections observed in the 3D 
seismic data can be most plausibly be attributed to sulphide minerals and alteration, 
rather than to contacts between the tops and bottoms of smaller-scale magmatic 
layers. Sulphide minerals seem to lower the seismic velocity of the host silicate 
rocks (Fig. 1). Alteration further lowers the velocity, as well as the density (Fig. 1). 
This results in lower acoustic properties of the ore than the hosting silicates, and the 
observed reflections in the Kevitsa 3D seismic data could, therefore, be attributed to 
mineralized and altered zones within the Kevitsa intrusion. Thus, such reflections 
could set possible exploration targets in the area.
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Fig. 1. Seismic P-wave velocity (m/s) versus density (i.e., specific gravity (SG); kg/m3) 
for different clusters defined by the SOM analysis within the Kevitsa borehole data. The 
solid black curves correspond to constant acoustic impedance curves and the difference 
between two curves should be enough for detectable reflections (reflection coefficient 
of ~6%; Salisbury et al. 2003). The unaltered olivine pyroxenite and websterite (indicat-
ed with triangles) are determined theoretically; their velocities are defined to be faster 
than 7500 m/s. The barren olivine pyroxenite variants are shown in maroon, light blue 
and blue, whereas the mineralized, i.e., transitional and regular ores, are shown in or-
ange and purple, respectively. The yellow arrow indicates the effect of alteration, which 
lowers the seismic velocity and density. The effect of mineralization is highlighted 
with a pink arrow: mineralization also lowers the seismic velocity, but density does not 
change much. The combined effect of mineralization and alteration seems to be enough 
to produce a sufficient contrast between the acoustic properties of the (altered) ore and 
unaltered host rock to result in detectable reflections.
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In situ zircon Hf isotopic analysis provides additional information on the isotopic 
composition of igneous rocks showing multiple sources when compared to whole-
rock isotope data (e.g., Griffin et al. 2002, Belousova et al. 2006, Kurhila et al. 2010). 
We have analysed zircon Hf-isotope ratios of two rock samples from southern 
Finland: the Muurla gabbro (MGB) and the Enklinge granodiorite (EG), which show 
very different Hf isotope characteristics. The analyses were performed at the Finnish 
Geosciences Research Laboratory, Espoo, Finland. 

The MGB represents late-orogenic mantle derived magmatism. Fourteen U-Pb 
analyses on 11 zircons yielded a concordia and 206Pb/207Pb age of c. 1.83 Ga (Kyllästinen 
2014). Nine Lu-Hf analyses on zircons show variation in initial  εHf between +1.4 to 
+5.3, with an average value of +3.4. The EG is related to early-orogenic magmatism 
and shows continental arc affinities (Kara et al. 2016). U-Pb analyses on 26 zircons, 
based on 28 measurements, identified one magmatic population and several inher-
ited grains or domains. A concordia age of c. 1.88 Ga, which is regarded to represent 
the crystallisation age, has been calculated based on 15 analyses. Thirteen analyses 
yielded 206Pb/207Pb ages between c. 2.25 and 1.95 Ga (Kara et al. 2017). Sixteen Lu-Hf 
analyses were performed on the EG zircons. The grains representing the magmatic 
age showed initial εHf values between -3 to +4.4, with an average value of 0. The 
inherited grains/domains yielded initial →εHf values from +3.5 to +7.6 with increasing 
age between 1.95 to 2.25 Ga. The GJ-1 standard reproducibility during the analyses 
was ±1.6 (1σ) ε-units.

The MGB shows very coherent U-Pb and Lu-Hf data. Variation in initial εHf values 
is 3.9 ε-units, which suggests a homogeneous magma source and evolution with 
crystallisation and/or fractionation of a single magma without extensive crustal 
contamination or magma mixing. This is also emphasised by uniform zircon mor-
phology and identical U-Pb ages in different zircons. The average initial εHf value of 
+3.4 indicates a rather juvenile mantle derived source. The EG zircons representing 
the age of crystallisation show variation of 7.4 ε-units, which suggests, with an 
average εHf value of 0, minor to moderate mixing between a mildly depleted mantle 
source (εHf > 0) and crustal sources (εHf ≤ 0). Crustal sources are also obvious from 
the inherited zircons. In addition, the inherited grains show a clear trend towards 
the depleted mantle with increasing age. We suggest that these grains represent the 
“remnants” of a Svecofennian “proto-crust” (c.f., Lahtinen et al. 2005, Andersen 
et al. 2009, Andersson et al. 2011), which has acted as a source for the EG (Kara et 
al. 2017).

The results suggest that the variation in Hf isotopes is due to heterogeneity of the 
sample (i.e. heterogeneity of the magma source) rather than due to the methodol-
ogy. The spatial resolution of the method is so high that even minor heterogeneities 
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in the magma are reflected in the Hf data. This makes zircon Hf analysis a useful 
method in identifying different sources for igneous rocks. 
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The European Union’s (EU) Marine Strategy Framework Directive targets to achieve 
Good Environmental Status (GES) of the EU’s marine waters by 2020. However, it 
has been acknowledged that the poor access to data on the marine environment is 
a handicap to government decision-making, a barrier to scientific understanding 
and a break on the economy. The effective management of the broad marine areas 
requires spatial datasets covering all European marine areas. As a consequence the 
European Commission adopted the European Marine Observation and Data Net-
work (EMODnet) in 2009 to combine dispersed marine data into publicly available 
datasets covering broad areas. 

The EMODnet data infrastructure is being developed through a stepwise approach 
in three major phases. The EMODnet Geology was initiated in EMODnet Phase I 
(2009-2013) through the ur-EMODnet-Geology project. During the Phase II (2013-
2016), EMODnet Geology extended the work carried out during the preparatory 
phase to cover all European sea-basins (e.g. the Baltic Sea, the Barents Sea, the 
North Sea, the Iberian Coast, and the Mediterranean Sea within EU waters). Cur-
rently the 3rd phase of the EMODnet Geology is about start in early 2017. This phase 
aims to produce multi-resolution datasets from the geological characteristics of 
the European sea basins. 

The EMODnet Geology partnership includes more than 30 marine organisations 
from 30 countries that contribute information in all of the European Regional Seas. 
The project collects and combines spatial information on seabed substrate, sedi-
ment accumulation rate, seafloor geology, coastline migration, mineral resources, 
geological events and submerged landscapes among others. Here we will present 
some of the main outcomes of the EMODnet Geology project so far.
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Fig. 1. The EMODnet Geology project has collected, harmonized and combined vast 
amount of seabed substrate information to produce a full-coverage seabed substrate 
map of European Regional Sea.
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Concrete is one of the most popular materials used for construction. In its simplest 
form, concrete is a mixture of Portland cement, water and rock aggregate. When 
water is mixed with cement, the mixture goes through a chemical reaction called 
hydration, in which the paste hardens and gains strength, creating man-made rock.  

In practice, the manufacturing process is more complicated, and gives rise to 
an array of potential problems. Concrete also weathers like any rock, creating a 
need to study the concrete microtexture for both quality control and condition 
assessment. Concrete petrography is similar to the geological analysis of natural 
rock. Observations from the field and/or hand samples, together with stereo- and 
optical microscopy, are used to interpret the state of the concrete. Other analyti-
cal methods, such as mechanical and chemical testing, are used alongside optical 
microscopy, but (by comparison) petrography is the only method that gives insights 
into the microstructure and -texture of concrete. Scanning electron microscopy 
is also utilized in scientific research, but to a lesser extent in commercial studies. 
These methods are also applied to other building materials, such as mortar.  

Concrete petrography requires interdisciplinary knowledge of geology (e.g. min-
eralogy, petrology, geochemistry) and concrete technology. Therefore, it is essential 
that a concrete petrographer is a geologist, or has a comprehensive knowledge of 
geology and petrography. The petrographer can help answer questions such as the 
mechanism, source, and extent of both early age damage and later deterioration. 
Petrographic examination also provides information about the quality of rock aggre-
gates used in concrete. Quality problems, such as early freezing (Fig. 1a), may only 
be visible on a microscopic scale. After concrete has hardened, several processes can 
affect its structure, such as carbonation, freeze and thaw, the alkali-silica reaction 
(ASR), leaching and chemical degradation (Fig. 1b). 

A sample of concrete can be impregnated with an epoxy with a fluorescent dye 
(Fig. 1b), allowing the samples to also be studied in ultraviolet light, besides tra-
ditional plane and cross-polarized light. This method provides information that 
cannot be obtained through other means, and therefore highly increases the yield 
of concrete petrography. 

Concrete research is an active international discipline, both in engineering and 
applied geology. However, petrographic research on concrete has been rather scarce 
in Finland in recent years. The emphasis of study has been on problems stemming 
from the cold climate. ASR (Fig. 1c), which is a prominent damaging process around 
the world, has largely been unidentified. The ASR is a chemical reaction between 
the rock aggregate and alkalis either from the cement or from an outer source. The 
volume change associated with the reaction can lead to serious damage and a loss 
of strength. Rock aggregates associated with the ASR, such as flint, chert, volcanic 
rocks, gneiss, schist or mylonite, usually contain large amounts of reactive silica. 
Medium- to coarse-grained granitoidic rocks are usually considered non-reactive, 
which, together with the cold and fairly arid climate, led people to believe the ASR 
is not a problem in Finland. 
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The ASR was first identified in Finnish concrete during the 1990s (e.g. Shayan & 
Quick 1994), and it is notable that the damage was originally misinterpreted to result 
from another process (Tepponen & Eriksson 1987). Only in recent years has more 
emphasis been placed on ASR (e.g. Pyy & Holt 2011), and it has been noted that the 
ASR may commonly occur in structures such as bridges (Lahdensivu et al. 2016) 
and swimming pools (Lahdensivu & Aromaa 2015). According to our own observa-
tions, the ASR is also common in some industrial and sewage structures, and mild 
reactions can be found in almost any wet structure. Based on earlier inquiries, the 
most commonly identified reacting rocks in Finland are fine-grained schist and 
quartzite, and even granite (Pyy et al. 2012). ASR is still poorly known in Finland, 
and systematic studies on the reacting aggregate, for example, should be conducted 
in order to evaluate the significance of ASR to the concrete structures, as was also 
suggested by Pyy et al. (2012). 
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Fig. 1. a) Example of degradation in a balcony caused by freeze thaw cycles in UV light, 
b) a quality problem caused by freezing before setting in a stone laying mortar, and c) 
silica-gel-filled cracking in a bridge structure caused by an alkali-silicate reaction. 
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Soil moisture is a key element of Earth–atmosphere interactions. Global soil moisture 
is strongly driven by the climate, but at the landscape scale its controlling drivers are 
also non-climatic, such as soil and topography. This study has examined the poorly 
known topic of landscape-scale soil moisture variations using four multivariate 
spatial modelling methods: a generalized linear model, generalized additive model, 
generalized boosting regression model and random forest. The data set consists of 
1200 study plots located on a topographically complex terrain. Topographic vari-
ables were derived from a digital terrain model at 1-m resolution based on Light 
Detection and Ranging (LiDAR), and soil variables were based on aerial imagery and 
field investigations. Both the spatial and the temporal response variables of soil 
moisture showed strong variation in the study area (Fig. 1). The topographic wet-
ness index had the greatest influence on the spatial variation in soil moisture, as its 
1-m resolution was optimal for the study design, whereas peat thickness showed a 
strong influence on temporal variation. The model fit (R²) of the spatial soil moisture 
model was 0.60 on average, while the temporal model showed a lower fit of 0.35. In 
summary, spatial variation in soil moisture can be modelled relatively well when 
solely based on soil and topographic variables, whereas temporal variation proved 
more challenging to explain. 

Keywords: Spatial modelling, soil moisture, low-energy systems, LiDAR, Topographic 
Wetness Index
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Fig. 1 Predicted spatial and temporal variation in soil moisture. Strong patterns and 
structures were visible in the spatial and temporal predictions of soil moisture based on 
a general boosted regression model. The topographic wetness index (TWI) had a notable 
impact on the prediction of spatial variation, whereas the prediction of temporal vari-
ation was influenced by peat thickness as well as radiation. The fine 1-m resolution of 
the topographic variables is compatible with the digitised surficial deposit classifica-
tion (based on 0.5-m resolution aerial images provided by the National Land Survey of 
Finland) and the study design comprising 1200 plots of 1 m², from which soil moisture 
and peat depth were measured.
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Deep groundwaters within Precambrian shields are characteristically enriched in 
non-atmospheric gases that originate from water–rock and water–rock–microbe 
interactions within the crust. These gases migrate through fractures, tunnels and 
boreholes. At the 2516-m-deep Outokumpu Deep Drill Hole in eastern Finland 
within the Fennoscandian Shield, spontaneous bubbling of gases at the well head 
has been on-going since drilling was completed in 2005, i.e. over a decade. Better 
understanding of fluid migration may provide tools to monitor changes in bedrock 
properties such as the fracture density or deterioration and failure of engineered 
barriers. Gases may also potentially mobilise hazardous compounds, for example 
from underground nuclear waste repositories.

In order to study gas migration mechanisms and variations over time, we con-
ducted two gas monitoring campaigns at Outokumpu. During the first experiment 
in 2011, fluid was pumped from a gas-rich fracture zone at 970 m depth using a 
membrane pump and gas was separated at the surface in a flow-through container. 
In the second experiment, in 2016, an inflatable packer was placed 15 cm above the 
water table inside the drill hole collar, gas from below the packer was collected and 
the gas flow in the pipe line carefully assisted by pumping (130 ml min-1). In both 
cases, the composition of gas was monitored on-line for at least one month using a 
quadrupole mass spectrometer (QMS) with a measurement interval of one minute. 
During the second experiment, changes in the water table (hydraulic head) and 
in situ temperature were simultaneously recorded with two pressure sensors that 
were placed above and below the water table. In addition, atmospheric pressure 
data with 10-minute intervals provided by the Finnish Meteorological Institute and 
theoretical values for Earth tides, i.e. dilatation and contraction of the Earth due to 
the gravitational fields of the Moon and Sun, were used for reference. 

In both experiments, methane was the dominant gas emanating from the bed-
rock. However, during the first test, an inverse correlation was observed between 
methane and helium, while in the latter test, all subsurface-derived gases, i.e. 
methane, hydrogen and helium, peaked at the same time. This was most likely 
related to solubility fractionation of gases during degassing, which was enhanced 
by the sequential pumping. Therefore, pressurised methods should be used when 
collecting gas samples in order to maintain their representativeness. 

Gas compositions also fluctuated over time. The longest frequency phenomenon 
of ca. 14 days and daily variation, which occurred in periods of approximately 12 
and 24 hours, were clearly correlated with Earth tides, such that the subsurface-
derived gases peaked during tidal gravitation minima. In contrast to the hydraulic 
head, which also reflected changes in the atmospheric pressure, Earth tides were 
the main factor controlling the gas flux. Thus, dilatation of bedrock porosity and 
fractures can be more clearly seen in the gas data than changes in the hydraulic 
head or water table.
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Baltica, Laurentia and Siberia possibly formed the core of the Mesoproterozoic 
supercontinent Nuna in a tight fit at 1.8–1.38 Ga (e.g. Ernst et al. 2016, Evans et al. 
2016, Salminen et al. 2016a, b; For an alternative view, see Pisarevsky et al. 2008). A 
common apparent polar wander path (APWP) for this core is starting to take shape 
(Evans and Mitchell 2011, Salminen et al. 2016b). Paleomagnetism and geology sup-
port a North Europe – North America (NENA) configuration between 1.77 Ga and 1.26 
Ga, in which northern Norway and the Kola Peninsula of Baltica were connected to 
the northeastern Greenland of Laurentia (e.g. Gower et al. 1990, Salminen & Pesonen 
2007, Evans & Pisarevsky 2008, Evans & Mitchell 2011, Salminen et al. 2014, 2016a,b). 

