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PLENARY 1 

Clasts with minds of their own: new approaches to interactions 
between organisms and Earth systems 
P. David Polly 

Indiana University, Bloomington, Indiana, USA 

Understanding the processes past and present that shape the Earth and its environments is a 
goal of geosciences. Advances have been achieved by linking Earth materials to processes 
through their physical and chemical properties like Hjulstöm's diagram that linked processes 
of erosion, transport, and deposition to particle size and fluid flow or Emiliani's 
demonstration that paleotemperature curves could be reconstructed from oxygen isotopes 
because of the relationship between temperature and evaporative probability. The fossil 
record documents the interaction of life and Earth systems, but to anyone but a 
paleontologist its arcane tangle of taxonomy, morphology, and biostratigraphy can be a 
barrier to understanding large-scale processes. The difficulty is that organisms evolve in 
response to their environments. While sand-sized sedimentary particles have the same 
relationship to fluid flow in the Proterozoic as they do today, the relationship of species to 
any Earth system differs by both time and place. In this talk I review new trait-based 
approaches to the fossil record know as "ecometrics".  Instead of focusing on the rise and fall 
of species, ecometrics focuses on the functional relationship between measurable traits and 
their corresponding systems. Examples include the shapes of leaves and rainfall, the 
durability of teeth and aridity, and the size of ecothermic animals and temperature. By 
focusing on functional relationships, it becomes possible to study the responses of life to 
changing environments and to understand causal relationships between deep-time events 
and the evolution of life. The development of the ecometric approach owes a great deal to 
Nordic scientists. 

  













https://doi.org/10.1016/j.resourpol.2025.105643
https://doi.org/10.3390/min13111454
https://doi.org/10.1016/j.mineng.2024.109124
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O1.6 

Circular Economy Field-testing Facility for Extractive Waste and Side 
Streams 
Päivi M. Kauppila1, Tommi Kauppila1, Teemu Karlsson1, Rita Kallio2, Juha Ovaskainen1, Hanna 
Kaasalainen3,4, Miradije Rama3, Pekka Forsman1, Joonas Toivanen1 
1Geological Survey of Finland, Kuopio, Finland. 2Geological Survey of Finland, Rovaniemi, Finland. 
3Geological Survey of Finland, Espoo, Finland. 4Geology and Mineralogy, Åbo Akademi, Turku, Finland 

Utilization of extractive and industrial side streams in closure of extractive waste areas 
provides an opportunity to reduce the use of virgin materials and disposed waste. This 
increases the circularity and sustainability of the extractive industry. Yet, the use of side 
streams in closure solutions such as covers requires verified data on their geotechnical and 
environmental performance to ensure their suitability. Extractive waste management also 
requires reliable data on the long-term behaviour of wastes. Such data has traditionally been 
produced at laboratory scale, but recently there has been an increasing focus on developing 
field tests to better simulate the behaviour of wastes and closure solutions under local 
climatic conditions and to improve the scalability of the data to operational scale. 

To facilitate reproducible, effective testing of extractive waste and side streams, a 
customizable and instrumented field-testing site, GTK SMARTTEST, has been set up at the 
GTK Mintec mineral processing pilot plant in Outokumpu, Finland. The concept includes 
small-scale and large-scale tests. The smaller scale 1 m3 IBC container tests are used to test a 
selection of closure options, such as various cover structures and the applicability of side 
streams in covers. The large-scale tests, 10-20 m3 in size, are constructed to mimic 
operational conditions of selected closure solutions and to study novel waste disposal 
techniques, e.g. dry stacking of tailings or co-disposal techniques of tailings and waste rocks, 
to decrease environmental impacts of waste disposal and support their management. 

The large-scale tests are constructed of re-usable concrete blocks, and they include high-
density polyethylene (HDPE) liners to ensure water collection from the tests. In both test 
sizes, the geochemical and geotechnical changes in the studied materials are monitored 
using sensors (EC, T, O2, moisture, water potential) and by analysing the quantity and quality 
of pore water as well as drainage and seepage water collected through well systems in the 
bottom of the test structures. Moreover, lidar scanning is used to detect changes in 
geotechnical stability of the materials, such as settlement or erosion. Comprehensive 
geochemical, mineralogical and geotechnical characterization of the tested materials before 
and after the tests contributes to understanding of the behaviour of the materials and the 
performance of the tested solutions. Currently, the on-going field tests include tests studying 
covers and encapsulation using side streams, co-disposal of different types of waste rocks, 
and dry stacking of tailings. 

Combining a mineral processing pilot plant with such a field-testing facility enables early 
testing of extractive wastes to support a design-based approach and an early planning of 
extractive waste management adapted to the actual waste characteristics. This also 
promotes the use of circular-based side streams in the management of extractive waste. 

  





https://lithos-horizon.eu/
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P1.3 

Recovering valuable minerals from mining wastes - Benefits and 
challenges 
Samuel Hartikainen, Niina Paasovaara, Ibrahim Conteh, Shenghong Yang 

University of Oulu, Oulu Mining School, Oulu, Finland 

There is an increasing effort to utilize tailings and waste rock by separating the useful 
industrial minerals they contain into raw materials for various construction materials and 
other products. In addition, tailings and waste rocks have been proven to be important 
sources of valuable metals and minerals, including critical raw materials. The utilization of 
tailings and waste rock from old mines can present surprising challenges if their 
mineralogical or chemical composition is not sufficiently well known. 

The first challenge is to find out more detailed historical data about the mine operation, and 
the geology and mineralogy of the mined deposit, though old historical data may be 
incomplete in some cases. In addition, the mineralogy of materials may have changed due to 
the various chemical reactions over time. In some cases, the ultra-fine particles in the tailings 
make reprocessing, for example by froth flotation, very challenging. 

Tailings can contain high concentrations of heavy metals, depending on which minerals were 
originally intended to be recovered at the mine, and which minerals have been released into 
the waste. Minerals containing REEs almost invariably contain isotopes of uranium and 
thorium that generate natural radiation. These naturally occurring radioactive substances 
may have been concentrated in significant amounts in the tailings along with the REE 
bearing minerals. 

Another challenge is the chemicals, which may still be present in the old tailings. Xanthates, 
which are used as collector chemicals, are likely to degrade over time, but many 
hydrocarbon-based chemicals may persist for a long time. Chemical degradation products 
can be harmful to the environment and health. The tailings of old mines may contain 
chemicals that are now banned, or the mine tailings areas may have been used as a 
dumpsite for other waste. 

Therefore, comprehensive mineralogical and chemical studies of tailings and other mining 
wastes located in old mining areas are key not only to the effective recovery of valuable 
minerals, but also to minimize potential environmental risks. On the other hand, the 
reprocessing of mining waste can also lead to an improvement in the state of the 
environment, if in addition to recovery of valuable minerals, harmful substances, such as 
minerals containing heavy metals and sulphur, are also removed from the tailings. 

As part of the EU-funded REMHub project, Oulu Mining School (University of Oulu) is 
developing new innovative methods for the recovery of minerals containing REEs, especially 
from mining wastes, but also from ore rocks. After mineralogical study, the mineral 
processing experiments are carried out first in laboratory scale, based on which the 
developed mineral processes workflow will be scaled up to pilot scale flotation and leaching 
experiments. Regarding the mineral processing of mining wastes, the above-described 
mining waste-related challenges are also being investigated and reported thoroughly. 

 
 











https://doi.org/10.1080/05704928.2021.1963977
https://doi.org/10.4095/332384
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O2.6 

Geochemical soil baselines of mineral potential areas and mining 
surroundings in Finland 
Tarja Hatakka1, Jaana Jarva1, Raija Pietilä2, Timo Tarvainen1 
1Geological Survey of Finland, Espoo, Finland. 2Geological Survey of Finland, Rovaniemi, Finland 

Since 2016, the Geological Survey of Finland (GTK) has examined soil geochemical baselines 
in mineral potential areas and mining surroundings. The samples represent both topsoil and 
subsoil, and the parent material of studied samples is mainly glacial till, which is the most 
common superficial deposit type in Finland. 

To date, a total of 21 mineral potential areas and mining surroundings, with a total of 1408 
soil samples, have been examined. In these studies, sites influenced by anthropogenic 
activities were avoided. In addition to soil samples, some humus as well as groundwater and 
surface water samples, have been investigated from these sites. The near-total element 
concentrations in soil samples were determined from <2 mm grain size fractions using aqua 
regia leaching. The upper limits of regional soil baseline variation (hereinafter geochemical 
baseline) for arsenic and potential harmful metals (hereinafter PHEs) were calculated for 
each study area. 

In many investigated areas, the geogenic concentrations of PHEs in soil parent material 
exceeded the Finnish threshold values prescribed in a Government Decree on the 
Assessment of Soil Contamination and Remediation Needs (214/2007). In the eight study 
areas around the metallic mineral deposits or mines (Au), the threshold value of at least one 
PHE was exceeded. In research material from ten sulphide mineral deposits or mining 
surroundings in seven areas, at least one PHE in soil parent material exceeded the Finnish 
threshold values. In the soil parent material of the two studied oxide ore mining 
surroundings, three and four PHEs exceeded the threshold values, respectively. In the 
mineral potential area of phosphate, iron and REE surroundings, five PHEs exceeded the 
threshold values in the soil parent material. 

In seven of the 21 studied mineral potential or mining surroundings areas, the calculated 
geochemical baselines in soil parent material were below the Finnish threshold values. In 
eight cases, the geochemical baseline was exceeded by arsenic or nickel, in five cases, by 
cobalt, in four cases, by chromium; and in one case, by vanadium. 