Despite the significant development in Mesoproterozoic paleogeography, there 
is still ambiguity in the relative positions of paleomagnetic poles in the APWP of 
Baltica. For example, near-coeval poles for Häme dykes (1.64 Ga; Salminen et al. 
2016b) and for Sipoo dykes (1.63 Ga; Mertanen & Pesonen 1995) show different 
positions. The aim of this study is to examine the discrepancy of the 1.63–1.64 Ga 
paleomagnetic poles for Baltica. New paleomagnetic and rock magnetic data for the 
1.64 Ga (e.g. Vaasjoki et al. 1991) Suomenniemi diabase and quartz porphyry dykes 
are presented. Emphasis is placed on a comparison with the Sipoo pole (Mertanen 
& Pesonen 1995), which not only correlates poorly with the coeval Häme pole of 
Baltica (Salminen et al. 2016), but also with the 1.63 Ga Melville Bugt pole of Lau-
rentia (Halls et al. 2011) when rotated to the NENA configuration (e.g. Salminen 
et al. 2016). 

The Suomenniemi samples were taken from four quartz porphyry dykes, nine 
diabase intrusions, and a mingled dyke (consisting of both diabase and quartz 
porphyry), all associated with the Suomenniemi rapakivi granite complex. Paleo-
magnetic and rock magnetic measurements were carried out at the Solid Earth 
Geophysics Laboratory of the University of Helsinki. The temperature dependence 
of the magnetic susceptibility of Suomenniemi and Sipoo dyke samples indicates 
the presence of magnetite and/or low-Ti titanomagnetite, as well as maghemite in 
some quartz porphyry samples. Some samples also show the presence of goethite. 
A total of four diabase intrusions and four quartz porphyry dykes give stable paleo-
magnetic results with a dual polarity shallow NNE (SSW) ChRM component carried 
by magnetite. We combined our paleomagnetic results with the earlier results of 
Neuvonen (1986), obtained from four Suomenniemi quartz porphyry dykes. The 
Suomenniemi and Sipoo dykes are coeval, behave similarly during demagnetization, 
and show similar magnetic mineralogy. Therefore, we combined the paleomagnetic 
results from both dyke swarms into a mean 1.63–1.64 Ga pole for Baltica. For the 
first time, the Subjotnian pole for Baltica shows antiparallel normal and reversed 
polarity results (see Salminen et al. 2016b for discussion of asymmetric paleomag-
netic results for Subjotnian dykes in Finland). However, the reversed polarity pole 
shows large error margins.

The combined Suomenniemi-Sipoo pole is positioned between the high quality 
1.58 Ga and 1.46 Ga poles for Baltica and Laurentia (Fig. 1). The location of this pole 
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challenges the proposed NENA configuration and the common APWP for the core 
of Nuna. Alternatively, the new combined pole has a younger magnetization age 
than 1.64–1.63 Ga. 

Fig. 1. Apparent polar wander path (APWP) for the core of Nuna, modified from Salm-
inen et al. (2016). Baltica and Laurentia in NENA configuration. The colour of the poles 
corresponds to the colour of the cratons. The Suomenniemi-Sipoo poles are marked in 
light purple (N, R, C = normal, reversed, combined polarities). 
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The Fennoscandian Shield (Fig. 1) is situated in a continental intraplate setting in 
northern Europe. The latest plate tectonic event that affected the study area was 
the opening and spreading of the Atlantic Ocean, which initiated 60 Ma ago. This 
ongoing event has subjected the area to a long-standing tectonic stress-field ori-
ented in a WNW–ESE direction. During the Pleistocene glaciations, the area has been 
subjected to repeated glacial cycles and associated loading and unloading events. 
The area is still rebounding.

Current seismicity in the Fennoscandian Shield is generally low, and it has been 
attributed to a complex interplay of intraplate and plate margin processes: the 
opening of the northern Atlantic Ocean, glacial isostatic adjustment (GIA) and local 
stress caused by mass deficit or excess in the area. An up-to-date estimate of the 
intraplate seismicity in the central part of the Fennoscandian Shield and its sources 
is needed in seismic hazard estimates of nuclear power plant sites.  Fennovoima 
Oy commissioned a seismotectonic study from the Universities of Helsinki and 
Uppsala and from the Geological Surveys of Finland and Sweden. Original data, 
interpretations and references can be found in Korja and Kosonen (2014).

The seismicity in the Fennoscandian intraplate area is clustered along NE–SW-
trending zones that are parallel to the Norwegian margin and the Mid-Atlantic 
ridge. A slight change in the general pattern takes place across a N–S-trending zone 
running east of the Finnish–Swedish national border (Pajala shear zone). East of 
this zone, the seismicity rates are lower and the NE–SW trend is less obvious. The 
NE–SW-trending earthquake clusters in northern Sweden and Finland are associ-
ated with PGF zones and the western flank of the Gulf of Bothnia. The most active 
NE–SW-trending zone in Finland is the Kuusamo-Kandalaksa zone.

Based on a subset of the most recent earthquake data (2000–2012), most of the 
earthquakes  (80%) occur in the upper crust down to 17 km in depth, a minority 
(19%) in the middle crust (17–31 km) and only a few in the lower crust, from 31–45 
km (1%). The seismogenic layer is less than 30 km in depth. 

The current strain rates in the Fennoscandian Shield are rather low and thus can-
not produce new structures, but rather reactivate old structures, joints and exten-
sion fractures, where stress overcomes fault friction. The potential for reactivation 
of the pre-existing deformation zones and faults depends on the directions and 
relative magnitudes of the principal stresses, and the stress state, as well as the 
orientation of the pre-existing structures. The orientation of the overall maximum 
horizontal stress field in northern Europe is WNW–ESE to NW–SE. Pre-existing 
deformation zones that are optimally oriented in the present stress field can poten-
tially be reactivated.

The deformation zones were analysed for their length and azimuth and they 
were assigned a potential reactivation type (reverse, normal or strike slip) based 
solely on their azimuth. The earthquakes in the seismically most active area, close 
to Skellefteå, Sweden along the western coast of the Gulf of Bothnia and its north-
easterly continuation, appear to cluster around the shoreline and along post-glacial 
faults, which are mostly oriented optimally for reverse or strike slip faulting. The 
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Fig. 1.  Seismicity and major geological units of Fennoscandia (Korja and Kosunen, 2015). 
Seismicity is from FENCAT (http://www.seismo.helsinki.fi/english/bulletins/catalog_
northeurope.html).

seismically active Kuusamo area in Finland is transected by a wealth of deformation 
zones, all trending in directions optimal for reactivation.

The seismically active areas are located in areas where the crust is less than 50 km 
thick. Where the crustal thickness gradient trends in a NE–SW direction, e.g. along 
the faulted western margin of the Bothnian Sea and along the Auho-Kandalaksha 
fault zone in the Kuusamo area, the gradient appears to be associated with a zone of 
increased seismicity. In these areas, the crustal thickness gradients are optimally 
oriented for reactivation.  

It is noted that the zones of increased seismicity on the western flank of the Gulf 
of Bothnia, as well as the currently seismically active “postglacial faults”, are paral-
lel and along the long axes of the ellipsoidal GIA anomaly. The direction of the long 
axis of the ellipsoid is orthogonal to and the short axis is parallel to the maximum 
horizontal stress in Fennoscandia stemming from the opening of the Atlantic. 
Neither the seismicity nor the faulting follow the isosurfaces of the ellipsoid. 
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THE GULF OF BOTHNIA AS RESOURCE FOR BLUE 
GROWTH: SMARTSEA
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Jyrki Rantataro, Henry Vallius, Joonas Virtasalo and SmartSea project partners
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*Corresponding author E-mail: aarno.kotilainen@gtk.fi

Blue growth is a long-term strategy of the European Union (EU) to enhance the 
sustainable growth of the maritime sector. Our surrounding seas have been drivers 
for the European economy for a long time, but still they have great potential for the 
further exploiting of natural resources and economic growth. Especially if the growth 
can be achieved in an environmentally sustainable way, the benefits are obvious. It 
has been estimated that improvement of the state of the Baltic Sea would by 2030 
create 900 000 jobs in the whole Baltic Sea area, mainly in Blue Tech, tourism, real 
estate and construction businesses (Dahlgren et al. 2015).

However, coastal seas already experience multiple stressors, including offshore 
construction, shipping, pollution, eutrophication, overfishing and climate change. 
In order to obtain sustainable Blue Growth, it is necessary to localize and assess 
the current maritime activities, estimate their growth potential, and investigate 
their present and future effects on each other and on the marine environment.

The purpose of the SmartSea project is to support the growth of commercial 
marine activities in the Gulf of Bothnia (GoB) region, in the northern Baltic Sea. The 
GoB is an essential resource in terms of fish farming and wind power, for example, 
and it is also possible to make use of the geological resources of the gulf. Moreover, 
the rapid growth of commercial marine activities and the consequences of climate 
change may lead to conflicts between the different activities and harm the marine 
ecosystem of the GoB. The SmartSea project aims to identify these risks and find 
solutions for the sustainable use of the sea, and the project has already produced 
new detailed information on seabed structures and sediment dynamics in the GoB. 
The end products of the SmartSea project will include the MSP Toolbox used in 
maritime spatial planning, spatial estimation of the effects of climate change on 
the GoB region, and guidelines for the sustainable use of marine mineral resources 
and seafloor deposits.

The SmartSea project is funded by the Strategic Research Council of Academy of 
Finland, grant No: 292 985. The project will last for six years (2015–2020) and its 
funding totals nearly 8 million euros. The project involves close to 40 researchers 
from eight different institutions: the Finnish Meteorological Institute (coordina-
tor), the Finnish Environment Institute, the Natural Resources Institute Finland, 
the Geological Survey of Finland (GTK), VTT Technical Research Centre of Finland, 
the Universities of Helsinki and Turku, and the Swedish Meteorological and Hydro-
logical Institute (SMHI). 
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U-Pb DATING OF HYDROTHERMAL MONAZITE AND 
XENOTIME FROM THE LEVIJÄRVI-LOUKINEN GOLD  
DEPOSIT, CENTRAL LAPLAND GREENSTONE BELT, 

NORTHERN FINLAND

by
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Alexander Middleton
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E-mail: matti.kurhila@gtk.fi 

The Palaeoproterozoic Levijärvi-Loukinen gold deposit is located ~145 km north of 
the Arctic Circle in Northern Finland. The deposit consists of four S-dipping ore 
bodies situated along the E–W-trending Sirkka shear zone (SSZ) in the Central Lap-
land greenstone belt. The deposit is multimetallic, being rich in Cu, Fe, Ni and Co, 
besides Au. The main ore minerals are pyrrhotite, chalcopyrite, pyrite, arsenopyrite 
and gersdorffite. Gold primarily occurs as native grains enclosed in vein-filling 
sulphide and gangue minerals, mostly arsenopyrite (Holma & Keinänen 2007). We 
report U-Pb ages of monazite and xenotime intergrown with vein-filling ore and 
gangue minerals, thus dating the actual ore-forming process. 

Samples were collected from drillcores R511 and R521 from the Loukinen lode. 
In these drillholes, the host rock of the mineralization is a peridotitic komatiite 
of the Sattasvaara formation (Savukoski group), within the SSZ, just north of the 
quartzite-conglomerate of the Levi formation (Kumpu group). 

Out of dozens of polished thin sections, nine contained monazite or xenotime 
crystals large enough (over 20 µm diameter) for U-Pb dating. The grains were located 
and imaged with a scanning electron microscope, and their elemental composition 
was analysed with an electron microprobe. Age determinations were subsequently 
performed with a laser ablation single collector ICP mass spectrometer.

Xenotime crystals are mostly interstitial between quartz, carbonate and chlor-
itized biotite in the veins. We also identified the occurrence of a native gold inclusion 
in a xenotime grain hosted by pyrrhotite. Xenotime is internally quite homogeneous, 
with very little textural zoning. Y is the most abundant cation, with Y2O3 concen-
trations ranging from 41.5% to 44%. MREE and HREE contents (Gd, Dy, Er, Yb) are 
between 3% and 6%, and are very constant across different samples. All xenotime 
grains, including the gold-bearing one, yielded U-Pb ages of around 1.79 Ga.

Monazite occurs in three different types of mineral associations and is character-
ized by a significant range in REE concentrations. Overall, the monazite composi-
tions are typical for hydrothermal origin, as they are rich in La and Ce compared to 
heavier REEs, and poor in Th (Chen & Zhou 2015; Schandl & Gorton 2004). There is 
a strong negative correlation between La and all analysed medium and heavy REEs, 
whereas Ce variation is more irregular. 

The oldest monazite crystals occur in albite-bearing veins, along the grain 
boundaries of the vein-filling albite and quartz. These veins also contain altered 
and disintegrated mica schist fragments hosting monazite. Three analyses from 
these types of monazite provide a concordant U-Pb age of ~1.90 Ga. Another group 
of monazite grains is hosted by barren quartz veins and their sericitic alteration 
halos. The concordant analyses of monazite related to quartz veins yield ages scat-
tered between 1.86 and 1.84 Ga (weighted average 207Pb/206Pb age is ~1.86 Ga). The 
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coarse-grained, late stage biotite and chlorite, filling up cavities and intergranular 
spaces together with sulphide minerals in quartz-carbonate veins, host monazite 
with concordant U-Pb ages of ~1.78 Ga (Fig. 1). 

The results of our studies are comparable with those obtained from xenotime 
and monazite in samples of the Iso-Kuotko deposit located ~30 km NE of Levijärvi, 
along the Kiistala Line (Middleton et al., 2016). Thus, it appears that multiple pulses 
of hydrothermal fluid flow in a time span of about 120–130 Ma occurred along the 
major structural zones in the Central Lapland greenstone belt. 

This work is a contribution to the MinSysPro project supported by the Academy 
of Finland (project No. 281670).
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Fig. 1. A compilation of U-Pb ages of the Levijärvi-Loukinen gold deposit. Key to the 
colours of the error ellipses: 1) open red – discordant monazite, 2) filled red – concord-
ant monazite, 3) filled pink – combined monazite concordia age, 4) open grey – dis-
cordant xenotime, 5) open blue – concordant xenotime, 6) open light blue – combined 
xenotime concordia age.
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SHALLOW AQUIFER IN KARHINKANGAS ESKER,  

FINLAND, BASED ON THE ANALYSIS OF  
MONITORING DATA

by
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The water quality of the shallow permeable aquifers in Finland is vulnerable to change 
due to the effects of the natural factors such as groundwater recharge and human 
activities such as the pumping rate or the existence of contamination in aquifer 
areas. There is an urgent need to understand the geochemical evolution processes 
and the movement of solutes in the groundwater flow system under the different 
factors and processes and from both natural and anthropogenic sources that affect 
groundwater quality. This study aimed to investigate the factors influencing the 
chemical composition of groundwater and groundwater evolution under the dif-
ferent recharge and pumping rates in the case study area, which was the shallow 
sand and gravel aquifer in the Karhinkangas esker, located in the southern part of 
central Finland. This paper summarises the preliminary results of the integration 
of conventional geochemical analysis, multivariate statistical analysis (hierarchical 
cluster analysis (HCA) and principal component analysis (PCA)) and a 1D geochemical 
PHREEQC model, based on the hydrogeochemistry, stable isotopes →2H and →18O in 
water samples, the pumping rates and field monitoring data during 2011–2013. The 
results from this study will be used in the subsequent construction of a 3D reactive 
transport model of the study area.
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2.5D OPEN SOURCE MODELLING OF ROCK  
AGGREGATE RESOURCES IN THE HELSINKI  

METROPOLITAN AREA

by

Samppa Mäkelä
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P.O. Box 64, FI-00014 University of Helsinki, Finland
E-mail: samppa.makela@iki.fi

The objective of this study is to develop a method for appraising the volume of avail-
able rock aggregate resources, i.e. crushed rock and gravel for construction purposes, 
in a given area in Finland using open data and open access tools. Aggregates are a 
resource whose availability in Finland is mostly determined by competing land use 
and restrictions on extraction, as well as the proximity of resources to their end 
use point. Therefore, it is important to determine the extent of available resources, 
especially near areas of high demand. This is why the chosen study area consists of 
the 14 counties in and around the Helsinki metropolitan area.

The data for this study are open access materials provided by the Geological 
Survey of Finland and the National Land Survey of Finland. These data are com-
bined in a geographical information system (GIS) used to identify the locations 
where extraction of aggregates is possible based on the geology and land use, as 
well as the highest and lowest point of possible extraction. These results are used 
to provide an estimate of the available resources, as well as to locate the possibly 
economically feasible, large locations.

According to the results, competing land use has prevented access to  most of 
the potential aggregate locations in and near the Helsinki Metropolitan area. The 
remaining locations are concentrated on the far edges of the study area. However, 
some potential sites remain. The results are compared to previous studies on rock 
aggregates in the area (Grönholm 200 A, B, Vuokko 2004), as well as international 
GIS evaluations of aggregates (Robinson & Larkins 2007, Robinson et al. 2004). 
Field evaluations of chosen locations show that the method is sound and able to 
locate possible localities.

The model provides a fast and cost-effective means for determining possible 
aggregate locations and volumes on a coarse scale. However, field studies will be 
required to determine the aggregate quality in each location. Thus, the model is 
best used to focus expert fieldwork on likely locations. The advance of competing 
land use in the metropolitan area continues to prevent access to new locations, 
thus extending transport distances of aggregates. This will drive up construction 
costs, as transport is the largest factor in the unit price of aggregates. To avoid 
this and further economic and ecological damage, a comprehensive plan should be 
implemented for securing this resource for future use. This plan may include the 
reserving of locations for aggregate production, reducing the need for aggregates, 
checking the legislation that controls aggregate production and, finally, recycling 
used aggregates.
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Since the national mapping of acid sulphate (a.s.) soils in Finland started 2009, 
coarse-grained (d50% grain size ≥ 63µm) hypersulphidic material (i.e. soil material 
with sulphidic S ≥ 100 mg/kg and a pH < 4.0 upon oxidation) has attracted research 
attention. We intend to quantify the acidity potential and metal leaching capabilities 
of these hypersulphidic coarse-grained a.s. soil materials by conducting leaching 
experiments (cf. Åström & Björklund 1996) according to the analytical procedure 
presented in Figure 1 (Mattbäck et al. in prep). In this procedure, small portions of 
soil materials are oxidized with atmospheric oxygen at room temperature (incuba-
tion) and then leached with deionized water. The electronic conductivity (EC) of 
the leachates is then measured. The aim is that EC could serve as a quick test for 
the assessment of the total amount of ions released upon oxidation, substituting 
expensive ICP-OES analyses. The leachates are, however, also being analysed with 
ICP-OES in order to quantitatively and qualitatively determine the leachable ele-
ments, for comparison with the EC measurements. In addition, the pH and acidity of 
the leachate are being determined in order to assess the acidity released to the liquid 
phase from the oxidized soil. In parallel to the leaching experiments, duplicate soil 
samples are being analysed for the titratable incubation acidity (TIA; in develop-
ment by Peter Österholm and his research team (Österholm & Nystrand in prep)) at 
specific time intervals, in order to determine the acidification rate and the amount 
of acidity in the oxidized soil. Adding to this, the aqua-regia leachable portion of 
trace and major elements in the soil samples have been analysed with ICP-OES. A 
sulphur speciation distillation method has also been utilized on frozen and reduced 
soil samples in order to quantify the reduced sulphur species.

Preliminary results (Mattbäck et al. in prep) indicate that the sulphur is in its 
reduced form in the unoxidized soil samples, of which several are hypersulphidic. 
The results show that sulphur has been extensively leached from the oxidized por-
tions of the coarse-grained a.s. soil profiles, which therefore lack thionic horizons 
(i.e. pH < 4.0), in accordance with previous studies (Mattbäck et al. in review). 
However, the EC of the leachates from coarse-grained a.s. soils is significantly 
lower than that of fine-grained a.s. soils, indicating that the leaching of acidity 
and potentially harmful elements from coarse-grained a.s. soils is less than from 
fine-grained a.s. soils.
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Fig. 1. Analytical procedure for the leaching experiments and acidity characterization 
used for assessment of the acidifying potential of coarse-grained acid sulphate soils 
(Mattbäck et al. in prep).
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Shock-darkening in ordinary chondrites is a partial melting of metals and iron 
sulphides filling cracks within silicate grains (Kohout et al. 2014 and references 
therein). It leads to optical darkening, making asteroid classification more difficult 
(DeMeo et al. 2009, DeMeo & Carry 2014). In such cases, S-type asteroid (chondritic 
silicate composition) spectra look like C-type asteroids (associated with carbona-
ceous chondrites).

To study the pressure and temperature conditions under which this process occurs, 
we used the shock physics code iSALE (Wünnemann et al. 2006, Moreau et al. 2017). 
The mesoscale approach of a 2D planar shock wave was used. We implemented a 
sample plate bearing iron and troilite grains that was shocked at a constant pres-
sure (nominal pressure). 

We used post-shock temperatures (PSTs) relative to the recorded peak shock pres-
sures in order to study the melt fractions of olivine, iron and troilite. We modelled 
each ordinary chondrite type (H, L and LL) with the iron/troilite particle distribution 
following the composition of ordinary chondrites.

Figure 1 presents an example of release states (in sample plate) of H, L and LL 
ordinary chondrites at 51 GPa of nominal pressure. General modelling results in H, 
L and LL ordinary chondrites indicate that:
•	 Troilite starts to melt at ~40 GPa, with complete melting at 50 GPa of nominal 

pressure. It melts as a consequence of a shock wave-induced increase in en-
tropy (pure shock melting).

•	 Iron starts to melt at 50–58 GPa of nominal pressure to a few percent due to 
strong reflections and the specific disposition of the particles. When iron grains 
are somewhat aligned, the pressure inside iron grains is enhanced due to strong 
reflections colliding.

•	 Olivine starts to melt at ~50 GPa of nominal pressure due to strong reflections 
at iron grain boundaries, and it is positively correlated with the iron content. 
PSTs in olivine are also positively correlated with the porosity value in olivine. 
Alternative results with olivine showed that pore space closure in the sample 
plate creates hot spots and triggers a localized melt of olivine at lower pressures 
(~45 GPa).

Our results demonstrate that shock darkening occurs from 40 GPa to 50 GPa with 
the complete melting of troilite. Melting of iron, also observed in the melt veins of 
shock-darkened ordinary chondrites, is possible if other effects can be taken into 
account, which are frictional heating, the Fe-FeS eutectic point, heat transfer at 
release and elongation of grains. The latter was tested and showed strong depend-
ence in the pressure on the elongation or orientation of the grains.
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Fig. 1. A set of visual results at 51 GPa nominal pressure. Iron is delineated in green and 
troilite in blue at the peak shock pressure and in PST panels.
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THE MINERALOGY OF THE MAIN DEPOSITS
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Many iron oxide deposits have been reported since the 1950’s in the Tiris region, in 
Mauritania  and Western Sahara. Moreover, high-grade hematitic iron ores (or BIF, 
containing 60–65 wt% Fe) of Lake Superior-type iron deposits have been mined in 
Mauritania since 1952 in the F’derik-Zouérate district, close to the borderline with 
the Western Sahara. Unfortunately, the equivalent iron deposits of the Western 
Sahara have not been characterized until the present, mainly because of the politic 
conflict in the area. Hence, the occurrence of these outcrops in the Western Sahara 
opens new interesting metallogenetic targets.  The aim of this work is to provide 
new data on the distribution, classification and the mineralogy of the main deposits. 

In accordance with the age of the deposits, five main groups can be established 
(Fig. 1):
BIF associated with Archean Greenstone Belt (Jneifisat) 
They occur in the Jneifisat zone, and are hosted by the Greenstone belt units of the 
Auserd domain (Lower Archean). They are affected by high grade regional meta-
morphism, and all show lepidoblastic texture and are made up by magnetite and 
quartz. Quartz content is very high, around 65%, and it occurs in small bands or 
metamorphic rods.

BIF from the Rich Anajim Complex (Bu Daira) 
Rich Anajim is described as a major zone of shearing and imbrication in the Bu 
Daira domain, ca. 240 km long and up to 13 km wide. Approximately 70 km are in 
the Western Sahara territory. These deposits are interbedded with Eburnean vol-
canosedimentary series afected by migmatitization. In some cases they are very 
massive, as in the Bu Daira Ranges, and the content in Fe oxides (magnetite) may 
reach the 75% in volume.

BIF deposits in the Miyec domain (Farfarat, Aglab Haulia, Tuezarfaten, Gleibat Barca, 
Galb Fula): 

These deposits are hosted in the highest part of the Archaean series, comprising 
paragneiss, metabasites and some marble beds, metamorphosed in amphibolite 
facies. The most important deposit of this type is found at El Farfarat, NW of Miyec, 
although there are many other mineralized units in different levels of the series. 
Some noticeable outcrops can be distinguished in Gleibat Barca, Gleibat Haulia 
Gleibat Barca, Aglab Haulia and several outcrops in the vicinity of Miyec. The thick-
ness of these BIF is very variable. 

mailto:slehbib@ub.edu
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These deposits have contents of Fe slightly higher than the above mentioned, up 
to 60%; quartz contents are between 20 and 40%. However, some outcrops can be 
constituted by massive magnetite, as in Galb Fula (more than 75 %, accompanied 
by small amounts of quartz. Other minerals, as siderite and grunerite, may appear 
in small amounts, as in Galb Tikit, Galb Mussa and Tuezarfaten. 

Mauritanides (Agracha, Gleibat Lafhouda and Galb Auhaifrit):
Most of the magnetite bodies in this domain occur as lenses in strongly deformed 
and metamorphosed carbonatites of different ages (as in Gleibat Lafhouda) or in the 
vicinity of carbonatitic bodies, thus suggesting a common origin, as in Aghracha. 
Agracha. However, some deposits in the Galb Auhaifrit area are BIF associated with 
volcano-sedimentary series.

Devonian oolitic ironstone deposits (Erni and El Hammra):
Oolitic iron ore occurs within the Early Devonian sediments of the Tindouf Ba-
sin (Western Sahara), particularly in the area of Erni and El Hammra. The un-
deformed and unmetamorphosed oolitic sediments are continuous along 
hundreds of kilometers and show a mineralogy marked mainly by magnet-
ite, hematite, goethite, maghemite, chamosite, siderite, apatite and quartz. 

Fig. 1 Simplified geology of the Western Sahara showing  locations of mineral deposits 
occurrence mentioned in text.
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REMOTE SENSING OF RAPIDLY CHANGING SNOW  
REGIMES IN NORTHERN SCANDINAVIA

by 
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FI-00014 Helsinki, Finland
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The Arctic climate is warming at twice the global rate, and winter temperatures are 
increasing even faster. Snow is one of the most important determinants of biogeo-
system functions in arctic and alpine tundra, where snow dominates the landscape 
for most of the year. Snow has a strong regulatory effect on local hydrology, soil 
temperature, permafrost, carbon and nutrient cycling, primary production and the 
distribution of vegetation types (Bokhorst et al. 2016). 

Snow cover thickness and duration are sensitive indicators of climate change 
(Callaghan et al. 2011), but snow data provided by climate stations are biased towards 
flat areas and close proximity to human settlements. Therefore, a wide range of 
snow accumulation regimes, especially in the sparsely populated arctic tundra, 
are not represented in climate station data. Remote sensing provides repeated 
information on the cryosphere at multiple scales of space and time. However, most 
snow-related remote sensing studies have used satellite instruments with a very 
coarse resolution (1–35 km), which is not suitable for detecting the distinct local 
heterogeneity of snow accumulation.

Here, we present results on recent (from 1984 to 2016) snow regime changes in 
northern Scandinavia by using relatively fine resolution (30 m) Landsat satellite 
imagery. While snow persistence has not changed in naturally early melting sites, 
earlier melting has been dramatic in late-melting regions and snowbeds. Hydro-
logical conditions will be disturbed in catchments where latelaying snowbeds have 
previously provided meltwater until late summer. Changing snow patterns will also 
alter the distribution of vegetation types and therefore have drastic consequences 
for biogeochemical cycles of the tundra.
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Fig 1. Late melting sites in Rastigaisa area, Finnmark, Norway. Dark blue areas rep-
resent the most extreme snowbeds (melt later than end of July) and lighter blue  
areas the moderate snowbeds (melt during July). The size and amount of snowbeds have  
decreased dramatically during the last three decades. Maps are from binomial GLM 
models and represent the general trend in snow persistence, not the exact observed 
snow pattern for individual years.
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OLIVINE MACROCRYST COMPOSITIONS AS A PROXY 
FOR LITHOLOGICAL HETEROGENEITY IN THE MANTLE 
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by
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Olivine is usually the first mineral to crystallize from a primitive mantle-derived 
magma. Consequently, the major and trace element ratios in first-formed (high-Fo) 
olivine crystals can be used to estimate the composition of the initial partial melt. 
Moreover, the nature of the initial partial melt is a useful constraint on the mantle 
composition and conditions of mantle melting.

Olivine macrocrysts from many OIBs have unusually high Ni, but low Mn and Ca 
contents. This chemical characteristic has been attributed to an olivine-free garnet-
pyroxenite lithology in the mantle source (Sobolev et al. 2005). Low-degree partial 
melts of mantle pyroxenite are expected to be high in Ni due to the absence of olivine 
in the source, and Mn- and Ca-poor, as the abundant garnet and clinopyroxene 
in the residuum sequester these elements during melting. According to the model 
of Sobolev et al. (2005), mantle pyroxenite lithology is generated when mantle 
peridotite reacts with silicic melts derived from subducted recycled oceanic crust. 