Geochemical baseline data plays a key role in land use planning, especially when evaluating 
potential soil pollution, the need for remediation, and the suitability of excavated soil for 
reuse. Based on the Decree (214/2007), the regional or local upper limit of geochemical 
baseline for PHEs can be used instead of soil threshold value. In addition, geochemical 
baselines are important background information for risk assessment procedures. It is 
essential to provide end-users with nationally comparable and scientifically sound 
geochemical baseline data that enhance the rationality and transparency of decision-making. 
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O3.7 

As- and Cd-concentrations in surface sediments in the Barents Sea: The 
role of early diagenetic and organic matter bacterial degradational 
processes 
Henning K. B. Jensen 

Geological Survey of Norway, Trondheim, Norway 

Arsenic (As) and cadmium (Cd), two toxic (carcinogenic) chemical elements are present in 
the Barents Sea marine sediments. Geochemical analyses of sediment samples shows there 
are marked differences with depth in concentrations in the top few centimeters for both As 
and Cd. The presence and concentration of As and Cd in the marine sediments is relevant for 
the toxicological conditions in the sediments, and for the biota, which can take up As and Cd 
from the sediments. 

Samples and geochemical analyses are based on the MAREANO mapping program (2005 - 
ongoing), where pollution chemistry is one topic. Samples presented include samples from 
Institute of Marine Research (IMR) in 2003 and 2004, covering large parts of the Norwegian 
part of the Barents Sea. 

Analysis of sedimentary parameters of 1 cm sediment slices include grain size (% mud 
content), TOC (toal organic carbon in weight %), TS (total sulphur content in weight percent), 
and geochemical element analysis including As, Cd, Mn and Fe and Pb210 dating to obtain 
sedimentation rates. 

Analytical data from sediment cores show there is a marked enrichment of As in samples 
close to the surface compared to deeper levels, i.e. some cms below the surface. Maximum 
concentration is either at the surface or 2-3 cms below the surface. Cd shows the opposite 
pattern compared to As: there is a decrease in concentration in the upper cms of the 
sediments, and often the concentration is below LLD (Lower Level of Detection). As-
contrations reach class III (moderate pollution) or IV (polluted) according to the Norwegian 
pollution classification for marine sediments. The highest levels As-concentrations are 
around Svalbard and in the South-eastern part of the Norwegian part of the Barents Sea. The 
redox processes leading to increase in As-concentration in the top few cms are related to 
biogeochemical processes within the sediments caused by bacterial degradation of organic 
matter. As-enrichment in the top 3 cms is in the range of 5 times the As-concentration in 
underlying sediments. Geographical differences in As-concentrations in surface sediments 
are the result of different concentrations in As in the sources of the sediments. Eroding 
Tertiary sedimentary rocks on Svalbard have higher As-concentrations compared to other 
stratigraphic intervals. 

Cd, generally present in low concentrations in the Barents Sea sediments, shows the 
opposite change in concentration in sediments towards the surface as compared to As, i.e. a 
marked reduction from deeper sediments to the surface. The decrease in Cd-concentration 
in sediments is probably related to formation of Cd in soluble form, and probably more 
available for benthos within the sediments. 
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P3.2 

Deep Life Under Pressure: Hydrogen Formation and Microbial 
Signatures in Precambrian Crystalline Bedrock 
Ville V. Nenonen1, Riikka Kietäväinen1, Malin Bomberg2, Hanna Miettinen2, Mari Nyyssönen2, 
Maija Nuppunen-Puputti2, Aino Karjalainen3,4, Jussi Rytkönen3, Ilmo T Kukkonen1 
1University of Helsinki, Helsinki, Finland. 2VTT, Espoo, Finland. 3St1 Lähienergia Oy, Espoo, Finland. 
4GTK, Espoo, Finland 

Fluids residing within Precambrian fractured bedrock are rich in gases such as hydrogen (H2), 
helium (He), and methane (CH4). Among these, H2 is especially important, serving both as a 
major energy source for microbial communities in the deep biosphere and as a potential 
resource in the green energy transition. Within the crust, H2 can be generated through 
various processes, including radiolysis and serpentinization. Additionally, in tectonically 
active zones, mechanical shearing of silicate-containing rocks can form H2. H2 released from 
shearing can substantially boost microbial metabolism, potentially increasing deep 
biosphere activity by several orders of magnitude and therefore shaping subsurface 
biogeochemical cycles. 

This project aims to advance knowledge of H2 generation and its role in supporting deep 
biosphere ecosystems within a previously unexplored setting, i.e. seismically active zones in 
Precambrian bedrock. We performed fluid and gas sampling down to 5 km depth at 
Otaniemi deep boreholes in Finland, taking samples for chemical and isotopic composition of 
water and gases, as well as for microbial signatures. The boreholes were originally drilled for 
geothermal energy production, but the project was discontinued due to low hydraulic 
conductivity. Still, these deep boreholes offered a unique opportunity to investigate how 
hydraulic stimulation, and the resulting induced seismicity might affect H2 formation within 
highly saline deep crustal fluids, with implications for the deep biosphere. The temperature 
at 5 km depth was ~100°C, hydrostatic pressure > 500 bar and total dissolved solids ~200 g/l, 
conditions that are expected to be extreme for life. Nevertheless, even under these 
conditions we expect to find signatures of microbiological activity. 

The analysis of free gas from the boreholes showed concentrations of up to 26% H2, 6% He, 
and 3% CH4. The results of stable isotope analysis for CH4 indicate that biogenic 
methanogenesis is taking place even under these extreme conditions, with H2 probably 
serving as the microbial energy source. These findings suggest that (induced) seismic activity 
affects water-rock interactions, fluid composition, H2 production, and microbial 
communities, which are expected to differ from those previously observed in seismically 
inactive Precambrian settings. 
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P3.4 

Temporal changes in terrestrial organic matter loading to coastal 
sediments of the Baltic Sea 
Tom Jilbert1, Rahat Riaz1, Joonas J. Virtasalo2, Gregory Cowie3 
1University of Helsinki, Helsinki, Finland. 2Geological Survey of Finland, Espoo, Finland. 3University of 
Edinburgh, Edinburgh, United Kingdom 

Early diagenesis in coastal marine sediments is primarily controlled by inputs of organic 
matter. These inputs may be derived from a range of autochthonous and allochthonous 
sources, which display variable reactivity in the sediment column and thus affect the balance 
between carbon burial and regeneration. In the low-salinity Baltic Sea, eutrophication and 
associated loading of autochthonous carbon have led to marked shoaling of sedimentary 
redox zones, promoting methane release and compromising the function of marine 
sediments as a carbon sink. However, up to 30% of organic matter in sediments of the Baltic 
Sea is estimated to be of allochthonous origin. Human activities in catchment areas, 
including forest clearance and ditching, may have significantly impacted fluxes of terrestrial 
organic matter across the land-sea interface, yet the scale of these impacts on carbon 
loading to marine sediments remains unknown. Here I will discuss new data from CuO 
extractions of dated sediment cores in the northern Baltic Sea, showing coherent temporal 
changes in the magnitude and composition of lignin inputs to sediments over the past five 
decades. These changes reflect the evolution of land use and forest industry activities during 
this period, suggesting a direct signal of changes in terrestrial organic matter inputs to 
marine sediments. 



https://doi.org/10.1144/SP526-2022-55






















https://hakku.gtk.fi/fi/publications?id=2922
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O4.19 

Halogen systematics of metamorphic silicates associated with syn- and 
late-orogenic Si-Al-Ca metasomatism of ultramafic rocks, Outokumpu, 
Eastern Finland 
Christoforos Zamparas1,2, Clifford Patten3, Agnes Kontny4, Alexandre Peillod3, Jochen Kolb1,2 
1Chair of Geochemistry and Economic Geology, Institute of Applied Geosciences, Karlsruhe Institute of 
Technology (KIT), Adenauerring 20b, 76131 Karlsruhe, Germany. 2Laboratory of Environmental and 
Raw Material Analysis (LERA), Karlsruhe Institute of Technology (KIT), Adenauerring 20b, 76131 
Karlsruhe, Germany. 3Institute of Mineralogy and Petrography, University of Innsbruck, Innrain 52, 
6020 Innsbruck, Austria. 4Chair of Structural Geology and Tectonics, Institute of Applied Geosciences, 
Karlsruhe Institute of Technology (KIT), Adenauerring 20a, 76131 Karlsruhe, Germany 

The Outokumpu ultramafic-hosted volcanic-associated massive sulfide Cu-Zn-Co-Ni deposit 
in E. Finland is of Paleoproterozoic age, polygenetic and affected by regional amphibolite-
facies metamorphism, though genetic models remain elusive. Samples were retrieved from 
the Outokumpu Deep Drill Hole. Those investigated belong to the Outokumpu assemblage 
i.e., ultramafic rock (serpentinite and metasomatized ultramafic rock/metaperidotite), 
diopside and tremolite calc-silicate rock (referred to as skarn) and black schist. 

Petrography, XRD and silicate EPMA are utilized in order to constrain the effect of 
devolatilization-derived metasomatic fluids during retrograde metamorphism. Halogens are 
used as trackers of this process. They may also provide insight into a potential component of 
synorogenic granite-related metasomatism. 

Peak (M3, >550-670°C, 2-4 kbar) to early post-peak (static-M3) stages are defined by 
antigorite-olivine-anthophyllite in the ultramafic rock. Residual olivine and early diopside 
and amphiboles have Cl/F mass ratios of 0.01-0.20. During retrograde evolution, amphiboles 
and, subsequently, talc and chlorite porphyroblasts (M4-5) indicate a sulfide ore-related Si-Al-
Ca-metasomatism in the ultramafic rock. Though amphiboles and talc show similar Cl/F 
ratios as before, chlorite shows ratios in the 0.03-3.00 range. The retrograde path resumes 
with serpentine replacing olivine and amphiboles and precipitation in veins in fibrous form. 
Serpentine is characterized by a trimodal distribution in a 0.02-15.6 range. 