Using Ni, Mn and Ca contents in olivine as a proxy, Sobolev et al. (2007) quan-
tified the proportion of pyroxenite in mantle melting for various mid-oceanic 
ridges, ocean islands and large igneous provinces. One of their study locations was 
Iceland, and a ~20% contribution of pyroxenite-derived melts was approximated 
for Icelandic magmatism. However, in later studies, the necessity of pyroxenite in 
the mantle beneath Iceland has been questioned (e.g. Shorttle & Maclennan 2011, 
Herzberg et al. 2016). In particular, Herzberg et al. (2016) indicated that the olivine 
compositions from Iceland are, in fact, consistent with models of crystallization 
from peridotite-derived parental melts, when the effects of magma mixing before 
olivine crystallization, and uncertainties in the melting conditions, are taken into 
account.  

Despite the continuing debate regarding the mantle lithology below Iceland, only 
few results from olivine major and trace element analyses of Icelandic extrusive 
rocks have been published since the work of Sobolev et al. (2007). To better define 
the variability in olivine trace element compositions in different volcano-tectonic 
environments in Iceland, we are conducting new high-precision microprobe analyses 
of olivine. The six locations chosen for the study are Mosfellsheiði and Háleyjabunga 
in southwestern Iceland, Búðahraun and Berserkjahraun on Snæfellsness peninsula, 
Eyjafjöll in southern Iceland, and Kistufell in the central highlands. 

Currently, olivine macrocryst compositions from Mosfellsheiði, Háleyjabunga 
and Eyjafjöll have been analysed. Olivine compositions from Mosfellsheiði and 
Haleyjabunga are consistent with crystallization from a peridotite-derived primitive 
magma. In contrast, we identified a Fo87.7–89.8 olivine population (n = 25) from Eyjafjöll 
with an average trace element composition of 2835 ± 196 ppm Ni, 1981 ± 230 ppm Ca 
and 1122 ± 53 ppm Mn (1→ STD). Twenty per cent of these olivine macrocrysts have Ni 
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>3000 ppm, which is higher than in nearly all olivine earlier reported from Iceland. 
Also, the average Fe/Mn ratio (Fe/Mn = 73 ± 2, 1→ STD) of the olivine population is 
higher than expected to crystallize from a normal peridotite-derived partial melt 
(Fe/Mn = 60–70). These observations suggest that there might be some pyroxenite 
in the mantle below Iceland. Because of the strong temperature dependency on 
the partitioning of Ni between olivine and liquid, the parental melt of the Eyjafjöll 
olivine macrocrysts could also originate from relatively deep (high-T, high-P) 
mantle. Further analyses are being conducted to refine and confirm our findings. 
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FORECASTS OF ARCTIC-ALPINE REFUGIA PERSISTENCE 
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Refugia, sites preserving conditions reminiscent of suitable climates, are projected to 
be crucial for species in a changing climate, particularly at high latitudes. However, 
knowledge of the current locations of high-latitude refugia and particularly their 
ability to retain suitable conditions under future climatic changes is limited. The 
occurrences of refugia have previously mainly been assessed and modelled based 
on climatic features alone, with insufficient attention being paid to potentially 
important landscape-scale factors. Here, climate-only models and ‘full’ models 
incorporating topo-edaphic landscape-scale variables (solar radiation conditions, 
soil moisture and calcareousness) were developed and compared for 111 arctic-alpine 
plant species in Northern Fennoscandia. This was done for both current and future 
climates to determine cells with resilient climatic suitability harbouring refugia. 
According to our results, topographic and edaphic landscape-scale predictors both 
significantly improve models of arctic-alpine species distributions and alter the 
projections of refugia occurrence (see Fig. 1). The predictions of species–climate 
models ignore landscape-scale ecological processes and may thus provide inaccu-
rate estimates of extinction risk and forecasts of refugia where species can persist 
under a changing climate.
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Fig. 1. Refugia in two representative concentration pathway (RCP) scenarios of the fu-
ture climate (RCP 4.5: a–b; RCP 8.5: c–d) according to base models (climate only: a,c) and 
full models (climate plus landscape: b, d). The full models incorporating topographic 
and edaphic properties predict higher relative species persistence from contemporary 
to future climates. No refugia were predicted for scenario RCP 8.5 by the base model.
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LANDSLIDES IN NORTHERN FINLAND:  

RELEVANCE TO NEOTECTONIC INTERPRETATIONS
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Northern Fennoscandia has experienced high-magnitude (M ≈ 7–8.2) late- or/and 
postglacial earthquakes attributable to the release of increased flexural stresses 
during or after the retreat of major continental glaciers (Arvidsson 1996). LiDAR 
technology has enabled detailed delineation of postglacial fault (PGF) scarps, typically 
manifested by sharp discontinuities and offsets within glacial sediments (Mikko et 
al. 2015, Palmu et al. 2015). A growing database of PGFs, landslides and other second-
ary morphological features of Quaternary deposits related to late- and postglacial 
seismicity in Finland has been based on a systematic screening of LiDAR DEMs 
(Palmu et al. 2015). This work and previously published information (e.g. Kujansuu 
1972 Sutinen et al. 2014) has generated a set of about 120 landslides in northern 
Finland that are spatially associated with PGFs and considered to have formed dur-
ing palaeoearthquakes. They can be characterized and studied with high-resolution 
LiDAR-based digital elevation models (DEMs). 

This paper describes an updated inventory of landslides in the vicinity of PGFs 
in northern Finland and analysis of their geometric characteristics and spatial 
distribution against the locations of known PGFs. We used ArcGis (©ESRI) spatial 
analyst tools and the natural neighbour function to interpolate a representative 
pre-landslide terrain surface for all sites. These modelled surfaces were then used 
to provide information on the area, volume, direction and slope of the ruptured 
terrain, as well as the type of landslide based on the mode of mass movement. In 
addition, we investigated volume–distance relationships between the landslides and 
PGFs and assessed whether the data can be used in the assessment of earthquake 
magnitudes and the radius of influence of earthquakes with respect to surface 
shaking effects. 
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FennoFlakes is an interdisciplinary project aiming to distinguish and character-
ize potential flake graphite occurrences in Finland. The purpose is also to extract 
graphene from the flake graphite and test it in different applications. Graphite 
and graphene have very good heat resistance and are very good conductors, and 
can therefore be utilized in applications such as batteries and electronics (Singh 
et al. 2011). Piippumäki (Southern Savonia) is one of several areas that are being 
studied in more detail in the project. The bedrock in Piippumäki mostly consists 
of mica and quartz-feldspar gneiss and amphibolite, with graphite-bearing parts 
in the gneiss. The area has been metamorphosed in upper amphibolite facies. The 
graphite in Piippumäki is flaky and up to 1 mm in size. The graphite appears to be 
the conductor for the electromagnetic anomalies that stretch over the area, which 
is approximately 1.5 km wide. 

The graphite occurrence in Piippumäki has been studied during several field 
periods by geological mapping and sampling in combination with electromagnetic 
surveying across the area by Slingram and Minislingram. The electromagnetic 
survey implied that the graphite appear in the bedrock as layers of different sizes. 
The graphite-bearing rocks have been examined in detail in thin sections and by 
SEM, XRD and Raman spectroscopy. According to the analyses (Raunio 2015), the 
graphite flakes are of good quality, with only minor or few defects. 

For extracting a pure graphite concentrate, the graphite-bearing rocks have been 
fragmented by selective fragmentation (selFrag) and enriched using a shaking table 
and froth flotation. To determine the carbon content at different stages in the pro-
cess, CHNS has been used. The initial material has a carbon content of 8.53%, after 
enrichment using a shaking table the content is 22.5%, and after flotation 80% at 
its best. The size fraction 250–125 µm appears to have the highest carbon content.
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PRECAMBRIAN SUPERCONTINENTS:  
CURRENT STATUS AND REMAINING QUESTIONS 

by
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The role of supercontinents in understanding the geological evolution of the planet 
Earth has recently increased. Geological observations indicate that the Phanerozoic 
supercontinents Pangea and Gondwanaland were preceded by several Precambrian 
continental assemblies. The most widely discussed are late Archaean-early Palaeo-
proterozoic supercontinents such as Kenorland (composed of three smaller super-
cratons called Ur, Atlantica and Nena), various versions of Columbia/Nuna in the late 
Palaeoproterozoic-early Mesoproterozoic and Rodinia in the latest Mesoproterozoic-
Neoproterozoic (shown in Fig. 1). 

Several observations provide hints of old supercontinents: (i) ancient orogenic 
belts that appear to encircle the cores of the cratons, (ii) diverging palaeomagnetic 
polar wander paths, (iii) huge mafic dyke swarms fanning into mantle plumes, (iv) 
the existence of ophiolite formations within cratons, (v) curious isotopic (e.g., 13C) 
excursions, (vi) seismic data showing either traces of crustal slices subducted into 
the mantle or seismic shear velocity anomalies bordering the cratons, and other 
evidence (Pesonen et al. 2012 and references therein).

Palaeomagnetism is the only quantitative way to reconstruct the movements of 
the ancient lithospheric pieces. It is based on the assumption that the past geo-
magnetic field was due to a geocentric axial dipole (the GAD assumption). I will 
first summarize new results on testing the validity of the GAD model. These show 
that, unlike in previous studies, the GAD model works out very well during most 
of Precambrian times, and thus allows palaeomagnetic techniques to be used in 
reconstructing the cratons back in time. I then provide a review of the Precambrian 
supercontinents with a special focus on palaeomagnetic reconstructions.

The Precambrian supercontinents (Kenorland, Nuna and Rodinia) will be tested 
using geological continuations such as orogenic belts, mafic dyke swarms, rifts, 
gigantic fracture zones and rapakivi and kimberlite corridors. On the other hand, 
the palaeomagnetically derived latitudes will be tested using latitude-dependent 
sedimentary data.

The results strongly support the view that ancient cratons did move horizon-
tally and occasionally amalgamated into supercratons and supercontinents. There 
appears to be a ca. 500 Ma cyclicity in supercontinent formation, although the 
sparsity of data makes this conclusion uncertain. Moreover, the life spans of super-
continents appear to vary, as also do their break-up eras. The palaeomagnetic data 
alone do not answer the question of whether the formation of supercontinents or 
their subsequent break-up occurred by classic plate tectonism, by lid tectonics or 
by some other tectonic style. To resolve, this we need high-resolution seismic sur-
veys, coupled with gravity, magnetic and magnetotelluric data across the current 
cratons. Another problem is visible in the patterns of the apparent polar wander 
paths of the cratons, since they occasionally reveal strikingly similar segments, 
suggesting a common source called true polar wander (TPW).
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Tracing supercontinents resembles a puzzle game where ancient cratons are the 
game pieces, geophysicists are the players and the rules come from the dynamic 
and kinematic features of the Earth. 

Fig. 1. The palaeomagnetically derived supercontinent Rodinia at 1.04 Ga. A Australia, 
I India, T Tarim, NC North China, S Siberia, L Laurentia, K Kalahari, C-Sf Congo-Sáo 
Fransisco (shown in two possible scenarios), Am Amazonia, B Baltica, WA West Africa. 
Modified after Pesonen et al. (2012).
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Palaeoproterozoic layered mafic intrusions in north-central Finland and its vicin-
ity belong to a global ~2.5 Ga cratonic igneous event of mafic intrusions and dyke 
swarms. In Finland, these intrusions are found in the ~E–W, 300-km-long Tornio-
Näränkävaara belt, which follows a nonconformity between Archaean basement and 
Palaeoproterozoic supracrustal rocks. U-Pb ages of these intrusions and associated 
silicic plutons range from 2450 to 2430 Ma (Alapieti 1982, Amelin et al. 1995, Lauri 
& Mänttäri 2002), and the magmatism is thought to mark the initial stages of con-
tinental rifting (e.g., Piirainen et al. 1974).

Exposed parts of the Koillismaa-Näränkävaara layered igneous complex (east-
central Tornio-Näränkävaara belt) include the Koillismaa intrusion in the west, which 
crystallized as a large, ~3-km-thick body, and the largely ultramafic Näränkävaara 
intrusion in the east. The former was later disrupted into discrete tectonic blocks. 
The Koillismaa intrusion comprises a 50 to 100-m-thick, reversely zoned marginal 
series and a ~3000-m-thick layered series divided into three zones (lower, middle, 
upper). The layered series contains ubiquitous cumulus plagioclase, olivine was on 
liquidus in the lower zone and augite and inverted pigeonite in the middle zone. The 
upper zone is leucogabbroic and includes a plagioclase-magnetite-augite cumulate 
(magnetite gabbro) that was exploited for vanadium in the 1970s and 80s. In the 
stratigraphically central part of the layered series, fine-grained, equigranular, 
noncumulus textured gabbroic (microgabbronoritic) inclusions are found. These 
range from a few centimetres to a few metres in diameter, delineate a ~20-m-thick 
zone that parallels igneous layering, and are associated with reef-type sulphide-
PGE enrichments (Karinen 2010). The layered blocks of the Koillismaa intrusion 
are also associated with Palaeoproterozoic silicic volcanic/subvolcanic and plutonic 
rocks (Lauri & Mänttäri 2002, Lauri 2004).

We report Nd and Sr isotope data on one of the layered blocks of the Koillismaa 
intrusion (Porttivaara), microgabbronorite inclusions, and an enigmatic gabbroic 
body (Soukeli) from the southern flank of the Porttivaara block. The layered series 
is astonishingly uniform with initial εNd values of -2.1 (lower-zone gabbronorite) 
to -0.8 (upper-zone magnetite gabbro) and Sri from 0.7017 to 0.7034. Compared to 
the layered series, the microgabbronorites have slightly lower contents of radio-
genic Nd isotopes and somewhat more radiogenic Sr isotopes (εNd -3.3 to -1.7; Sri 
0.7027 to 0.7030), whereas the Soukeli gabbros are clearly more unradiogenic in  
Nd (εNd -6.4 to -4.5) and more radiogenic in Sr (Sri 0.7029 to 0.7069). In an eNd vs. 
Sri diagram (Fig. 1a), the layered series shows a near-bulk-earth signature, but the 
Soukeli gabbros are clearly more “ancient” in terms of these two isotope systems. 
Comparison with the local Archaean crust [εNd (at 2440 Ma) ~ -8.5 to -5; Fig. 1b] 
suggests that the magmas from which the layered series crystallized were, although 
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relatively evolved (Karinen 2010), not substantially contaminated by Archaean Nd 
during transit and emplacement. These magmas may have been derived from a 
roughly chondritic sublithospheric mantle with εNd ~ -1.5 and Sri of ~0.7030 at 2440 
Ma. The Soukeli gabbros, which contain (presumably xenocrystic) ~2.7 Ga zircon 
(Alapieti 1982), fall in the more radiogenic part of the evolution path of the Archaean 
crust (Fig. 1b), and may reflect the isotopic composition of an Archaean lithospheric 
mantle source tapped in the initial stages of the ~2.5 Ga rifting process. In view of 
the Nd-Sr isotope data, the origin of the microgabbronorites remains unresolved.

Fig. 1. Initial isotope composition of Porttivaara layered series, microgabbronorites, and 
Soukeli gabbros in (a) εNd vs. Sri and (b) εNd vs. age diagrams. CHUR and UR are, respec-
tively, the chondritic uniform reservoir and the Sr uniform mantle reservoir of DePaolo 
and Wasserburg (1976). Depleted mantle in (b) is according to DePaolo (1981). External 
2σ error on εNd is indicated.
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Warming temperatures over the Anthropocene have resulted in ecological reorgani-
zations and alterations in aquatic carbon cycling in remote lakes across the circum-
polar Arctic. However, the underlying mechanisms remain poorly understood. In 
this study, diverse biogeochemical and palaeobiological methods were employed on 
a high-resolution sediment record covering the past ~600 years to examine tempo-
ral changes in the aquatic carbon dynamics and ecological functioning of a shallow 
oligotrophic lake in northern Finland prior to and during anthropogenic warming. 

A chironomid-based summer air temperature reconstruction closely tracked the 
established climate patterns of the late Neoglacial, displaying a transition from 
the Medieval Warm Period to the Little Ice Age and subsequent warming over the 
20th century. Parallel variation in the stable isotopic composition of the sediment 
organic matter depicted increased aquatic production over the warm intervals, 
mirroring enhanced aquatic production under a lengthened growing season and 
improved light supply. Elevated organic carbon accumulation rates were similarly 
associated with the warm periods, affected both by changes in aquatic production 
and catchment carbon fluxes. A distinct increase in elemental carbon concentrations 
in the sediment, together with high UV transparency inferred from photoprotec-
tive pigmentation in the sedimentary remains of benthic microfauna (Cladocera), 
implied that the 20th century increase in carbon sequestration was primarily derived 
from elevated aquatic production rather than an increased terrestrial influence. The 
temperature-induced changes in lake ice cover further controlled the composition 
of benthic algal (diatom) communities, which responded to associated alterations in 
habitat availability and the lake water acid-base balance. The fluctuations in primary 
production were also reflected higher up the food web, displayed as changes in the 
carbon utilization of benthic microfauna as evidenced by stable isotopic fingerprints 
in their sedimentary remains. 

Our results underscore the tight coupling between temperature variability, the 
structure and productivity of aquatic communities, and carbon dynamics in shal-
low and unproductive lakes. The results contribute to our understanding of the 
impacts of the ongoing warming on the functioning of sensitive northern lake 
ecosystems, indicating that warming temperatures have provoked a myriad of 
biotic responses and have increased carbon sequestration in the studied lake over 
the past century. Considering the vast abundance of similar shallow oligotrophic 
lakes across polar regions, the results also carry implications for the regional and 
global carbon balance.
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Low altitude thermal infrared (TIR) imagery has been proved to be a useful and 
applicable tool to locate groundwater discharging into the terrestrial and aquatic 
environments (eg. wetland, riparian and shoreline areas, rivers and lakes). Heli-
copter based TIR imagery is cost-effective and rapid method (80 km/h) to map the 
groundwater dependent ecosystems (springs, groundwater seepage and groundwater 
fed surface water bodies) in favorable imagery conditions i.e. enough temperature 
contrast between groundwater and soil surface or surface water exists. In Finland, 
the ideal TIR imagery conditions due to the maximum annual temperature difference 
between groundwater (+4–+6 º C) and surface water (> + 15 º C) exists on summer.

The manual post-processing of large TIR datasets is time-consuming and 
expertise of TIR technique (TIR camera properties, flight conditions, atmospheric 
variables, reflections and properties of the surveyed water body) is needed. The 
automatization of data processing would save time and improve effectivity com-
pared to manual data processing. Helicopter based TIR imagery has good ground 
resolution for mapping purposes as with flight altitude of 200 meters above ground 
level (m a.g.l.), the TIR camera (320 × 240 pixels) gives ground resolution of 0.13 m.

In recent years, the technological advances of unmanned aerial vehicles (UAVs) 
have also allowed their utilization for TIR imagery. However, the areal coverage 
is considerably smaller and survey duration is longer with UAVs due to the lower 
ground speed compared to the helicopters. UAVs are capable to fly considerably fast 
(50 km/h) with payload but the TIR data quality will deteriorate as the instability 
of gimbal increase. Also, according to Finnish Transport Safety Agency (Trafi), the 
UAV operator need to maintain visual contact (visual line-of-sight, VLOS) to the 
platform without technical aids and permit is needed to fly beyond visual line- of- 
sight (BVLOS). Therefore, it is necessary to prioritize the imagery targets if the area 
of interest is large as the daily maximum areal coverage is approximately 0.5 km2 
or 74 km of survey line (85% overlap, 3.5 m/s, 100 m a.g.l.) with 7 hours acquisi-
tion time excluding the change of batteries, take-offs and landings. The ground 
resolution of TIR camera with UAVs is relatively good, generally under 0.20 m due 
to low image acquisition altitude (under 150 m a.g.l.). UAVs produce good quality 
grid data that can be georectified automatically and can be further utilized in spatial 
analysis and modelling (Fig. 1). Depending on the used UAV platform, the UAVs can 
be more sensitive to wind conditions than helicopters. Also pilot training is needed 
with UAVs as well as knowledge of Trafi’s regulations. Insurance policy and costs 
of UAVs are variable and still developing.

There are general limitations concerning TIR as a method. The TIR imagery 
receives thermal radiation emitted from the “skin” layer (< 0.1 mm), and therefore 
only groundwater contributions reaching the surface of soil surface or water bodies 
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can be detected (Torgersen et al. 2001). Also, a dense vegetation limits successful 
TIR imagery as the method requires “visual” contact with the target (Torgersen et 
al. 2001). According to Torgersen et al. (2001) TIR imagery can be biased by thermal 
stratification in water bodies if the stratified conditions are not recognized. Moreo-
ver, the TIR imagery is sensitive for the prevailing weather conditions and variability 
in weather conditions like variability in cloud cover during the TIR imagery. Clear 
cloudless weather conditions develop strong shadows that increase time needed in 
post-processing as shadow induced anomalies need to remove from groundwater 
induced anomalies.

The technical developments of TIR cameras and lowered acquisition costs as 
well as rapid development of UAVs have been enabled their utilization increas-
ingly in research. As a conclusion, the applicability of UAVs and helicopter based 
TIR imagery is depending on the scale of research and both acquisition platforms 
are needed. TIR imagery have great potential in locating groundwater dependent 
ecosystems (GDEs).

Fig. 1.  The georectified TIR orthoimage.
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Laser-induced breakdown spectroscopy (LIBS) is valuable tool for the analysis of 
solid materials. The greatest advantages of LIBS compared to other analytics are 
minimal sample preparation and rapid measurement: it takes less than one second 
to obtain a spectrum from one spot. Due to this property, it can be successfully ap-
plied directly to the mineral surface. The method is based on atomic emission. The 
material is transformed to a bright plasma ball in the focal point of an intensive 
laser pulse, and emitted light is detected with a spectrometer. As each element has 
a characteristic emission spectrum, the mineral composition of the measured spot 
can be obtained. LIBS is very sensitive in measuring light elements, i.e. sulphur, 
carbon and lithium. LIBS can also be adapted for on-site analysis, the most famous 
example of which is the ChemCam analyser of the Mars Rover. 

In developing the LIBS technique for the analysis of geological samples, our group 
has previously conducted research on sulphide ores (Kaski et al. 2003). The recent 
projects have involved critical minerals, rare earth elements and lithium-bearing 
samples. It has been demonstrated that LIBS detects contents of Li as low as 5 
ppm (Fabre et al. 2002), and maps of Li occurrence in (rocks?) can be constructed 
from the relative intensities in the LIBS spectra (Sweetapple & Tassios 2015). Our 
approach is to analyse data with different multivariate statistics and assess how 
the obtained mineralogical information correlates with the mineral texture. Figure 
1 presents the lithium distribution (B) and 2D mineral maps constructed using two 
different chemometric approaches from a pegmatite sample. 

Fig. 1. Photo of an analysed rock sample surface (A) compared with the lithium distribu-
tion map (B) and a multivariate statistical representation prepared with LSQNONNEG 
(C), where spectral data are compared with mineral model spectra, and also a represen-
tation formed with principal component analysis (D). Abbreviations: Ms = muscovite, 
Spd = spodumene, Qtz = quartz, Fsp = feldspar, NA = not determined.
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With mineralogical differences determined using mathematical approaches, the 
percentage levels of minerals can easily be estimated. The classification of different 
mineral types based on LIBS spectra is especially useful for the fine-grained samples.
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Natural stone is a rock that is quarried from the bedrock as primary blocks and is 
then further processed mechanically. Natural stone products include construction 
block stones, memorial stones and monuments, and stone sheets and coverings 
for both interior and exterior use. By industrial definition, the natural stone types 
produced in Finland are granite, soapstone, slate and marble. The largest volume of 
natural stone is quarried in southeastern Finland (rapakivi granite and anorthosite) 
and eastern Finland (soapstone and granite). The quarrying process depends on the 
stone type, especially the geological type of the deposit and the mechanical proper-
ties of the production stone. 

The quarrying methods include drilling, sawing, blasting, wedging (granite), 
sawing with a chain saw (soapstone), extraction with an excavator equipped with 
a hydraulic hammer and/or fork (slate) and diamond wire sawing (marble and 
granite) (Romu 2014). Historically, the combined drilling and wedging method had 
an important role during the construction of St. Petersburg (e.g. Kaukiainen 2016). 
Recently, in Finland, the diamond wire sawing method has become an important 
part of granite quarrying. Diamond wire sawing increases the acquisition of the 
produced stone and reduces the noise and dust generated in production, but also has 
some disadvantages, for instance in winter (freezing) and while quarrying deposits 
with internal compressional rock stress (stacking of the wire, which inhibits the 
use of the method). 

From an environmental point of view, the entity of the geological environment 
needs to be considered while planning quarrying activities. In the Nordic region, 
metamorphic and igneous plutonic rocks are the major rock types quarried. There-
fore, the hydrogeological and geological properties of the quarried formations differ 
from the more comprehensively studied production environments in Europe (e.g. 
Dieb et al. 2004, Wahlgren et al. 2015, Careddu & Siotto 2011). 

The soil characteristics and the hydrogeology are strongly dependent on the Qua-
ternary geology, characterised by the glacial and post-glacial moraine, glaciofluvial 
and alluvial formations. To execute sustainable and profitable quarrying activities, 
it is important to understand that the environmental challenges and the ways of 
avoiding harmful environmental effects are directly related to the characteristics 
of the geo-environmental entity. For example, Finnish soapstone formations are 
set in a complex Proterozoic-Archaean volcanic stratigraphy, with the quarried 
plutonic granites being set on Proterozoic gneissic-migmatitic surroundings. These 
geological environments are typified by contrasting rock types and bedrock struc-
ture. Consequently, the local geochemical background concentrations of the rocks 
and the Quaternary strata differ from each other (e.g. Koljonen 1992).

 The high-quality geological expertise provided via the widely-based educational 
services in Finland is a unique and invaluable resource. Geo-environmental aspects 
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should also be considered by planners and the authorities while bringing European 
Directives into national use.
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By applying existing lithogeochemical and geophysical information from databases 
of the Geological Survey of Finland (GTK), it is possible to locate new targets for 
mineral exploration in Finland. The method is based on notes and observations given 
in Ruotoistenmäki (2015 and 2016), where I considered statistics and areal varia-
tions in lithogeochemical and geophysical data and their applications for defining 
ore potential trends in Finland. 

The principle of this package is to locate the samples from the Rock Geochemical 
Database of Finland (RGDB, Rasilainen et al. 2007), whose chemistry, interpolated 
geophysics and lineament density correlate best with corresponding parameters 
interpolated for known Finnish ore mineralizations (857 metallic + 88 non-metallic 
= 945 deposits). Thus, the method is relatively straightforward, differing from 
more ‘fuzzy’ methods. The lithogeochemical and mineralization data and licens-
ing information are available from the Geological Survey of Finland (GTK) website: 
http://hakku.gtk.fi/fi/locations/search. The lineaments have been digitized by 
Aimo Kuivamäki (GTK, unpublished report). The airborne geophysical data are 
summarized in Hautaniemi et al. (2004). The number of samples in the RGDB is 
6544 and the total number of analyses varies from 537 to 6544. The number of rock 
types (defined by field geologists) is 77, varying from granites (1053 samples) to 
ultrapotassic rock (1 sample). The sample spacing of lithogeochemical primary data 
(~ resolution of the method) varies between ca. 0–10 km, the majority (ca. 80%) 
being closer than 6 km. 

For the study, the databases have been pre-processed:
-  The lithogeochemical (RGDB) database is completed with interpolated geo-

physical and lineament data;
-  The mineralization database is completed with interpolated lithogeochemical, 

geophysical and lineament data;
-  The data are normalized by RGDB averages (including interpolated geophysics).

The output data of the toolpack ‘TrTarget’ consist of calculated correlation values, 
coordinates, distances to ‘model mineralization’, rock types, and parameter values 
(chemical and geophysics) of the best fitting data correlating with the ‘model miner-
alization’. Using these parameters, the data can be further filtered to select optimum 
targets for more detailed studies. Moreover, the output data are directly applicable 
for combining with geological, chemical and geophysical diagrams and maps for 
detailed studies. Supplementary information is also available from the prospectiv-
ity matrix and maps (Ruotoistenmäki, 2015) indicating the most potential elements 
associated with Finnish economic mineralizations and their areal distributions.

In Figs. 1–2 is given an example of RGDB data and mineralizations best correlat-
ing with the Outokumpu Cu-Co-Zn mine area. From the maps, it becomes clear that 
the method locates RGDB and/or mineralization data areas, which are ‘Outokumpu-like’, 
but not necessarily ‘Outokumpu-type’.

http://hakku.gtk.fi/fi/locations/search
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Fig. 1. Example: Relation of all lithogeochemical and geophysical parameters of the Ou-
tokumpu Cu-Co-Zn mine area (red curves = ‘model mineralization’ used here) and av-
erage of five RGDB samples correlating best (R ≥ 0.9) with the Outokumpu Cu-Co-Zn 
mine area (blue curves). Normalized by RGDB averages. The correlations and rock types 
of the five best correlating samples are given in the box. CorrAll: Correlations of all 
data (geochemical and geophysical, including lineament data). CorrChem: Correlations 
of all lithogeochemical data. CorrMajorOxides: Correlations of major elements. Cor-
rREE: Correlations of rare earth elements. CorrTraces: Correlations of trace elements.  
CorrGeof: Correlations of geophysical parameters (including lineaments).

Fig. 2. Left, Red dots: Location of RGDB samples correlating best (R ≥ 0.8) with Outo-
kumpu Cu-Co-Zn mine area parameters (yellow square). Black dots: Location of Finn-
ish metallic mineralizations. Yellow small circles: Location of Finnish non-metallic 
mineralizations. Right, Blue dots: Location of mineralizations correlating best (R ≥ 0.8) 
with Outokumpu Cu-Co-Zn mine area parameters, demonstrating the effectiveness 
of the method in locating ‘true, non-blank’ mineralizations (also some ‘Outokumpu-
type’ mineralizations).
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The purpose of this study is to develop bedrock surface interpolation methods utiliz-
ing structural field data and an implicit modelling approach using goCAD + plug-ins 
(Paradigm). Results from the implicit models are validated by using explicit models 
and compared to fracture sets made with the Discrete Fracture Network modelling 
tool (DFN) in MOVETM (Midland Valley Exploration Ltd.). 