An increase in Cl/F ratios is observed as a function of mineral host and paragenetic stage 
during retrograde evolution. Low Cl/F ratios of M3 silicates in metaperidotite and skarn 
indicate a potential influence from either devolatilized shale or granite-derived fluids. 
Amphibole and early retrograde antigorite are defined by higher F atoms per formula unit. 
The higher serpentine Cl/F ratios (M4-5) are comparable with the minimum respective ratios 
of fluid inclusions from the same depth. This points to metamorphic brines generated during 
long-term water-rock interaction. The gradual influx of Cl, as recorded by metamorphic 
silicates, temporally correlates with the onset of the Si-Al-Ca metasomatism of the 
ultramafic rocks by silica- and carbonate-rich metamorphic fluids. Finally, the mobility of Ni, 
Co and other metals in this orogenic setting, that characterizes the Outokumpu deposit, 
might have been promoted by the Cl influx. 
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P4.1 

Trace Element Geochemistry and U-Pb Geochronology of Scheelite and 
Cassiterite as Tools for Discriminating W-Sn Deposit Types in the East-
Greenland Caledonides 
Nynke Keulen, Benjamin Heredia, Diogo R.N. Rosa, Sebastian N. Malkki, Tonny B. Thomsen, 
David Whitehead 

Geological Survey of Denmark and Greenland (GEUS), Copenhagen, Denmark 

Efficient exploration in polyphase orogenic belts requires early tailoring to target deposit 
types and robust constraints on mineralization processes. In the East-Greenland 
Caledonides, scheelite and cassiterite occur in skarn, greisen, and quartz-scheelite vein 
systems. To resolve their formation history and geochemical signatures, twelve W-Sn 
occurrences between ~70° and 74°N were investigated using automated quantitative 
mineralogy (SEM), in-situ trace element analysis by LA-ICP-MS, and U-Pb geochronology of 
scheelite, cassiterite, and apatite. Combined petrographic, geochemical, and isotopic 
datasets were evaluated through multivariate statistics and compared with literature data to 
assess the potential of mineral chemistry as an exploration tool. 

Mineralogical observations confirm that Knivbjerg, Gemmedal, Trekantsgletscher, Roslin, 
Kalkdal, and Milne Land represent skarn systems, Blokadedal, Berserkerbræ, and Canning 
Land correspond to greisen mineralization, and Margeries Dal, Panoramfjeld, and Galenadal 
host quartz-scheelite veins. Trace element compositions of scheelite and cassiterite from 
these outcrops vary systematically with deposit type, reflecting differences in fluid 
composition and geological setting. Multivariate analysis demonstrates that these variations 
allow for discrimination between skarn, greisen, and vein-related mineralization, providing a 
useful tool for exploration and provenance studies. U-Pb dating reveals three distinct 
mineralization pulses: ca. 425 Ma and 400 Ma, linked to magmatic-hydrothermal fluids from 
Silurian S-type and Devonian A-type granites respectively, and ca. 370 Ma, associated with 
metamorphic fluids during late-orogenic extension. No evidence exists for pre-Caledonian 
scheelite mineralization. The U-Pb lower intercept dates in scheelite overlap with the lower 
intercept dates from apatite most probably because they exhibit near closure temperatures, 
thus supporting its reliability for geochronology in mid- to low-temperature systems. 

These investigations show that scheelite and cassiterite trace element geochemistry, 
integrated with petrographic and isotopic constraints, provide a valid and reliable tool for 
unraveling complex mineralization histories and can be used to optimize exploration 
strategies in orogenic terranes. 
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P4.10 

Using tourmaline as a petrogenetic indicator and vectoring tool for Li 
pegmatites: a case study from the Somero-Tammela Li province, 
Southern Finland 
Henrik Kalliomäki, Roosa Weckström, Artur Tvauri 

Department of Geosciences and Geography, University of Helsinki, Helsinki, Finland 

The increasing demand for lithium (Li) shows no unwinding in the future as it has become a 
major raw material solution for sustainable development, especially in the electronic 
transportation industry. The Somero-Tammela area is one of the major Li pegmatite 
provinces in Finland, hosting significant Li mineralization. In this study, tourmaline chemistry, 
coupled with detailed field mapping, is used to investigate the petrogenetic processes 
behind the formation of (Li) pegmatites and to assess the potential of tourmaline chemistry 
as a vectoring tool for Li mineralization. The Somero-Tammela area covers over 200 
pegmatite dykes with well-preserved outcrops, making it ideal for regional-scale pegmatite 
studies. 

Most pegmatites in the Somero-Tammela area can be divided into four distinct types 
according to their mineralogical composition: 1) albite-petalite pegmatites (± spodumene as 
a petalite alteration product), 2) K-feldspar-petalite pegmatite with significant Cs (pollucite), 
3) beryl-bearing quartz-K-feldspar pegmatites, and 4) common quartz-K-feldspar pegmatites. 
The pegmatites are hosted by metamorphosed supracrustal (mafic metavolcanics and 
metasediments) rocks, represented by schists, amphibolites, gneisses, and granodiorites. 
Mineralogical zonation is observed at various scales. The Kietyönmäki albite-
petalite/spodumene pegmatite swarm, which hosts the most significant Li mineralization in 
the region, shows mineralogical variation between individual pegmatites, whereas the Cs 
enriched pollucite bearing Luolamäki K-feldspar-petalite pegmatite has a particularly 
developed internal zonation. 

Tourmaline is commonly found in all pegmatite types. They mostly occur as disseminated 
throughout pegmatites, except in zoned pegmatites, where they may be concentrated in 
mineralogically distinct zones. Most tourmalines are black and represent Mg-Fe solid 
solution (i.e., dravite-schorl) tourmalines. The major and trace element compositions of 
tourmalines is analyzed from the core and contact zones of individual pegmatites, as well as 
from mineralogically distinct pegmatite types associated with different country rocks. We 
use the results to model the fractionation processes involved in pegmatite formation, 
constrain their potential source(s), and assess the fluid-rock interaction of pegmatites with 
host lithologies. In addition, by comparing the tourmaline chemistry of Li-mineralized and 
barren pegmatites, we aim to test its potential as a vectoring tool for Li mineralization. 

 
 

  









https://doi.org/10.1016/j.precamres.2023.107166
http://dx.doi.org/10.1016/j.oregeorev.2017.08.025
https://doi.org/10.1016/j.precamres.2022.106813
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O6.1 

Application of a Structured Anthropogenic Resource Assessment 
(SARA) for UNFC 
Soraya Heuss-Aßbichler1, Iman Dorri1,2, Laddu Bhagya Jayasinghe1, Alireza Sobouti3,4 
1University of Munich (LMU), Munich, Germany. 2Empa, St Gallen, Switzerland. 3University of Munich 
(LMU), LMU, Germany. 4Universität Stuttgart, Stuttgart, Germany 

In recent years, the use of secondary raw materials from anthropogenic resources has 
gained in importance. Against this backdrop, the European Commission recently adopted the 
Critical Raw Materials Act (CRMA) to strengthen the EU's supply chain for these materials. It 
includes reporting of CRMs in primary and secondary raw material projects in line with the 
United Nations Framework Classification for Resources (UNFC). While the mining industry 
has well-established guidelines for classifying and reporting projects' maturity, there are 
currently no similar guidelines for developing and classifying recovery projects from 
anthropogenic resources using the UNFC. Furthermore, the classification of projects in the 
recycling sector is unknown, and project developers require support to implement it. 

As part of the Horizon Europe project FutuRaM, a standardized procedure for defining, 
evaluating, and classifying projects was developed. The structured assessment of 
anthropogenic resources for the UNFC (SARA_4_UNFC) takes into account three important 
development phases, from the project idea to implementation: screening, pre-feasibility, 
and feasibility phase. A user-friendly web-based tool was developed that guides project 
developers through a 5-step screening phase and a 7-stage procedure for the pre-feasibility, 
and feasibility phases. A set of controlling factors is defined for each of the six criteria 
relevant to the classification of a project: economic, environmental, social and legal aspects 
for the E-axis, technical feasibility, including infrastructure for the F-axis, and level of 
confidence in the quantities for the G-axis. This ensures consistency, transparency, and 
comparability between projects. At the end of each phase, the results are summarized with 
an E-F-G class. The report includes the categorization of factors that help identify the 
strengths and weaknesses of projects. Decision-makers can then decide whether to continue 
or discontinue the project. The advantage of this approach is that it can be used for both 
mining waste and end-of-life materials. The comprehensive approach to evaluating recycling 
projects has been tested in various case studies, developed by different members of the 
FutuRaM team. It also includes several mining waste case studies. 