The landscape of the Hyvinkää area, southern Finland, is controlled by the Sal-
pausselkä I ice marginal formation and other glacifluvial deposits. The spatial 
correlation between the bedrock structures and the glacifluvial deposits has been 
generally recognized in Finland (Okko, 1962, Palmu, 1999, Skyttä et al. 2015). Specifi-
cally, bedrock fracturing and glacial erosion control the topography of the bedrock 
surface, which subsequently controls not only the localization but also the stratig-
raphy and hydrogeology of the deposits. In the Hyvinkää area, the glacifluvial eskers 
and ice marginal formations are spatially correlated with two major E-W-trending 
shear zones and their secondary SW-NE-striking splays. 

Relatively sparse field observations on fractures, fracture sets and foliation, with 
a specific focus on the brittle structures, were collected from Hyvinkää during a 
three-week field mapping period in 2016. Based on the derived interpretation of the 
ductile structure, the study area was subdivided into four internally homogeneous 
structural subdomains (Balogh et al., 2017) further used to understand the cou-
pling between the brittle and ductile structures. The results indicate that the main 
fracture set (R1) is generally parallel with the foliation within the study area, and 
follows the the E-W and SW-NE striking structures created within an overall SE-NW 
transpression (Väisänen & Skyttä 2007). The second fracture set (R2) is orthogonal 
to R1 and the third set (R3) is subhorizontal. Based on the observations, explicit 
models of the ductile and brittle structures have been compiled from the whole 
area (Fig. 1) to provide the “background truth” to check the validity of the future 
implicit models. Implicit modelling of the ductile structure follows the method by 
Hillier (2013). Implicit modelling of the brittle structures requires development of 
the modelling tools; the “local anisotropy interpolator” developed by Mike Hillier 
will be applied to model the local variation in the main fracture sets within the 
study area. We aim to generate a grid with an interpolated fracture plane at each 
grid cell displaying the local variations within the anisotropy of the bedrock across 
the study area. The resulting anisotropy will be used as input data in generating 
bedrock DEMs honoring the variations in the bedrock structural orientations, which 
is a major improvement in modelling the bedrock surface topography. 
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The DFN modelling strategy is to use the outcrop fracture geometry and intensity 
data to produce a quantitative model of the dominant fracturing characteristics in 
the rock volume. Fracture intensity will be denoted by P32 (area of fractures per unit 
volume of rock mass), derived from lower dimension fracture intensity measures 
P10 (number of fractures per unit length). In order to minimize the uncertainty that 
comes with bedrock structural heterogeneity, the concept of the fracture domains 
(Munier et al. 2003) will be applied. The domain dependence of fracture intensity will 
be addressed via two analyses: (1) fracture intensity (P32) as a function of fracture 
domain, and (2) fracture intensity (P32) as a function of bedrock lithology. Fracture 
sets generated by the DFN method will be compared with the fracture data resulting 
from application of the anisotropy interpolator.
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Fig. 1. Explicit modelling with MOVE. A) Structural form lines after field observations 
(foliation). B) Foliation surfaces. C) Fracture sets added to the model (R1, R2, R3). All the 
snapshots are taken from the same location.
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Lake sediments are considered as an essential environmental archive, as they have 
the ability to record environmental conditions present at the time of sedimentation. 
These conditions can be expressed as environmental parameters and investigated 
to create climate models. One of the key aspects when studying Finnish lake sedi-
ments, in particular, is varve formation. Varves or annual laminations are visible 
layers formed in the sediment when certain conditions (lake shape, depth and 
environmental settings) exist (Saarnisto 1986, Ojala et al. 2000). One of the most 
crucial conditions is a lack of oxygen (Saarnisto 1986, Petterson et al. 1993), or hy-
poxia (oxygen concentration ≤ 2 mg/ 𝑙 −1; Roberts et al.  2009), which is sometimes 
caused by human impacts, but can also be climate controlled.   

Although a wide variety of specific studies have considered varve formation and 
preservation, the number of studies examining varve distribution throughout a 
single lake is insufficient (Jenny et al. 2013, Giguet-Covex et al. 2009). However, 
a single varve chronology from a specific point does not represent a whole lake. 
To obtain a comprehensive understanding of the factors influencing varve forma-
tion and, moreover, to identify the past distribution and continuation of varved 
sequences throughout a lake, research in shallow areas is required.  

This study has detailed how varve formation develops from the deepest point of 
a lake towards the shore. We present an inclusive model describing the distribu-
tion of varves in a single lake, Lake Lehmilampi in Eastern Finland, during the past 
200 years. In addition, we identify the specific factors present at the time of varve 
formation at different water depths. As varve formation is highly dependent on 
hypoxia, this study has emphasized the extent of hypoxic conditions influencing 
the water column. The study has demonstrated that in Lake Lehmilampi, oscilla-
tion of the hypoxic water volume has been controlled by the climate rather than 
human impacts during the last 200 years. A 100-year oscillation in hypoxia in Lake 
Lehmilampi has been recorded and is controlled by the climate.   
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Background. The Eemian interglacial period (Marine Isotope Stage 5e; ca. 115–130 
kyr ago) has been subject to intense scrutiny, as it represents the most recent case 
of widespread and significant climatic warming in the geological record. The Eemian 
thus presents an opportunity to test hypotheses about the possible environmental 
consequences of the projected 21st-century warming (e.g. sea-level rise or abrupt 
change), and to test the robustness of climate models under novel forcing regimes. 
However, despite decades of work on the Eemian, little data has been available from 
the high northern latitudes, due to glacial erosion during the last ice age. 

Site and methods. We present a high-resolution lake-sediment record of the entire 
Eemian from Sokli, northern Finland (Fig. 1A). The Sokli sequence, cored in 2010 (Fig. 
1B), represents a unique, continuous record of the Eemian from the high latitudes 
later covered by continental glaciation (Helmens et al. 2015).

The 12-metre Eemian sequence was analysed for a multitude of palaeo-environ-
mental proxies: (a) pollen and spores, (b) conifer stomata, (c) non-pollen palyno-
morphs, (d) plant macrofossils, (e) diatoms, (f) chironomids and (g) geochemistry. 
A tentative absolute chronology for the sequence was derived by tying the pollen-
based Tjul reconstruction to a sea-surface temperature (SST) reconstruction from a 
nearby Norwegian Sea sediment core (Bauch et al. 2011). We reconstruct July and 
January mean temperatures (Tjul and Tjan) based on the pollen samples, using a multi-
method ensemble approach involving multivariate transfer functions, the modern 
analogue technique, and regression-tree-based machine-learning techniques.

Results and discussion. The fossil record and climatic reconstruction (Fig. 1C) in-
dicate the presence of a mixed boreal forest, with reconstructed Tjul ca. 2–3 °C above 
present, for much of the Eemian. However, these warm stages are intersected by 
two distinct periods of climatic instability. The Tjan trend is clearly decoupled from 
that of Tjul, with Tjan gradually rising during the mid- and late Eemian while Tjul falls, 
suggesting decreased seasonality towards the late Eemian. This result is corroborated 
by indicators of mild winter conditions seen in the diatom data (Plikk et al. 2016).
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A strong and abrupt cooling event is seen in all proxies in the mid-Eemian, at around 
120 kyr (Helmens et al. 2015). A near-synchronous cooling event also found in SST 
proxies in marine cores from the Norwegian Sea (Bauch et al. 2011) and from the 
Eirik Drift, south of Greenland (Irvalı et al. 2012), as well in proxies of North Atlantic 
Deep Water (NADW) formation at Eirik Drift, showing a rapid reduction in NADW 
formation (Galaasen et al. 2014). This correlation suggests that the mid-Eemian 
cooling event occurred broadly in the high-latitude circum-Atlantic region, and 
further suggests a causal link to a perturbation in the North Atlantic circulation. 
However, the expression of this event in mid-latitude European palaeoclimate 
sequences remains unclear (Helmens et al. 2015).

Fig. 1. (A) Location of Sokli in northern Finland. The maximum extent of the Saalian 
(MIS 6) glaciation is indicated. (B) Coring of the Eemian sequence at Sokli in 2010 by 
personnel of the Geological Survey of Finland. A 12-metre Eemian sequence was re-
trieved, located under ca. 20 metres of Holocene and Weichselian deposits. (C) Palae-
coclimate reconstructions for the Eemian interglacial, based on the Sokli sequence. Re-
constructions are presented for July and January mean temperatures (Tjul, Tjan). For each 
climate variable, a quantitative reconstruction is prepared using six methods: the mod-
ern-analogue technique (MAT), weighted averaging (WA), weighted averaging-partial 
least squares (WA-PLS), maximum-likelihood calibration of response curves (MLRC), 
boosted regression trees (BRT) and random forest (RF). In addition, the median of all 
six reconstructions is indicated (black curve). The grey silhouette curve indicates the 
estimated reliability of the climate reconstruction, based on the compositional distance 
between the fossil pollen sample and the best-matching modern pollen sample.
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Physical and chemical factors of the soil are a result of the combined effect of bed-
rock, erosion and the geological processes that have changed the composition of 
the surface sediments. These factors form the basis for natural element concentra-
tions, which may vary considerably in different areas and at the different scales. 
This is also the case in Finland, where the bedrock mainly consists of Archaean 
and Proterozoic rocks varying greatly from igneous rocks (gabbros, granitoids and 
gneisses) to schists composed of metavolcanic and metasedimentary rocks. Pre-
glacial weathering and several glacial erosion, transport and deposition phases have 
resulted in the formation of a surficial sediment cover commonly consisting of till 
and glaciogenic stratified deposits, as well as post-glacial sediments.

In Finland, and particularly in the northern parts, soil geochemical analysis 
indicates that the concentrations of most elements are the lowest in Europe and 
Fennoscandia (Sarala 2014). In particular, heavy metal concentrations and atmos-
pheric metal contamination are low in northern Finland. However, closer examina-
tion reveals that regional and local differences are considerable and, for example, 
in several mineral potential areas, concentrations may be much higher than the 
background values. This can be used to assist in tracing mineral deposits and criti-
cal areas for ore exploration.

In modern society, the spectrum of required metals and minerals is continuously 
growing, and almost the entire periodic table of elements is under review. Despite 
the need for recycling, there is an increasing need to find new metal and mineral 
deposits and to extend the exploration areas to poorly known terrains. The demand 
is particularly great for base metals due to the construction of infrastructure, but 
there is also an increasing need for so-called critical minerals, which are classified 
as strategic minerals in the EU’s mineral strategy (EU 2014). There is an urgent 
demand to increase critical mineral production within the EU, as well as in Finland, 
where we have suitable bedrock for most of the important elements. Finland, and 
especially northern Finland, is in a key position due to the critical mineral potential 
of the bedrock.

Nowadays, active mineral exploration in Finland requires consideration of the 
challenging northern climate and natural conditions by minimising the environ-
mental impacts of fieldwork and sampling, and simultaneously improving cost 
efficiency. Greenfield exploration is challenging in the vulnerable, sub-Arctic areas, 
which are typically covered by glaciogenic sediments, large peatlands or sensitive 
treeless high grounds, and include conserved areas.  These conditions particularly 
prevail in northern Finland.

The development of environmentally friendly exploration methods alongside the 
traditional ones has been active in recent years in Finland. The Geological Survey 
of Finland (GTK) carried out several projects within the Green Mining Programme, 
and two of these, led by the Northern Finnish Office in Rovaniemi, have dealt with 
new methodologies for sampling, analysis and interpretation of multiple geologi-
cal, geochemical and geophysical datasets in environmentally sensitive northern, 
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sub-Arctic areas. New concepts, methods and recommendations support the goal 
of reducing the impact of mineral exploration and geological mapping in environ-
mentally sensitive areas (Sarala 2015a,b). The techniques can also be adopted in 
target-scale and brownfield exploration.

In summer 2016, a new project was launched entitled “Automated indicator 
mineral identification methods for the critical mineral exploration (Indika),” in 
which the focus is on methodological development for finding potential sources of 
critical minerals. Particular interest has been directed to the applied development 
of advanced automated identification and analysis methods for indicator miner-
als. The main research partners are the Geological Survey of Finland, the Lapland 
University of Applied Sciences and Oulu Mining School at the University of Oulu. 
The objective is to promote the need for an increase in the EU’s own production of 
critical mineral high technology by developing indicator mineral sample process-
ing, concentration and analysis, and testing on-site analysis methods. There is a 
potential for discovering these minerals in new, previously poorly know areas in 
Finland, but also in old mine sites or/and tailings, which provide possibilities for 
recycling and new approaches to using waste rocks and tailings. The effective use 
and recycling of these minerals and metals has been under intense debate during 
recent years. The results of Indika could be applied in mineral exploration, the 
development of recycling and the circular economy, science, and in promoting new 
business opportunities.
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Migmatite research has traditionally focused on the different morphologies found in 
these very heterogeneous rocks, and their individual formation mechanisms. This 
has left our understanding of migmatites scattered, as they have not been viewed as 
the dynamic entities they are. A deeper understanding of the fundamental processes 
occurring during migmatisation is needed to better place the different morpholo-
gies into a larger context.

Recent studies indicate that partial melting is a fractal process. Leucosomes 
have been found to follow power-law distribution (e.g. Soesoo et al., 2004), and 
laboratory simulations suggest that partial melts in rocks move stepwise in batches 
(Bons et al. 2004). In accordance, new models based on self-organized criticality 
have been developed for partial melting and melt migration (e.g. Yakymchuk et al. 
2013, Soesoo & Bons 2015). According to these models, melt accumulates in mig-
matites until a critical threshold is achieved and it escapes as a batch. After melt 
loss, if partial melting continues, melt is accumulated into another batch, which 
may then also escape. Recent leucosome distribution measurements on Olkiluoto 
Island, Western Finland, support these models.

The leucosome distribution in migmatites of metasedimentary origin often fol-
lows the simple power law function N>S = kS-D, where N>S is the number of leucosomes 
thicker than width S, k the number of leucosomes larger than unit size and D is the 
fractal dimension. When the power law exponent D ≈ 1, most of the melt is found 
in small leucosomes and is therefore difficult to extract from the migmatite. In 
contrast, when D ≈ 2/3, half of the melt is sited in large melt batches from which 
it may more easily be extracted. 

Leucosome distribution was measured on metatexite migmatite in four different 
tectonic areas: the Northern and Central Tectonic Units, and Liikla and Flutanperä 
Deformation Zones (for the tectonic classification, see Aaltonen et al. 2010). Some 
of the measurements were conducted on a surface outcrop and others on a drill core.

Three distinct leucosome distribution patterns were observed on Olkiluoto, simi-
larly to previous results in southern Finland (Saukko, 2016). In two of the patterns, 
there is a power-law domain switch between 10–20 mm leucosome thickness, 
showing that melt is distributed differently in leucosomes of different sizes. The 
different patterns are interpreted to show different stages of the self-organised 
pumping system present in partially molten rocks.