The structured data collection format enables data to be transferred from the local to the 
regional and national levels. It also provides a uniform structure for assessing economic, 
environmental, and social impacts at the regional level and helps identify opportunities, 
potential shortcomings, and bottlenecks. This structured approach enables effective 
communication of results to various stakeholders, such as operators, investors, authorities, 
policymakers, and the public, and provides important information for evidence-based 
decision-making. In summary, the UNFC provides a uniform framework for responsible 
resource management and strategic decision-making. 
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Mining Waste in Sweden its economic potential and UNFC classification 
Ronald N. Arvidsson1, Anna Ladenberger1, Helge Reginiussen1, Björn Wiberg1, Stefan 
Sädbom2, Erik Ronne3 
1Geological Survey of Sweden, Uppsala, Sweden. 2Bergskraft, Örebro, Sweden. 3Boliden, Uppsala, 
Sweden 

We present a comprehensive data base on Swedish mining waste sites. We also present 
concept studies, with sampling protocolls, including dense drilling of tailings sites, like Adak 
tailings dam. It was shown that for Cu extraction sites, tailings had in most cases no 
economic viability with often of the order of .1% of remaining copper. 3D models of the 
waste sites show that there might be significant differences of raw materials in different 
parts of the tailing either at depth or in different tailings areas. This depends on either 
change of ore type or extension of the tailing or change in process. The value of the raw 
materials in these sites are in most cases too small to even consider extraction. Iron apatite 
tailings on the other hand contain interesting amounts of P2O5 and REE. Like wise there are 
complex metallic residues containing interesting amounts of raw materials. The sites, though 
with low tonnages, might act as support to exploration of nearby primary deposits indicating 
mix of critical raw materials, base metals and precious metals. A model for UNFC 
classification of the tailings and waste rock sites is also presented building upon other parts 
density of sampling and uncertainties in the grades and tonnages. We select waste for UNFC 
based upon its relation to grades considered prospective in primary operations. For tailings 
we see that out of the EU critical raw materials list then remains Bi, Co, Ga, P, REE+Y, V, W, 
Cu that can be considered for UNFC classification. Further, Zn, Au and Ag also show elevated 
levels contributing to the exploration potential. However, critical raw materials are in most 
cases by-products and the final prospectivity is from the combined potential in value. In 
comparison to primary the total value of raw materials are low. The future economic viability 
will depend of course upon commodity prices and cost of extraction and investments. As for 
data base the in Futuram and GSEU developed Min4EU for mining waste is adequate for the 
needs of the CRM Act. 
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studies in Sweden 
Anna Ladenberger1, Ronald Arvidsson1, Stefan Sädbom2, Christina Nysten1, Tero Korhonen3, 
Daniel Buczko4 
1Geological Survey of Sweden, Uppsala, Sweden. 2Lovisagruvan AB, Håkansboda, Sweden. 3Geological 
Survey of Finland, Outokumpu, Finland. 4Uppsala University, Uppsala, Sweden 

FUTURAM is a HORIZON EUROPE Research and Innovation 4-year project (2022-2026) with 
main objectives to map the supply of Critical Raw Materials (CRM) obtained from recycling of 
six waste streams: batteries, electrical and electronic equipment, vehicles, mining waste, 
slag and ash, and construction and demolition waste, and to establish a methodology, 
reporting structure, and guidance to improve the raw materials knowledge base up to 2050. 
Apart from building a common database with Secondary Raw Materials (SRM) in Europe, 
several case studies were carried out to test different methods and approaches in order to 
evaluate the mineral potential and economic value of historic and current mining waste 
volumes. Additionally, UNFC has been applied to SRM projects to test, develop, validate and 
demonstrate the procedures in line with UNFC to enable fact-based decision making for their 
exploitation. 

The Håkansboda mining field located in west-central Sweden is a historic mine where Cu and 
Co ore was mined since the XV century. The Håkansboda polymetallic Cu-Co sulphide deposit 
is a SVALS-type, a stratabound Cu-Co (Fe, Sb, As, Bi, Ag and Au) mineralisation hosted in the 
so-called Håkansboda marble. It contains massive chalcopyrite-pyrrhotite rich ore bodies 
with surrounding less massive mineralization zones with various textures and composition. 

Several groups of methods have been tested at Håkansboda: sampling routines, geochemical 
and mineralogical methods, and waste beneficiation methods. Geochemical methods gave 
an overview of the chemical composition of the waste rocks with special emphasis on metals 
and critical raw materials. Mineralogical methods were used for determining the phases 
(minerals) in which metals occur and in what parageneses/associations. The preliminary 
beneficiation tests allowed us to predict possible extraction and processing technologies and 
validate the potential of waste for further extraction, including economic-related factors, 
such as the grade which can be obtained. At last, UNFC classification has been developed 
upon the basis of quality of the parameters/controlling factors as well as their uncertainties 
supporting the level of confidence. 
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Insights into geostatistical modelling of mine tailings and sampling 
methodologies from the Otanmäki ilmenite tailings storage facility 
project 
Tuomas Leskelä1, Janne Hokka2, Teemu Karlsson3 
1Geological Survey of Finland, Rovaniemi, Finland. 2Geological Survey of Finland, Espoo, Finland. 
3Geological Survey of Finland, Kuopio, Finland 

Interest towards extractive waste sites as sources of secondary raw materials has 
substantially increased in recent years (European Commission 2024), highlighting the need 
for robust investigations of their resource potential and the methodologies used for the 
assessment. The Otanmäki tailings storage facility (TSF) in Central Finland, fully owned by 
Otanmäki Mine oy, provides a suitable environment for testing the effect of spatial density 
of sampling in resource modelling, as well as for comparing different sampling methods 
(Leskelä et al. 2025). 

Three sample collection methods were tested at the Otanmäki TSF: a tube-sampler with a 
valve, a flow-through blade and an auger drill. The tube-sampler was found to be the most 
suitable method for collecting samples from the Otanmäki TSF. 

Utilizing both previously existing and new sample data, multiple resource models were 
created within different scales, to study the effects of varying the number of sample points 
(low- to medium- to high-density of sampling) to the grade and tonnage model. In the most 
extreme model, sample point density was increased up to a 25 x 25 m grid from the pre-
existing 100 x 100 m grid. The modelling results show that adding sampling points did not 
significantly change the final grade and tonnage across the any of the models at the 
Otanmäki TSF. This indicates that for the Otanmäki TSF, the existing 100 x 100 m sampling 
grid was sufficient to have a high confidence in the resource quantities within. 

The pros and cons of each sampling method must be weighed based on the conditions, such 
as moisture conditions, depth of tailings, and available time, on a case-by-case basis. The 
Otanmäki ilmenite tailings are relatively homogenous, exhibiting good horizontal grades 
continuities and a low nugget effect, which is unlikely to be the case for other waste sites 
where there may be considerable heterogeneity and spatial complexity in the waste 
material. Regardless, a similar approach could be adopted in studying other extractive waste 
sites to test what the required sampling density is in order to produce high-confidence 
estimates in a cost-efficient manner. A spatial sampling sensitivity test can be conducted in a 
smaller portion of the waste area without requiring dense sampling across the entire site. 
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Blind Uranium Mineralisation in Latvia: Occurrence and In-Situ Leach 
Potential 
Charlie Moon 

Moon Geology, Calstock, United Kingdom 

Systematic surveying in Soviet times identified a number of radiometric and 
hydrogeochemical uranium anomalies in Latvia. These were tracked down at surface to thin 
bedrock sources in fish and organic-rich parts of Devonian clastic sediments. More 
significantly water well gamma logging and sampling highlighted the subsurface potential of 
the Talsi area of Kurzeme. This led to detailed drilling which intersected 
potentially commercial grades within reduced (grey) channel sediments of the Aruküla and 
Burtnieki Fms. Although these are peneconcordant in nature they appear related to 
oxidation/reduction features resembling in scale and type the roll front uranium deposits of 
interior USA or Kazakhstan. These roll fronts are susceptible to in-situ leaching technology 
that might ameliorate the difficulties for extraction posed by private mineral rights 
ownership in Latvia. 

Detailed U/Ra analyses in the 1980s (Churyasov 1985) suggest multiple ages for the uranium 
deposition, 280, 170, 120, 35-70, 0-1 Ma reflecting diagenesis and stages of uplift. 

The poster will illustrate the nature of known intersections, as well as outcrop features of 
uranium mineralisation and ultimate sources in the basement. 
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Petrographical and petrophysical analyses of potential CO2 storage 
complexes in the Faroe Islands Basalt Group, Faroe Islands NE Atlantic 
Ocean 
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Resources, University of Copenhagen, Copenhagen, Denmark. 3cGeological Survey of Denmark and 
Greenland (GEUS), Copenhagen, Denmark 

Interest in Carbon Capture and Storage (CCS) within volcanic settings has during the last 
decades increased due to basalts ability to rapid sequester carbon dioxide to form 
carbonates. This study investigates the carbon storage characteristics of two epi-
volcaniclastic units (Argir and Sund beds) drilled by the onshore well Glyvursnes-1 into the 
Faroe Islands Basalt Group (FIBG) in the Faroes Islands, NE Atlantic Ocean, which is part of 
the Palaeogene North Atlantic igneous province. From the acquired wire-line suite, the 
reliability of wire-line derived porosities is examined. We show the relationship between the 
density log derived porosity, the ImageJ analysed macroporosity, conventional core 
measurement and present a model in which both the range in ImageJ and core 
measurements can be predicted based on wire-line logs and thereby greatly improves the 
reservoir evaluation. The macroporosity and measured permeability within the investigated 
units showed averages of 4.7% and 5 mD and medians of 3.8% and 1.9 mD, indicating that 
the units may play several roles in potential carbon storage sites in the FIBG. The model has 
been tested using drilled intervals from wells located on- and offshore Faroe Islands (Faroe-
Shetland Basin) and suggests that the FIBG offers a possibility for CCS in the NE-Atlantic 
region and similar volcanic areas. 
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Stéphane Polteau1, Craig Smalley2, Vani Devegowda1, Ingar Johansen1, John M. Millett 3, 
Marija P. Rosenqvist4, Mohamed Mansour Abdelmalak4, Sverre Planke5 
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Basalt complexes can cover thousands of square kilometres and be several kilometres thick. 
With an estimated global carbon storage capacity of 40 Tt they represent a possible solution 
to reach the 2050 emission targets. However, the injection of gigatons of CO2 into basaltic 
formations requires a thick reservoir system lacking barriers to lateral fluid flow for the CO2 
to dissipate away from injection points. In this contribution, we evaluate for the first time 
the vertical fluid connectivity of a basalt sequence using the Sr isotope composition of pore 
waters, sampled using the strontium residual salt analysis (SrRSA) method. Thirty-seven 
samples were collected in the U1571A borehole (IODP Expedition 396 on the Skoll High, 
offshore mid-Norway). Sampling of the well targeted the most representative lithologies and 
hence included vesicular basalt and massive flow interiors. 

The SrRSA method measures the 87Sr/86Sr ratio in the salt residue that precipitated in the 
pores of core samples after the pore water evaporated, and the value measured in the 
laboratory should accurately reflect that of the in-situ pore water. In addition to present-day 
pore water from the residual salts, the 87Sr/86Sr of past water compositions were 
reconstructed from carbonate cements of different ages. We reveal smooth and 
uninterrupted trends in strontium isotopes through a 100 m thick basalt section indicating a 
common fluid reservoir unaffected by the low-permeability massive lava flow interiors. The 
data further indicate that the unconsolidated overburden sediments act as a good seal 
preventing seawater to mix with in situ porewater and may prevent CO2 leakage to the 
surface for buoyant supercritical CO2 injection scenarios. This study supports the premise 
that basaltic sequences form viable targets for CO2 storage and suggests that fractures may 
bypass low-permeability units to create a well-connected reservoir system. Finally, the 
87Sr/86Sr method is demonstrably useful in basalts, and warrants being included routinely in 
evaluating thick basalt sequences for large-scale CO2 storage. 
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Transform continental margins account for 16% of global continental margins however only 
few have been drilled, which limits our understanding of their evolution. The Mimir High, a 
prominent structural high situated along the Vøring Transform Margin (VTM) offshore Mid-
Norway, represents a key location for addressing this knowledge gap. It was drilled in 2021 
during International Ocean Discovery Program (IODP) Expedition 396, providing the first 
direct access to borehole samples from this part of the margin. 

This study aims to refine the tectonostratigraphic evolution of the Mimir High through 
integration of newly acquired high-resolution 3D P-Cable seismic data from the 2020 
CAGE20-4 cruise and five boreholes at sites U1569 and U1570. Methods include seismic 
horizon and attribute interpretation, wireline log analysis, and core-log-seismic integration 
supported by biostratigraphic data. 

During the Paleocene-Eocene Thermal Maximum (PETM), around 55.9 million years ago, as 
dated by the presence of the dinocyst Apectodinium augustum, the area was characterized 
by a clastic shallow marine environment, likely lagoonal in nature. The ash-rich mud- and 
siltstones indicate ongoing volcanic activity in the vicinity. A notable early Eocene volcanic 
event is recorded in the form of a 10-meter-thick dacitic igneous unit, interpreted as a 
subaqueous pyroclastic density current. 

Post-PETM, early Eocene sequences show signs of uplift and truncation, forming an angular 
unconformity that is likely related to thermal uplift from the nearby seafloor spreading axis. 
These sediments represent a coastal, ash-rich clastic system with substantial terrestrial 
input. The Mimir High remained subaerial or coastal until submersion during the late 
Oligocene. In the early Miocene, regional uplift, linked to a broader inversion event, was 
followed by subsidence. Miocene and younger sequences record marine transgression and 
deposition of sand-rich mudstones. 

This study presents a new seismic interpretation, refined chronological and 
paleoenvironmental constraints, and enhanced insights into the evolutionary development 
of the VTM and the associated Mimir structural high. These results will be further integrated 
in the near future into a regional tectonic scale and modelling of shallow and deeper 
processes caused by breakup related mechanisms. 
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The extraction of critical raw materials (CRMs), such as lithium, helium, strontium, or rare 
earth elements, from deep fluids is currently being investigated in many geothermal areas 
worldwide. The occurrence of CRMs and their extraction technologies are highly site-
specific, and the economic feasibility of co-extracting heat and CRMs has so far been poorly 
demonstrated. 

In general, geological conditions determine the composition of geothermal fluids, while the 
efficiency of extraction technologies depends on the brine composition and the plant 
conditions. The EU-funded project "CRM-Geothermal" pursues a holistic approach to the 
evaluation and extraction of critical raw materials from geothermal fluids in Europe and East 
Africa. 

Its objectives are as follows: (I) To assess the overall potential, a database will be 
established, and the collected fluid data will be visualized in a fluid atlas. (II) The origin and 
mobilization of CRMs will be investigated for different geological settings (e.g., in crystalline, 
fractured rock or in deep sedimentary basins where high-salinity waters circulate through 
porous formations) in order to make predictions about the occurrence and sustainability of 
extraction during fluid circulation. (III) Innovative extraction technologies will be developed 
for some CRMs, such as lithium, strontium, and helium, for different fluid types. 
Furthermore, economic, social, and environmental aspects of the processes will be 
considered, and finally (V) the feasibility of CRM co-extraction will be demonstrated at a site 
(Cornwall). 
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The Oslo Rift formed around 300 million years ago and is characterized by emplacement of 
subaerial lavas and an extensive subvolcanic system of sills, dykes and plutons. The earliest 
stages of volcanism were dominated by fissure-fed plateau basalts, trachyandesites to 
trachytes (including rhomb porphyries), followed by later stage caldera-related basalts, 
rhyolites and ignimbrites. More than 1.5 km of rhomb porphyry stratigraphy is preserved in 
the ca. 250 km long subaerially exposed rift system, but primary igneous minerals are often 
completely altered, except for apatite and rare zircons. Interestingly, the sedimentary rocks 
forming the substrate for lavas remain unaffected by hydrothermal alteration, questioning 
conventional models for fluid flow and temperature evolution in rifts. 

Here, we use new boreholes and cores from the Oslo Rift to characterize and further 
understand rift-scale pervasive alteration of lava flows. We focus on two cores. The first 
core includes 350 m of interbedded sandstones and lava flows, and the second one is 50 m 
long and drilled through a fault zone in the two lowermost flow units. We present wireline 
logs, geochemical data and petrography to further understand the hydrothermal alteration 
and porosity-evolution in these rocks. Overall, primary igneous minerals (e.g., pyroxene, 
ternary feldspar, ilmenite) were hydrated and replaced by mineral assemblages including 
chlorite, albite, K-feldspar, quartz, calcite, rutile, monazite and magnetite. Vesicle-rich 
horizons in the lavas (flow bases and tops) are filled by chlorite and calcite, with minor 
dolomite, quartz, epidote, fluorite, barite and pyrobitumen. Vein minerals include calcite, 
quartz and epidote. We present the carbon and oxygen isotope systematics of carbonates, 
and Raman-based geothermometry of pyrobitumen. Our results shed light on the complex 
history of fluid-rock interactions in a continental rift. Lavas acted as reactive lids, trapping 
water and light and mobile elements such as carbon and alkalis, whereas apatite-hosted REE 
still preserve igneous geochemical signatures. Hydrothermal circulation took place across a 
large temperature range, with maximum temperatures (ca. 260-300 °C) recorded by quartz 
plus epidote assemblages and pyrobitumen. Conceptual models need to include the 
variability of fluid sources during rift progression, including igneous/mantle, contact 
metamorphic, basinal brines, meteoric and possibly seawater sources. 
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Hydrothermal vent complexes are formed in sedimentary basins when magma is intruded 
into host rocks. More than a thousand vent complexes have been identified on 2D and 3D 
seismic data in the Vøring and Møre basins offshore mid-Norway. They were formed due to 
emplacement of mafic sills around 56 million years ago, mainly above the termination of 
high-amplitude reflections interpreted as sills. The upper part of the vent complexes are 
dominantly kilometer-sized semi-circular crater- or eye-shaped structures at the top 
Paleocene level, whereas a pipe-like structure of discontinuous reflections connects the 
upper part with the sill termination. The vent complexes were likely formed due to heating 
of sedimentary rocks in metamorphic aureoles surrounding the sills, leading to pressure 
build-up due to formation of greenhouse gases (methane, carbon dioxide) or boiling of 
water at shallow levels (< 1-2 km depth). For thick sills, typically 100 m or more, aureole 
rocks of about half the sill thickness may enter supercritical conditions for water (375 °C and 
22 MPa pressure equal to about 2.2 km water depth). The crater of a shallowly buried 
hydrothermal vent complex was drilled during IODP Expedition 396 at Sites U1567 and 
U1568, documenting that the crater infill is partly of Paleocene-Eocene Thermal Maximum 
(PETM) age (c. 56 m.y.). These crater sediments are rich in pristine siliceous microfossils and 
ash layers, with no clear hydrothermal overprint. A vent complex was previously drilled by 
industry in the Vøring Basin (6607/12-1) showing that that a sub-set of PETM-age 
microfossils had a high thermal alteration index (TAI). We have conducted extensive field 
work in the Karoo Basin, South Africa, and the Tunguska Basin, Siberia, to characterize 
similar onshore exposure of hydrothermal vent complexes. The ones present in Karoo are 
dominantly sedimentary structures, filled with mud breccia and remobilized sandstones, 
with rare basalt fragments. However, the Siberian vent complexes have a strikingly different 
geology, with abundant iron oxide deposits (magnetite) of the Angara-Ilim type infill the 
basalt pipes. Some of the satellite pipes do not reach the paleosurface, forming so-called 
cryptovolanic hydrothermal vent complexes. The vent complexes are well exposed in mines 
and were extensively cored. World-class Ni-Cu-PGE sulfide deposits are also associated with 
the Siberian Traps magmatism in the Tunguska Basin and are mined for decades in the 
Norilsk-Talnakh region. We propose that the extensive ore mineralization in the Tunguska 
Basin is largely related to the unique sedimentary basin deposits which includes extensive 
Paleozoic salt deposits (evaporites), carbonates and organic-rich shale and coal sequences, 
whereas the magma type and emplacement processes are comparable to the non-
mineralized Vøring and Karoo basins which are dominated by clastic sedimentary sequences. 
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Networks of open bedrock fractures are a common feature in unstable rock slopes. Such 
fracture systems influence the subsurface thermal regime by allowing air circulation and 
water infiltration. Ground temperature conditions are in turn a crucial factor controlling 
slope stability. Mapping subsurface fracture systems in unstable rock slopes therefore 
remains one of the biggest challenges in assessing the risk such slopes pose to nearby 
inhabitants and infrastructure. 