Measurements from the Central Tectonic Unit show that melt is accumulated in 
the medium-sized leucosomes (10–30 mm). This implies that melt transport from 
small leucosomes into larger conduits did not occur before solidification. In con-
trast, in the Northern Tectonic Unit and Liikla Deformation Zone, most of the melt 
resides in the very thinnest and the very widest leucosomes, while relatively little 
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melt is found in the mid-sized leucosomes. This suggests that melt was extracted 
from the smaller leucosomes into the larger ones before the migmatite crystallised. 
The leucosome distribution in the Flutanperä Deformation Zone follows a uniform 
power-law distribution with exponent D between the maximum and minimum 
melt extraction efficiency. This is attributed to the active shearing that occurred 
while melt was present, as it may have prohibited the relative enrichment of melt 
in any specific size range.

Results from Olkiluoto show that in general, melt batches appear to accumulate 
within the migmatite close to their formation site, and then escape in distinct events 
(as opposed to more continuous flow). This pattern can, however, be disrupted in 
active shear zones. Thus, the results support the view of migmatites functioning 
as self-organised transport systems for magma. 
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Structural mapping on satellite and Google Earth images is a routine GIS-based 
exercise in foreland thrust belts (e.g., Sayab & Khan 2010) and crystalline terrains 
(e.g., Sayab 2005, 2009). However, the availability of the satellite images is not 
always possible and the researchers do not often have access to high-resolution 
data. On the other hand, airborne lidar and ground-based terrestrial laser scanners 
have extensively been in use for geomorphological applications, but did not receive 
much attention from hardrock structural geologists. UAV (Unmanned aerial vehicle) 
or drone-based image acquisition by optical cam era retains advantages over laser 
scanning methods in terms of its low cost, portability, survey time, rock textural 
characteristics in addition to high resolution detail in three dimensions (3-D).

Because of the small camera footprint of drone helicopters (DHs) on ground, mul-
tiple overlapping photos along prescribed aerial routes can be acquired to cover large 
areas. In this study, we have used a DJI Phantom 3 Professional (P3P) quadcopter to 
image the Jokisivu gold open-pit mine of southern Finland. By taking advantage of 
the camera tilting options of P3P between horizontal and vertical directions, and its 
ability to fly vertically up and down, overlapping photos were smoothly taken from 
the vertical faces of the open pit. All photos were processed in the Agisoft Photo-
Scan Professional to generate highly accurate 3-D rock surface models. PhotoScan 
is an automated photogrammetry software that integrates structure-from-motion 
(SfM) and multi-view stereo (MVS) algorithms to produce dense 3-D point cloud 
models, geometrically viable meshes, digital elevation surfaces and orthomosaics 
from a range of unconstrained frame images. Traditionally, the point cloud mod-
els are transformed into a real-world coordinate system by using ground control 
points to georeference the model. However, P3P provides a direct georeferencing 
option to photos due to its onboard availability of GPS (GLONASS) technology. We 
assessed the precision of the results by deploying GCPs and the errors were found 
minimal. The georeferenced 3-D models lend themselves for virtual quantitative 
structural analyses. We used the GEOVIA Surpac application to measure different 
structural elements on the 3-D models. Our approach demonstrates a congruent 
nexus in: 1) taking aerial photos with the P3P, 2) their processing in the PhotoScan 
and, 3) virtual structural measurements in the GEOVIA Surpac. This sequence yields 
a digital toolkit that has implications far beyond mapping the open-pit mine to 
road cut exposures, steep cliffs and deep canyon walls and can eliminate gaps in 
the quantitative structural datasets without touching the rocks. 

‘STRUCTURE-FROM-MOTION’ AND ‘MULTI-VIEW STEREO’  
DRONE-BASED PHOTOGRAMMETRY: AN EFFICIENT VIRTUAL 

 TOOLKIT FOR MEASURING STRUCTURAL ELEMENTS IN  
3-D ON INACCESSIBLE OUTCROPS 
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In central China, the Mangshan loess plateau is located along the southern bank of 
the lower reach of the Yellow River, well outside the main body of the Chinese Loess 
Plateau (CLP). It contains thick and exceptionally rapidly accumulated loess-palaeosol 
sequences that provide high-resolution records of Quaternary environmental and 
climate change. The grain-size distributions, accumulation rates and magnetic 
susceptibility in the upper part (above the palaeosol layer S2) of the Mangshan loess 
sequence shifted markedly from its lower part, which probably indicates a change in 
the source of Mangshan dust above S2. Unlike the loess deposits in the CLP, which 
have been derived from the broad area of northern China, the proximal Yellow River 
floodplain is considered to have served as the main source for the upper part of the 
Mangshan loess sequence. However, no final diagnostic evidence has so far been 
provided on the provenance variation of the Mangshan dust. 

In this study, we present multiple proxy data and zircon U-Pb ages for the Mang-
shan loess-palaeosol sequence to investigate the dust supply for Mangshan loess. 
According to our results, the palaeosol and loess units in the lower part of the profile 
(S3–S5, L3–L6) are relatively thin and fine-grained, whereas the palaeosol (S0–S2) 
and loess layers (L1 and L2) in the upper part of the sequence are significantly thicker 
and coarser-grained. The zircon U-Pb age distributions indicate two predominant 
age populations: 200–350 Ma and 350–550 Ma. In the lower part of the sequence, 
the 350–550 Ma age population is more prominent. This is comparable with the 
zircon age pattern of the sediments in the lower reach of Yellow River, indicating 
that Yellow River sediments have formed a major source for the Mangshan loess 
deposits, at least since 650 ka BP. However, a significant increase in the 200–350 
Ma age component is found in the upper part of the Mangshan sequence, probably 
suggesting an increased contribution of debris from the regional mountain chains. 
This may be due to the development of a fluvial system north of the Mangshan pla-
teau since 200 ka BP, which has resulted in more local material being transported 
to the Yellow River.
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The geochemical properties of lacustrine sediments were examined in two geologi-
cally different areas in North Ostrobothnia. Two extraction methods were used: 0.1 M 
HCl extraction for non-ignited samples and 12 M HCl extraction for ignited samples. 
Extracts were analysed for NH4, P, PO4, K, Ca, Na, Mg, Fe and Mn. In addition, the 
C/N ratio and organic matter content were determined. Differences between the 
sampling sites were examined using PCA, NPMANOVA, the Mann-Whitney and the 
Kolmogorov-Smirnov tests, and Spearman’s rank correlation analysis. The research 
is related to my postgraduate studies (Siira 2017).

The two geologically distinct regions investigated differed significantly from 
each other, in particular regarding the sediment concentrations of alkaline earth 
metals. Calcium was found to be most abundant in the sediments of the area that 
belongs to the Simo metamorphic complex migmatitic tonalite area. This finding 
refers to the possible occurrence of calcareous schist. Most of the elements studied 
were less abundant in the area of the inland lakes of Hailuoto, the Muhos formation 
sandstone area. Alkali metals and alkaline earth metals particularly concentrated 
into the surface parts of the sediment, upwards from the gyttja mineral–sediment 
interface, which indicated an obvious marine influence in coastal water bodies. The 
abundances of phosphorus and iron that were observed in the surface sediment of 
the coastal gloes were probably due to seasonal variations in the redox conditions, 
in addition to marine nutrition. Geochemical development seemed to be going 
in different directions in these geochemically different provinces: in the area of 
Svecokarelian schists and gneisses towards eutrophication, and in the siltstone 
and claystone area of Muhos, after the loss of marine influence, towards oligo-
trophication. The effect of crystalline bedrock on the soil geochemistry is likely to 
be less prominent at the study site of Hailuoto – Oulunsalo than at the study site 
of Kuivaniemi – Simo. This is obviously because of the thick layers of glaciofluvial 
sediments of Hailuoto and Oulunsalo, which were affected by coastal forces and 
aeolian activity, in addition to the thick deposits of the Muhos Formation and 
Hailuoto Formation sedimentary rocks.
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GEOCHEMICAL PROPERTIES OF SEDIMENTS OF  
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On the northern flank of the Wiborg rapakivi batholith of southeastern Finland and 
its vicinity, the Suomenniemi rapakivi complex comprises a series of A-type, sub-
alkaline amphibole, amphibole-biotite, and biotite granites (Fig. 1A, Rämö 1991). In 
addition to the subalkaline granites, there are several, generally NW-trending bodies 
of peralkaline alkali-feldspar syenite (Fig. 1A), which have recently been identified 
to be metasomatic in origin (Suikkanen & Rämö 2016a, b). A new, 150-m-long di-
amond drill hole was drilled into a prominent syenitic body (A1164 in Rämö 1991), 
exposed in Kirvesniemi in the east-central part of the complex, in order to establish 
the vertical extent of the syenitic body and to examine possible alteration zones 
around it. The drill core shows that metasomatic alteration zones around the Kir-
vesniemi syenite body extend 20–30 m away from the alkali-feldspar syenite (Fig. 
1B). A second, concealed alkali-feldspar syenite body was discovered c. 30 m from 
the Kirvesniemi syenite. The fresh granites are mainly red, porphyritic amphibole 
granites with coarse grains of alkali feldspar, short-prismatic quartz phenocrysts, 
and interstitial quartz and mafic phases (e.g., hastingsite, ilmenite). Some equi-
granular granite is also found. The amount of interstitial quartz and black and green 
mafic minerals increases strongly in the metasomatic, coarse, red to greenish brown 
granites, in which alkali feldspar is often fractured. Margins between the different 
lithological units in the drill core are gradual and thus the illustration of the logged 
core in Figure 1B is arbitrary.

Preliminary microprobe analyses and optical mineralogy on some of the Suomen-
niemi alkali-feldspar syenites suggest that, in the associated less altered or lower 
temperature metasomatic zones of the subalkaline granites, quartz reacted with 
the fluid, which caused desilication. The removal of quartz was probably simul-
taneous with the breakdown or alteration of oligoclase and amphibole (ferro-
edenite). Secondary sodic amphibole and aegirine-augite (average composition 
Di4Hd26Ac70) formed intimate intergrowths that replace the primary minerals, as 
well as small separate crystals within cavities. Albite crystallized in fractures and 
cavities and replaced oligoclase and to a lesser extent orthoclase. Calcite is rare but 
found in cavities and as small inclusions. Because of the oxidizing nature of the 
event, hematite is the main iron oxide in the alkali-feldspar syenites, in contrast 
to the ilmenite-bearing granites. High temperature (>650 °C) alteration resulted in 
near-complete replacement of the original pyrogenic minerals by mesoperthite or 
antiperthite feldspar and aegirine-augite (Di0.5Hd43.5Ac56). Intergranular sodic fluid 
films formed swapped albite rims between mesoperthite grains and led to uneven 
coarsening of the initial cryptoperthite.
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Fig. 1. A: Simplified geological map of the Suomenniemi rapakivi granite complex 
(modified from Rämö 1991) showing the location of alkali-feldspar syenite bodies and 
the new Kirvesniemi drill core. B: Log of the Kirvesniemi drill core (M5122016R1) with 
the extent of alteration around the alkali-feldspar syenite body illustrated.
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Uncertain chronological control often associated  with a  single-proxy  approach  
has  hampered the establishment  of a  comprehensive  picture  of high  latitude  
Weichselian  interstadial  environments. More  advanced  dating  methods  and  
multi-proxy  studies  have  recently  changed  the  concept  of interstadial  climate  
and  vegetation  conditions  during  the  MIS  5c,  MIS  5a  and  MIS  3.  New palaeo-
botanical data derived from organic layers dated to MIS 3 in northern Fennoscandia 
and Hudson Bay Lowland, Canada, respectively, suggest boreal interstadial climate  
conditions  and  vegetation composition. Moreover, in Finnish Lapland, a unique 
and intact sediment series reaching back to MIS 5e has enabled us to reconstruct 
MIS 5 interstadial landscape developments.  Palaeobotanical dataderived  from  
lake  sediment  layers  suggest  that  southern  to  mid-boreal  climate  conditions  
and vegetation prevailed in northern Finland during the MIS 5c and 5a interstadi-
als, respectively.

These  new  climate  and  vegetation  interpretations  are mainly  based  on plant  
macrofossil analysis results,  although  these  data  were  always  accompanied  by  
palynological  data.  Insolation reconstructions covering the last glacial cycles sup-
port our climate interpretations.
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Both natural geological background concentrations and the diffuse anthropogenic 
input of substances are included in soil geochemical baselines. The concentra-
tions of chemical substances in topsoil in natural and especially in urban soils are 
important to know for land-use planning and detecting contaminated areas. The 
information provided by geochemical baseline studies can be used, for example, in 
the preparation of legislation, in reviews of the environmental baseline, and in the 
assessment of contamination and remediation needs. 

The Government Decree on the Assessment of Soil Contamination and Reme-
diation Needs (214/2007) guides the geochemical baseline mapping in Finland, 
prescribing soil screening values (the threshold value and the lower and the upper 
guideline value) for 52 substances, including 11 metals and semimetals, based on 
health or environmental risks. If the concentration of one or more substances 
exceeds the threshold values given in the Decree, soil contamination and reme-
diation must be assessed. In case of the regional geochemical baseline concentra-
tion being higher than the threshold value, the baseline value is used as a trigger 
value (Ministry of the Environment 2007). The soil geochemical baseline data are 
compiled in the Finnish geochemical baseline database, TAPIR (publicly available 
on: www.geo.fi/tapir). 

The Geological Survey of Finland carried out a geochemical baseline study in 2013 
and 2014 in the city of Rovaniemi, Northern Finland. The EuroGeoSurveys urban 
geochemistry sampling protocol was followed and soil samples were collected from 
100 sampling points from the upper soil layer, approximately 0–10 cm in depth. 
The sampling points were located in areas of different urban land use, such as 
parks, school yards and the sides of paved paths. The samples were dried, sieved 
to the <2 mm fraction and then analysed using a multielemental analysis package 
(ICP-OES/-MS) after aqua regia digestion. Ten samples were also analysed for the 
PAH and PCB concentrations.

According to the results, almost all concentrations of elements included in 
the Decree were below the recommended values. Only a few exceptions were 
observed, such as arsenic at three sampling points (max. 8.7 ppm, threshold 
value 5 ppm) and cobalt (max. 26.4 ppm, threshold value 20 ppm), copper (max.  
186.0 ppm, threshold value 100 ppm) and vanadium (max. 104.0 ppm, threshold value  
100 ppm) at a single sampling point in the southern part of the town. At the same 
sampling point, the soil also contained exceptionally high concentrations of other 
elements not included in the Decree, for example titanium, manganese, sulphur 
and sodium. Concentrations of lead, cadmium and antimony were slightly higher 
near the centre of the city and close to major roads, mostly caused by the normal 
long-term strain of traffic and construction. All the concentrations were nonethe-
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less well below the recommended values. PAH and PCB concentrations were below 
the detection limits in all ten samples, indicating no signs of pollution caused by 
the long-range transport of airborne pollutants.

Table 1. Concentration of some elements in top soil samples (< 2 mm size fraction, aqua regia) in the  
Rovaniemi urban area compared to threshold values given in the Government Decree.