The Stampa rock slope (Aurland, Norway) is a complex instability with an estimated total 
volume exceeding 800 Mm3. Although a collapse of the entire slope is considered unlikely, 
unstable rock sections along an up to 100 m high rock cliff represent potential sources for 
partial slope failures. This cliff marks the transition between the scree slope below and the 
gently sloping mountain plateau above, which hosts morphological depressions, graben 
structures, and open tension fractures where air flow at vents has been observed. To 
investigate the underground fracture system, we have systematically mapped vent locations 
in the field aided by UAV-based optical and thermal imaging. We equipped 11 fracture vents 
with air temperature loggers, three of them with rock surface temperature loggers, and two 
of them with sensors to monitor velocity and direction of air flow, as well as radon content. 
These continuous monitoring data are complemented with occasional in-situ air flow and 
temperature measurements at fracture vents, in addition to radon (222Rn) and thoron (220Rn) 
surveys using alpha track detectors. 

Our results show that there exist several complex ventilation systems connecting vents at 
different elevations both on the mountain plateau and in the rock cliff. Chimney ventilation 
is probably most important and is predominantly controlled by the outside air temperature, 
since the direction of air flow depends on the season. In winter, when outside temperatures 
are low, air is sucked in at lower elevated vents and flows out at higher elevated vents; in 
summer, the pattern reverses. The flow rate is controlled by the temperature gradient 
between outside air and air in the bedrock fracture system, and reaches up to 1 m3/s. 222Rn 
concentrations are strongly dependent on the air-flow rate and are generally highest (up to 
50 000 Bq/m3) when the flow rate is low, but they are also related to the rock-atmosphere 
contact area which depends on ground water level and the extent of ice in subsurface 
fractures. Stable subsurface air temperatures at or below 0°C indicate the existence of 
sporadic extra-zonal permafrost mainly in the rock cliff below the mountain plateau. There, 
the bedrock reaches its highest temperatures in late autumn/early winter which coincides 
with enhanced deformation of unstable rock sections along the cliff. Climatic warming leads 
to changes in bedrock ventilation systems, warming ground and thawing permafrost, and 
thus influences slope stability. 
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To assess the risk of catastrophic failure from unstable rock slopes the volume, shear zone 
and kinematic behaviour must first be understood. Slow-moving rock slopes often require 
time consuming and expensive monitoring and research, such as drilling, geophysical 
campaigns and on-site instruments to be fully understood. However, traditional field 
mapping of structures and morphological features combined with surface movement data 
from InSAR, and ground-based sources gives reasonably good understanding of kinematics 
and the subsurface for classification for risk and hazard assessment. Dusnjárga is an actively 
deforming rock slope in Northern Norway, with an area of 1.27 *106 m2 sliding about 1 
cm/year into the fjord below. It poses a threat to nearby villages from displacement wave 
impact should it catastrophically fail. Field mapping and structural analysis of the site 
combined with InSAR and dGNSS data has been integrated to develop a geological model of 
the site. Structural mapping reveals a non- to well-developed foliation in large scale open-
folded metagabbro with several mylonitic shear zones observed in the slope. The foliation is 
folded in a synform in the toe section of the slope. Displacement vectors from dGNSS and 
InSAR indicate the deformation follows sliding along this synform structure, with vectors 
dipping into the upper slope, and up and out of the toe section. We propose that as the 
rockslide progresses downward into the lower limb of the synform the friction acting against 
sliding will gradually increase, ultimately leading to stabilization of the rock mass rather than 
catastrophic failure. To test this hypothesis, finite element analysis will be performed to test 
these loading conditions. The results of this study will aid the national authorities in 
revisiting the hazard analysis and add to knowledge of how surface mapping methods of 
unstable rock slopes can provide understanding of kinematic behaviour. 

  







126 

O9.6 (Keynote) 

The second highest tsunami ever recorded 
Dan H. Shugar1, Katherine R. Barnhart2, Mira Berdahl3, Jacqueline Caplan-Auerbach4, Göran 
Ekström5, Aram Fathian1, Marten Geertsema6, Stephen P. Hicks7, Bretwood Higman8, Erin K. 
Jensen2, Ezgi Karasözen9, Patrick Lynett10, John Lyons11, Thomas Monahan12, Gerard Roe3, 
Kristian Svennevig13, Liam Toney2, Maximillian Van Wyk de Vries14, Michael E. West9 
1University of Calgary, Calgary, Canada. 2U.S. Geological Survey, Golden, USA. 3University of 
Washington, Seattle, USA. 4Western Washington University, Bellingham, USA. 5Columbia University, 
Palisades, USA. 6Ministry of Forests, Prince George, Canada. 7University College London, London, 
United Kingdom. 8Ground Truth Alaska, Seldovia, USA. 9Alaska Earthquake Center, Fairbanks, USA. 
10University of Southern California, Los Angeles, USA. 11U.S. Geological Survey, Anchorage, USA. 
12University of Oxford, Oxford, United Kingdom. 13GEUS, Copenhagen, Denmark. 14Cambridge 
University, Cambridge, United Kingdom 

Over the past century, more than two dozen tsunamis with runups greater than 50 m have 
been reported. Of these, more than half were in the Arctic or subarctic, with eight in Nordic 
countries and six in Alaska, including the 1958 Lituya Bay megatsunami, which ran up 530 m 
in elevation. Many of those megatsunamis occurred in deglaciating fjords or valleys, and 
almost all were triggered by landslides. At 5:26 a.m. local time on 10 August 2025, a large 
landslide (>64x106 m3) collapsed about one vertical km onto South Sawyer Glacier and into 
Tracy Arm, a cruise ship-frequented fjord in southeast Alaska. The landslide triggered a 
megatsunami, which reached an elevation of 481 m up the opposite fjord wall before 
propagating out of the fjord into Stephens Passage and Endicott Arm to the south. The 
tsunami was experienced by multiple ships in the vicinity, but due in part to its early morning 
timing, luckily no deaths or injuries occurred. 

The initial rock wedge failure transitioned into a rock avalanche as it traveled down the slope 
and produced globally observed long-period seismic waves equivalent in size to those of a 
M5.4 earthquake. The landslide was also preceded by more than 24 hours of 
microearthquakes attributed to slip along the failure surface, with increasing rate and 
amplitude until roughly an hour before failure. Long-period monochromatic global seismic 
signals persisted for over 36 hours. These signals are consistent with a landslide-induced 
seiche trapped in the fjord, an interpretation further confirmed by tsunami simulations and 
satellite observations. 

The landslide and resulting hazard cascade was enabled by >6 km of retreat of South Sawyer 
Glacier since 1948, which we statistically attribute to anthropogenic warming. Most recently, 
the base of the failed slope was fully exposed between late June and early August 2025 
when the glacier retreated ~300 m. A large failure of a slope that had not previously been 
identified as a hazard, and with no precursory slope deformation, in a fjord with extensive 
recreational activity (e.g., cruise ships and personal pleasure craft) highlights the near-field 
risk of landslide tsunamis and underscores the importance of enhanced monitoring and 
continued research using a variety of tools, including seismic, remote sensing, and in situ 
monitoring. 
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Mass movement triggered glacial lake outburst flood hazard: A 
perspective from Iceland. 
Sæmundsson Þorsteinn, Greta Wells 

University of Iceland, Reykjavik, Iceland 

One of the most conspicuous consequences of climate change in Iceland, as in many 
mountainous areas worldwide, is rapidly retreating outlet glaciers. Proglacial lakes may form 
in front of these glacier termini, often in glacially overdeepened troughs. Most Icelandic 
proglacial lakes can be categorized as lowland lakes, carved into both bedrock and 
sediments. Since the 19th century high stands of the Little Ice Age in Iceland, Icelandic 
glaciers have probably lost about 16% of their mass. Warm conditions in the 1920s and 
1930s drove rapid glacier retreat in Iceland and resulted in the formation of many proglacial 
lakes. During the last decades or from around 2000, existing proglacial lakes have expanded, 
some at an exponential rate, and many new ones have formed. 

During recent years, high-resolution multibeam and single beam sonar measurements of 
lake bathymetry have been carried out on several proglacial lakes in Iceland. These studies 
have provided valuable data on glacier retreat rate and lake development under ongoing 
climate change, reconstruction of lake volume changes and lake bathymetry. 

These glacier fluctuations can and have affected the stability of neighboring mountain 
slopes, resulting in slope deformation and mass movements, triggered by various paraglacial 
processes. 

In 1967, a rockslide fell onto an outlet glacier and partly into its proglacial lake in the 
Steinsholtsdalur valley in South Iceland, creating a large glacial lake outburst flood (GLOF). 
The GLOF left a trail of ice, rock debris and landscape transformation that entirely 
overprinted the pre-existing proglacial landscape in the valley. 

The potential for mass movement triggered GLOFs in other areas where proglacial lakes have 
formed has increased considerably over the last decades. Many of these areas both attract 
tourists year-round and have seen recent related infrastructure development in their 
vicinities. This development raises serious concerns and stresses an urgent need to study 
and monitor these environmental hazards. 
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Geological signatures of storm surges along the southern Swedish coast 
Helena Alexanderson1, Bradley W. Goodfellow2, Malin E. Kylander3, Ellison Meret1, Ylva 
Palmgren3 
1Lund University, Lund, Sweden. 2Geological Survey of Sweden, Lund, Sweden. 3Stockholm University, 
Stockholm, Sweden 

Storm surges combine the power of two natural hazards, strong winds and flooding, and can 
have devastating effects on people, infrastructure, and nature in coastal areas. Ongoing 
global changes, including rising sea levels and shifting storm patterns, are expected to 
increase both the frequency and amplitude of such events in the future. There are, however, 
significant regional variations and some trends are uncertain. To improve our understanding 
of the factors and processes that control coastal flooding and increase our ability to assess 
future risks at time scales relevant for coastal management, we require storm surge records 
that extend back beyond the instrumental era. 

In this pilot study we have explored the coastal sedimentary record at several sites along the 
coast of Halland and Scania in southern Sweden with the aim of identifying past storm 
surges. Sites with both known storm surge deposits (e.g. from storm Babet in October 2023) 
and sites expected to contain traces of older events were investigated. A range of 
sedimentological, geochemical and dating methods have been applied and tested to 
evaluate what works best for these types of deposits, including X-ray fluorescence (XRF), X-
ray computed tomography (CT), carbon/nitrogen (C/N) isotope analysis, luminescence and 
210Pb dating, and grain-size analysis. 

Storm surge deposits at the studied sites include massive sandy beds or laminae that differ 
in grain size and/or composition from the normal accumulation, heavy-mineral lamination, 
and massive shell beds. Most geochemical and dating results are still pending, but 
preliminary data indicate that at least the upper parts of the studied stratigraphies are young 
(<100 years) as also indicated by the presence of polymer fibres in some of the sediments. 
Our results so far indicate that beach meadows may be the most promising setting in terms 
of number of events recorded (possibly up to nine at site Rosendal), while sandy berm 
beaches may contain traces of fewer events, but with deposits that are thicker and more 
easily traceable inland and alongshore. 
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A new national seismic hazard assessment for continental Norway and 
the Svalbard archipelago 
Maren Kjos Karlsen, Mathilde B. Sørensen, Lars Ottemöller 

University of Bergen, Bergen, Norway 

A new probabilistic seismic hazard model for Norway and the Svalbard archipelago has now 
been published. The study follows recent advancements in earthquake hazard estimation 
and is driven by new methods, tools, and complex processing routines and calculations. 
Norway, located on the western edge of the stable Fennoscandian shield, experiences low to 
moderate seismicity, with events rarely exceeding magnitude 5.5. In contrast, Svalbard has 
seen moderately sized events close to population centers in recent years. The study area 
encompasses continental Norway and the Svalbard archipelago, including a 300 km 
perimeter. Hazard estimates are calculated using the OpenQuake Engine, with input data 
sourced from the Norwegian National Seismic Network and supplemented by other national 
and international catalogs. The catalogue represents a significant improvement, with the 
addition of five years of earthquake data, a lower minimum magnitude, automated quality 
assurance, and data harmonization with neighboring regions. The study is supplemented by 
a smoothed seismicity model, in addition to traditional area zonation, and the applied 
ground motion models are validated against local data records. The analysis has resulted in 
an up-to-date and improved open-access evaluation of seismic hazard in Norway. This new 
hazard model supports better preparedness and enhances understanding of the economic 
and societal risks posed by earthquakes. The methods and input data used for the analysis 
will be presented, along with results, and discussed in the context of ESHM20 and other 
regional hazard assessments. 
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The sinkhole conundrum of the Chicxulub impact crater, Yucatán 
Peninsula, Mexico: Insights from scaled physical experiments 
Ulrich Riller1, Jan Oliver Eisermann2, Louisa Bahr1 
1University of Hamburg, Hamburg, Germany. 2University of Kiel, Kiel, Germany 

Karst-induced sinkholes in Pliocene strata, the youngest sequence of Tertiary sedimentary 
rocks covering the 66 Ma Chicxulub meteorite impact crater, form a semicircle that is 
congruent with the underlying crater margin as imaged by gravity anomalies. The causal 
relationship between the crater margin and the formation of the sinkholes has remained 
elusive since the discovery of the Chicxulub crater more than 30 years ago. Ground water 
flow of the northwestern Yucatán aquifer calls for the presence of prominent structural 
discontinuities in Tertiary strata above the buried crater margin, which likely control sinkhole 
formation. Based on the analysis of high-resolution satellite scenes, we mapped the 
ellipticity and respective long axes of some 6500 sinkholes. Assuming that the sink hole long 
axes represent traces of subsurface dilation fractures and, thus, orientations of maximum 
principal stresses, the angular departures of these stresses from the uniform regional trend 
point to local stress perturbations above the crater margin. The patterns of these 
perturbations agree with experimentally produced ones observed in scaled numerical and 
physical models, in which model craters are embedded in elastic materials and subjected to 
uniaxial compression. Moreover, concentric fractures preferentially form at model crater 
margins in physical experiments simulating cratering-induced crustal relaxation on the order 
of hundreds of thousands of years. We conclude that the localization of sinkholes in Pliocene 
strata above the Chicxulub crater rim is the combined result of the concentration of ambient 
stresses at the crater rim and the consequent reactivation of concentric fractures and their 
propagation into the overlying Tertiary strata. 
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Kinematic analysis of brittle shear faults generated by the Chicxulub 
meteorite impact, Mexico, and comparison to numerical modelling 
Louisa Bahr, Ulrich Riller 

University of Hamburg, Hamburg, Germany 

Kinematic analysis based on the inversion of brittle shear faults is novel in studies of impact 
cratering. IODP-ICDP Expedition 364 drill core from the Chicxulub impact crater is pervasively 
affected by decimeter-scale brittle shear faults. Measurements of the orientations and slip 
senses of 602 shear faults in shocked granitoid target rocks resulted in a unique fault-slip 
data set of unprecedented detail. The shear faults most likely represent a late stage of 
cratering, during which the peak-ring formed and the crater grew horizontally. Based on 
numerical models, deformation during this stage is characterized by concentric and vertical 
extension and uniform radial shortening. Extracting principal strain axis directions from the 
inversion of brittle shear faults allowed us to test to what extent the observed brittle 
deformation corresponds to the deformation regime predicted by numerical models. 
Moreover, our work explores to what extent fault-slip inversions of impact-induced brittle 
faults can contribute to the general understanding of crater formation. As the fault-slip data 
were measured on drill core segments in horizontal position, the data had to be rotated back 
with regard to the in-situ positions of the segments prior to inversion. Results of the 
inversion show that the principal directions of observed brittle strain contain the numerically 
predicted directions for parts of the drill core. Yet, with drill core depth, different 
deformation regimes alternate, some of which are not evident in the numerical model. Thus, 
the orientations of the principal strains based on ground truth are more variable than 
proposed for the apparently simple strain regime during late-stage crater growth predicted 
by numerical models. Similar to non-impact tectonic settings, we conclude that the variation 
in principal strain directions inferred from fault-slip analysis portrays kinematic complexities 
arising from structural discontinuities. 
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From outcrop to seismic: simulating seismic signatures of complex and 
small-scale geological features in a flexible and robust manner 
Daniel Holden1, Andrew Hurst1, Isabelle Lecomte2 
1University of Aberdeen, Aberdeen, United Kingdom. 2University of Bergen, Bergen, Norway 

Seismic reflection provides useful images of subsurface geology. Although seismic imaging is 
a well-established tool in the hydrocarbon industry, its high cost and limitations in resolution 
and detectability can restrict its broader applicability to other sectors. The interpretation of 
large-scale features is common practice, but features below a certain threshold, commonly 
referred to as sub-seismic, may be overlooked. Thin and steep features such as faults, 
fractures, karsts, intrusions, etc, may be especially misinterpreted or ignored. Understanding 
how geological features impact seismic images is however essential for effective seismic 
interpretation in all applications. We use here the case of sand intrusions to illustrate our 
modelling workflow. 

Detailed outcrop models can be used as input to Point-Spread Function convolution 
modelling, generating seismic models comparable to pre-stack depth-migrated images and 
that also capture diffraction effects. The geological outcrops used here as example exhibit a 
wide range of geometrical variations, with intrusion thicknesses extending from metre- to 
decametre-scale and dips from horizontal to vertical. Pending that the generated geomodels 
retain a high level of details, this modelling approach generates realistic seismic models 
directly comparable to the input geology; This, in turn, enables a deeper understanding of 
the seismic response of specific geological features, constraining limitations in illumination, 
detectability and resolution. 

Comparing input geology and modelled seismic reveals that geological features may be 
misrepresented in seismic images. In our case, several sandstone intrusions considered 
seismically resolvable interact with the host rock resulting in disturbed reflectors. Thin 
intrusions that may otherwise be ignored create unique seismic responses that give 
indications of their presence, while steeply dipping features induce variations in amplitudes 
even if not illuminated. The combination of multiple geological features in close proximity 
results in specific seismic signatures which can be analysed to derive specific interpretation 
workflows according to the geology of interest. 

The capacity to link outcrop models with their modelled seismic response creates an 
opportunity to unravel how these features manifest in actual seismic data providing 
improvements to seismic interpretation, especially by developing specific analysis tools 
(attributes, AI approaches, etc). The seismic modelling workflow from outcrop model can be 
applied to any complex geological features and provides a de-risking tool for seismic imaging 
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Overcoming Challenges Specific to Modelling Multiphase Fluid Flow in 
Basalt Reservoirs 
Daniel Kiss, Viktoriya Yarushina, Stepahne Polteau 

Dept. of Reservoir Technology, Institute for Energy Technology (IFE), Kjeller, Norway 

Carbon capture and storage (CCS) is an essential strategy to mitigate the climate altering 
effects of CO2 emissions from hard to abate sectors. A potentially impactful CCS strategy is 
targeting mafic and ultramafic reservoirs for CO2 injection, where carbonation reaction can 
take place, locking the CO2 on geological time scales. Basalt reservoirs are a type of mafic 
reservoirs which are common and accessible at several location in Northern Europe and 
around the globe. 

Modelling porous fluid flow in basalt reservoirs is challenging compared to siliciclastic 
reservoirs for two main reasons. One of these challenges is while siliciclastic reservoirs are 
relatively homogenous when the flow properties are compared on different length scales 
(from cm to km), basalt reservoirs are often extremely heterogenous. In basalts flow 
properties are often dominated by networks of fractures and vesicles, the rock matrix itself 
is often nearly impermeable. The other challenge is related to reactive flow and how 
dissolution, precipitation and chemical alteration of the host rock influence fluid properties. 