As Cd Co Cr Cu Hg Ni Pb Sb V Zn

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

No. of samples 100 100 100 100 100 50 100 100 100 100 100
Average 1.6 0.06 5.7 29.2 22.5 0.019 12.0 5.9 0.12 31.8 29.7

Median 1.2 0.04 5.4 27.6 17.5 0.011 11.6 4.0 0.09 30.5 23.6
Min. 0.0 0.01 0.5 7.9 1.8 0.003 1.9 2.0 0.02 8.0 4.6
Max. 8.7 0.35 26.4 68.9 186.0 0.082 48.2 35.5 0.58 104.0 104.0
Threshold value 5 1 20 100 100 0.5 50 60 2 100 200
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Nearly 2000 till samples have been collected at 100-m or 20-m sampling intervals 
for geochemical investigations in the Sarvlaxviken area, southeastern Finland. The 
bedrock of the area is represented by Late Svecofennian granites and wiborgite/late-
stage granites in the Wiborg Rapakivi Batholith. The bedrock is commonly covered 
with compact and poorly sorted till, with a thickness of 1–3 m. The samples were 
taken from the non-weathered basal till, mainly the C horizon. 

The study area is divided into three areas: Högberget, Marviken and Lillträsket. 
Each area shows distinct anomalies of In, Cu, Fe, Mo, Bi, Ag, Li and Zn. Most anoma-
lies occur in till with a thickness of up to 1 m and are considered to be derived from 
a local (<20 m) bedrock source. Such a short transportation distance is supported by 
many studies (Hirvas et al. 1977, Drake 1983, Peuraniemi et al 1984, McClenaghan 
et al. 2000). Further evidence for local mineralization in the bedrock is provided 
by polymetallic veins in boulders with a transport distance of up to one kilometre 
from the assumed source. 

Polymetallic vein mineralizations of different styles and metal associations 
have been discovered in the area (Valkama et al. 2016): Li-As-W-Zn-Mn, Pb-Zn 
and Cu-As-In in wiborgite bedrock at Högberget and As-Sn-Cu and Mo-Bi-Be in 
even-grained granite boulders in the Marviken area. The polymetallic veins form 
a complex hydrothermal vein system, with multiple vein generations that formed 
simultaneously with the emplacement of the late-stage Marviken granite (Valkama 
et al. 2016, Broman et al. 2016). The strong till anomalies at Högberget and in the 
Marviken area comprise the same metal associations as in the veins, but cannot 
be directly connected with any known vein. The widespread, complex and strong 
till anomalies in the Lillträsket area represent a new style of metal association, 
which only has been recognized in one ore boulder. They occur both in the Late 
Svecofennian and the rapakivi granites, but are considered to have formed from 
hydrothermal activity related to the rapakivi granites. In conclusion, the till anoma-
lies in the three study areas provide strong evidence for numerous undiscovered 
veins under the soil cover.
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E-mail: toni.veikkolainen@helsinki.fi 

 

Radiogenic heat production (HP) of bedrock is a key parameter in geothermal re-
search on the crust and lithosphere. The major bulk of radiogenic heat production 
in the earth results from the radioactive decay of 238U, 232Th and 40K (Rybach 1973). 
In Finland, the areal variation in HP at the present erosion surface has previously 
been investigated using U-Th-K analyses of glacial till samples (Kukkonen, 1993) 
and bedrock outcrop samples in a 120-km-wide W–E strip in the central part of the 
country (Kukkonen & Lahtinen 2001). Airborne radiometric surveys have covered 
the whole of Finland (Hyvönen et al. 2005), but their results are more uncertain.

In the present study, we have applied geochemical analyses of rock samples 
collected from bedrock outcrops throughout Finland (Rock Geochemical Database 
of Finland; Rasilainen et al. 2007). From this extensive database, we selected 6465 
entries of U, Th and K concentrations, bedrock densities, rock types, the metamor-
phic degree and the most important geochemical variables for detailed mapping 
and analysis of HP in Finland. Due to sharp small-scale variations in heat produc-
tion and the spatial bias of sampling towards the most heterogeneous lithologies, 
we applied a multiquadric radial basis function with a 10 km × 10 km grid cell size 
to produce interpolated contour maps. The mean heat production obtained from 
the interpolation was 1.4 ± 1.2 µWm-3, as opposed to the value of 1.3 ± 1.2 µWm-3 
calculated from point data.

Correlating heat flow values determined from drill holes with smoothed heat 
production values from the HP database did not yield any simple relationship. 
Instead, a scattered plot with a small correlation coefficient was obtained, presum-
ably reflecting rapid spatial variations and heterogeneity in surface HP and geology.

In addition to grid-based interpolation, we mapped HP according to actual geo-
logical units of Finland and weighted the data by the area of each unit (Fig. 1). The 
mean HP was also 1.4 µWm-3 in this case. This result encourages the use of spatial 
interpolation to estimate mean HP in other areas where geological units have not 
been digitized as precisely as in Finland and the area-weighted averaging by units 
is therefore impossible.

Some selected examples of HP values in extensive formations are listed here: 
Archaean gneiss complexes (2.6–3.1 Ga) have low HP values (e.g., mean of 
Archaean paragneisses 1.3 ±1.0 µWm-3); the Central Finland Granitoid Complex 
(1.88–1.89 Ga) shows practically the same value (mean 1.3 ± 0.8 µWm-3); and high 
HP values are met in rapakivi granite intrusions (Wiborg and Ahvenisto intrusions  
(1.65–1.62 Ga; 3.6 ± 1.2 µWm-3) and southern Finland microcline granites (1.84–1.82 Ga;  
2.9 ± 1.9 µWm-3), and in the Central Lapland Granitoid Complex (2.6 ± 1.5 µWm-3). 

No distinct dependence was observed between HP and the metamorphic degree. 
Furthermore, the whole dataset does not yield any clear relationships between HP 
and density, SiO2 content or Fe2O3 content. Rather, these plots show that moving 
towards more felsic, less dense rock types increases the range of variation in HP 
values. We are currently carrying out a more detailed analysis of the data.
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Fig. 1. a) Interpolated heat production in Finland. Dots show sampling sites. b) Mean 
heat production within geological units of Finland (U,Th, K and density data based on 
Rasilainen et al. 2007). Units are µWm-3.
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THE CURRENT STATE OF LOCAL CARBON FLUX  
STUDIES IN THE TUNDRA: A REVIEW

by

Virkkala, A. M.1, Rinne, J.2, Lehtonen, A.3 and M. Luoto4

1 & 4  Department of Geosciences and Geography,  
 P.O. Box 64, FI-000014 University of Helsinki
2  Lund University
3  Natural Resources Institute Finland

Tundra regions play an important role in the carbon cycle, as they store approxi-
mately 50% of global soil carbon reservoirs. However, processes (fluxes) regulating 
these stocks are predicted to change due to global warming and its feedbacks. The 
response of fluxes to environmental changes is ecosystem-specific and varies across 
the tundra landscape. In order to understand the future carbon balance, knowledge 
of the current state of local flux studies needs to be summarized. Here, we describe 
the progress of studies with chamber-derived local carbon flux measurements 
conducted during the growing season in the tundra. The aim is to review the study 
areas and designs, as well as the environmental drivers used to explain the fluxes. 
Based on our literature survey, more research related to current local environmental 
changes is needed, such as the effects of earth surface processes and hydrological 
changes on fluxes. Additionally, we highlight the need for studies including soil 
quality as a predictor of carbon fluxes in the analysis. We conclude that, although 
most of the environmental conditions have been sufficiently studied, particular 
attention should be directed to alpine and southern-hemisphere tundra regions, 
as well as barren and low-shrub vegetation types. 
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BASE OF BRACKISH-WATER MUD AS A KEY  
REGIONAL (ALLO)STRATIGRAPHIC MARKER  

IN THE BALTIC SEA BASIN

by

Virtasalo, J.
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As is the case with many modern epicontinental seas, the early to mid-Holocene 
glacioeustatic ocean-level rise resulted in the marine flooding of the Baltic Sea Ba-
sin. Recent studies show that this change from a postglacial (Ancylus) lake to the 
present semi-enclosed brackish-water (Littorina) sea is a significant basin-wide 
unconformity that is readily identifiable by visual inspection of sediment cores and 
excavations (Virtasalo et al. 2016). In the shallow areas of the Baltic Sea, the base of 
the brackish-water mud is erosional and in many places covered by a thin transgres-
sive silt-sand sheet (Fig. 1a). This erosional flooding surface becomes conformable 
in the deeper parts of the basin, where the base of the brackish-water mud is sharp 
and possibly erosional (Fig. 1b), although local gradual transitions are present. Both 
in the shallow and deep areas, the brackish-water mud is significantly enriched in 
organic matter (LOI) compared to the underlying sediments.

Recent studies have further demonstrated that the base of the brackish-water 
mud is also readily identifiable on land, in areas that were below sea level during 
the marine flooding (Littorina transgression), but have since been uplifted above 
the sea level as a result of land uplift. In the Helsinki Metropolitan Area, the iden-
tification of the base of the brackish-water mud helps in separating organic-rich 
brackish-water muds, which have a poorer bearing capacity and higher abundance 
of sulphide minerals that form sulphuric acid upon oxidation, from the underlying 
postglacial lake sediments, which can benefit urban planning (Ojala et al. 2017).

It is concluded that the base of the brackish-water mud is a robust regional 
allostratigraphic boundary that is readily identifiable by the visual examination of 
sediment cores and exposures. The base of the brackish-water mud is also trace-
able by various sub-bottom profiling techniques such as seismic-acoustic profil-
ing and electrical resistivity tomography, making it a particularly useful surface 
for 3D mapping and regional stratigraphic correlation, both offshore and on land, 
and across the water line. GTK could have a pivotal role in teaching city planners, 
engineering geologists, geotechnicians and drillers to identify this boundary in the 
field, for the benefit of urban planning and Finnish society in general.
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Fig. 1. a) Boundary stratotype of the base of the brackish-water mud in core AS5-PC2 
(Paimionlahti, Archipelago Sea), where the defining characteristics in shallow areas are 
well represented: a surface that truncates underlying sediments and is covered by a thin 
silt-sand layer, which is overlain by intensely bioturbated organic-rich greenish-grey 
mud. b) Reference section in a deep-water core, 370570 (southern Bothnian Sea), where 
the underlying sediments are truncated and immediately overlain by sharply laminated 
organic-rich dark-green mud. Red arrows – base of brackish-water mud. LOI – weight 
loss on ignition. Vertical scales centimetres below core top. Dark ovals in (negative) 
radiograph in b: holes in the sample box. Modified from Virtasalo et al. (2016).
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THE EOCENE–OLIGOCENE TRANSITION FROM THE 
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INNER MONGOLIA, CHINA

by
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 P.O. Box 64, FI-00014 University of Helsinki, Finland  
 E-mail: joonas.wasiljeff@helsinki.fi
2 Department of Physics, P.O. Box 64, FI-00014 University of Helsinki, Finland 
3 Key laboratory of Vertebrate Paleontology and Human Origins of Chinese Academy of  
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Since the discovery of mammalian fossils from the Ulantatal region of Inner Mongo-
lia in 1970, several expeditions have collected fossils from the low-relief exposures 
in this area. Although the area has produced a significant collection of vertebrate 
faunas, knowledge of the stratigraphy, ages and depositional environments has 
remained poor or nearly non-existent. This study correlates the sediments of the 
Ulantatal area with the Geologic Time Scale (GTS), thus providing age estimations 
for the fossil-bearing horizons. In addition, preliminary results of the first multi-
parameter magnetic measurements from the area are presented.

Our field investigations in Ulantatal have yielded over 10 000 specimens, includ-
ing insectivores, lagomorphs, rodents, artiodactyles, perissodactyls and carnivores. 
The sequence produces fossils along most of the section, with the richest fossil 
occurrences in the lower half of the sequence. Lithologically, the sequence shows 
a rather uniform pattern characterized by interbedded reddish to yellowish brown 
claystones and siltstones with minor fine-grained sandstones. In order to establish 
a firm understanding of the composition and grain size of the magnetic minerals 
within the sequence, diagnostic magnetic analyses will be performed.

Oriented palaeomagnetic samples were collected every 20–50 cm through several 
20–25-m-thick local sections.  Samples were subjected to a stepwise alternating field 
and thermal demagnetizations that revealed characteristic remanent magnetization 
carried by magnetite. Our magnetic section suggests a correlation in magnetozones 
C15n to C9n, with an age range of about 35–27 Ma, and places the lowermost fossil 
site in Ulantatal in the latest Eocene. This correlation places for the first time a 
precise temporal control on the Oligocene stratigraphy of the Ulantatal area and 
provides a unique area to investigate in detail the physical and biotic changes during 
a period of major global palaeoenvironmental changes. Sedimentation rates derived 
from these magnetostratigraphic results are in order of 1–6 cm/kyr. Environmental 
magnetic proxies will be presented for selected samples.
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by
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2 Faculty of Earth and life Sciences, VU University Amsterdam, 
 De Boelelaan 1085, 1081 HV Amsterdam, The Netherlands
3 Department of Environmental and Health Studies, 
 University College of Southeast Norway, 3800 Bø i Telemark, Norway
 E-mail: yurui.zhang@helsinki.fi
4 School of Geographical Sciences, University of Bristol, Bristol BS8 1SS, UK

Heterogeneous Holocene climate evolutions in northern Hemisphere (NH) high 
latitudes are primarily determined by orbital-scale insolation variations and melt-
ing ice sheets (Renssen et al. 2009, Zhang et al. 2016). Previous inter-model com-
parisons have revealed that multi-simulation consistencies vary spatially (Zhang 
in review). In particular, model-dependent features have been found over regions 
such as Alaska and Siberia. To evaluate these model-dependencies and thus improve 
our understanding of Holocene climate, we compared multiple model results with 
compiled proxy data (Sundqvist et al. 2014) in the sub-continental scale of NH high 
latitudes (i.e. Fennoscandia, Greenland, north Canada, Alaska and Siberia).

Our data-model comparisons reveal that data and models generally agree on 
Holocene temperature evolution in Fennoscandia, Greenland and north Canada. 
These Holocene temperature patterns can be summarized as the early Holocene 
warming until 8–7 ka BP (hereinafter referred to as ka) reaching the warmth and the 
subsequent gradual cooling, with insignificant regional differences. In Fennoscandia, 
simulations and pollen data suggest a 2°C early Holocene warming. This warming 
is relatively small in chironomid-based reconstruction, which is probably associ-
ated with the post-disturbance of the last deglaciation in chironomid response to 
climate condition (Velle et al. 2010). In north Canada, a 4°C early Holocene warming 
is consistently suggested by the simulations and reconstruction, despite most of 
reconstructions only going back to 8 ka. Adjustments in paleo-topography due to 
dynamic ice sheets and post-glacial rebound following the last deglaciation also 
exert uncertainty in data-model comparisons of Fennoscandian and north Cana-
dian temperature. In Greenland, subtle data-model differences in the strength of 
mid-Holocene warmth can either result from the model underestimation or from 
the simplification of →18O paleo-thermometer.  

Simulated and reconstructed temperatures show some mismatches in Alaska. 
Pollen data suggest a 4°C increase in early Holocene temperature, while the ensem-
ble mean of simulations indicates about a 2°C cooling during the Holocene, and 
chironomid data show an almost stable temperature. Peatland initiation data from 
Alaska indicate high frequency values in the early Holocene, but these data can 
reflect various climate variables, such as high temperature, high soil moisture or 
large seasonality (Jone & Yu 2010). In high-latitude Siberia, although both simula-
tions and proxy data depict high Holocene temperatures, the temperature signals 
are noisy because of a wide spread among simulations and between pollen and 
chironomid data. Overall, our results illustrate the importance of data-model 
comparison in facilitating the further understanding of Holocene climate change.
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