We will discuss potential solutions to these challenges. For assessing large scale flow 
properties of basalt formation, we investigate whether various geochemical and geophysical 
datasets (e.g. Sr isotope profiles, electrical resistivity logs) can provide useful constrains. For 
assessing the influence of reactions on flow properties we describe our methodology of 
comparing state of the art reactive flow modeling with experimental results. 
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Oulu Museum of Mineralogy & Geology 2.0 - Towards European Capital 
of Culture 2026 
Tapio Soukka 

University Of Oulu, Oulu, Finland 

In recent years, many mineralogical museums have been closed or moved to smaller 
premises (Kinnunen 2014). At the same time, photogrammetry and various augmented 
reality (AR) technologies have been developed. This has enabled institutions to develop 
virtual museums and collections, making it easier for museums to reach the public. (Apopei 
2024) The aim of this study is to present the University of Oulu's Mineralogical and 
Geological Museum 2.0. The museum consists of physical samples and virtual 3D 
photogrammetric models combined with XR (Mixed reality) technologies. 

Since 2024, geological and mineralogical samples from the University of Oulu have been 
actively virtualized. The collection also includes outcrop models from various parts of 
Northern Ostrobothnia and Europe. The collection comprises a total of ~700 virtual rock, 
mineral, and outcrop models. The museum's collection has also been supplemented with 
high-resolution images of mineral samples. 

The virtual models are part of the Oulu European Capital of Culture event. Thanks to this 
sub-event, everyone can learn about Finnish and Nordic geology from home without having 
to travel. The models also provide useful information for those who want to study rocks on 
site. 
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Designing the interaction and outreach for a large, multidisciplinary 
flagship research initiative securing water for people and ecosystems 
by means of new digital solutions 
Annukka Pekkarinen1, Hanna Holappa2 
1University of Turku, Turku, Finland. 2University of Oulu, Oulu, Finland 

 

Digital Waters Flagship (DIWA) is a large Finnish research consortium consisting of 6 
organizations. Our goal at DIWA is to secure water for people and ecosystems by 
implementing integrated and sustainable practices and new digital solutions. Together with 
the related PhD pilot programme, DIWA reaches almost up to 200 scientists working with 
various aspects of freshwater and the coastal zone. This includes 60 PhD researchers, who 
started their journey during the years 2024 and 2025. We explore the challenges and 
opportunities of designing the interaction and outreach events and channels for 
multidisciplinary staff, societal and business stakeholders, and the public, by means of 
podcasts, films, seminars, conferences, blogs, as well as field trips and workshops. 

Our talk focuses on how to increase the knowledge of the young scientists regarding the 
common themes of the flagship and the more specialized fields of research to create 
meaningful collaboration, co-authorships, and discussions between the scientists. For 
example, we are using blogs written by our working groups, research themes, and PhD 
researchers as a means to increase mutual understanding of each research topic, as well as 
to provide written online material on our research using pre-identified keywords to increase 
our outreach online. We are also using film and podcast formats to boost our outreach to 
the public. 

Field trips for the international PhD researchers are designed to support their understanding 
of the Finnish environment, the fluvial processes, and what type of seasonal variation and 
phenomena may impact their scientific data or, for example, the operating environment for 
automation and robotics solutions. The challenge here is producing educational content that 
is beneficial across the multiple fields of research that our scientists represent. 
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Communicating about ancient Finnish volcanoes on social media: 
Harnessing the short video format 
Anna Sartell1,2, Laura Säilä-Corfe1 
1Department of Geosciences and Geography, University of Helsinki, Helsinki, Finland. 2University 
Centre in Svalbard, Svalbard, Svalbard and Jan Mayen, Norway 
Modern day volcanism often draws the attention of the general public, but many people in 
Finland do not realize that they are walking on volcanic rocks in their own backyard. Around 
1.9 billion years ago, there was a volcanic island arc in southern Finland and outcrops of 
these rocks can be found in, for example, the Helsinki region. 

Through a joint course between the Faculty of Science at the University of Helsinki and the 
journalism program at Haaga-Helia University of Applied Sciences called How to make a 
science video, we set out to make an educational video about ancient volcanism in southern 
Finland. This annual course is led by experienced science video producers and professionals 
in journalism. Participants in the course are placed in teams, comprised of both journalism 
students and scientists at different career stages. The aim of the course is to produce a fairly 
professional two-minute video suitable for platforms such as YouTube, and also one or two 
shorter teaser videos filmed with smartphones for social media channels such as Instagram. 
At the conclusion of the course, the two-minute videos by each team are published on the 
Youtube channels of both institutions. 

In the process of making The Search for Finnish Volcanoes, our team learned to develop our 
initial idea into an achievable movie script, and execute this plan using a variety of 
techniques. The video includes clips filmed by the coast of Helsinki in freezing rain and wind, 
an interview with a local expert and author of a book on this topic (Heinonen & Lehtonen 
2024) using green screen in the studio at the University of Helsinki, as well as an animation 
made by a close collaborator, showing the audience how the volcanic rocks formed. 

In this presentation, we will highlight the processes of producing this scientific video, and 
share the resulting video. 
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Knowledge Centre for Responsible Sourcing of Deep-Sea Minerals in 
the Arctic Region: A cooperative program between Greenland, the 
Faroe Islands, Denmark, and Norway 
John R. Hopper1,2, Uni Árting3, Josephine Nymand4, Stig-Morten Knutsen5, Heri Ziska3, Jakob 
Keiding1, Thomas Varming1 
1Geological Survey of Denmark and Greenland, Copenhagen, Denmark. 2University of Copenhagen, 
Copenhagen, Denmark. 3Faroese Geological Survey, Tórshavn, Faroe Islands. 4Greenland Institute of 
Natural Resources, Nuuk, Greenland. 5Norwegian Offshore Directorate, Harstadr, Norway 

Our society is highly dependent on raw materials and with the green transition, there follows 
an increased need for many new metals. Even if recycling is considered a sustainable source 
of raw materials in the future, we are not yet in a position where there is enough recyclable 
material to satisfy the production of the batteries needed for the expanding fleet of electric 
vehicles, permanent magnets for the growing number of wind mill farms etc. The deep sea is 
a potential future source of many such raw materials. 

On one hand, the utilization of marine mineral resources in the Arctic region could 
potentially be beneficial for several reasons. In Greenland and the Faroe Islands, it could 
boost the economy and generate jobs. In Norway and Denmark, it could contribute to 
meeting the ambitions of the Governments of Norway and Denmark to reach their climate 
goals without being dependent on mineral resources from non-western countries. 
Eventually, marine minerals could have a positive effect on the security of supply of raw 
materials for the green transition in Europe, a wish that is well reflected in the new Critical 
Raw Materials Act and the newly signed MoU between the EU and Greenland. On the other 
hand, if marine mineral resources are not mined sustainably and responsibly, we risk 
compromising the extremely delicate ecosystems of the Arctic seas. 

To address these issues, a new cooperative network between Greenland, the Faroe Islands, 
Norway, and Denmark has been formed to discuss some of the pressing issues involved in 
deep sea mineral activity in the Arctic region. The goal is three-fold: to better understand the 
resource potential of the deep sea in the North Atlantic and Arctic regions; (2) to better 
understand the environmental risks and biological communities that will be impacted by any 
future exploration and exploitation of Arctic natural resources; and (3) to discuss the legal 
and licensing ramifications of future activities in the region. As part of the project, a high 
priority includes public outreach and engagement with indigenous communities, including 
inviting NGO's to participate in the workshops. 
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Microearthquake fault plane solutions (FPS) and monitoring crustal 
stability by interpreting the FPS in terms of complete stress tensors 
Ragnar S. Slunga 

QuakeLook, Stockholm, Sweden 

The body wave impulse method from 1981 gives well determined FPS for microearthquakes 
recorded local or regional seismic networks (only one first motion polarity needed). Each 3C-
station gives three observations (P, SV, and SH) while only four parameters affecting the 
impulses are needed (strike, dip, rake, and seismic moment Mo).Already two observing 
stations give overdetermined equations.In a well known old paper it was argued that the FPS 
puts only weak constraints on the stress tensor causing the slip. However, that was based on 
the assumption that the slipping fracture was the only fracturewithin the earthquake volume 
which is contradicted by all rock studies. Rock stress measurements have shown that the the 
deviatoric rock stresses are as large as a fractured rock mass can take. This means that the 
Coulomb Failure Criterion for homogeneous media is a reasonable and ralistic approach 
which puts three constraints on the stress tensor compared to the single constraint by Bott's 
Criterion. The vertical stress can be assumed to equal the overburdon and the CFS for the 
earthquake slip can be assumed to equal zero. The water pressure p can be assumed to 
equal the smallest possible principal stress within the water cell containing the 
microearthquake (p is needed in the CFS=0 constraint) which relates it to the vertical stress 
at the top of the cell. A sixth constraint is given by assuming that nature is not using overkill - 
it is assumed that the deviatoric deformation energy is smallest possible. These six 
constraints allow the complete stress tensor causing the slip to be estimated for each 
microearthquake. The last constraint always favours the steeper dipping plane of the FPS 
which may be interpreted as explaining why most faults are rather close to vertical. The 
method has been tested on several hundred thousands of microearthquakes in 
Iceland.While the estimate of absolute stress tensor requires the use of median values of 
several micoearthquakes  the estimated CFS values will be correct also for single 
observations (independent of the water pressure). This may explain the very good results 
when monitoring crustal stability (CFS). I will show the stress observations before the two 
M=6.5 EQs 2000in southern Iceland plus give illustrating examples for M=4 EQs in the Hengill 
area. Several presentations and textfiles (PDF) are freely available from 
ragnar.slunga@quakelook.se. 
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Rising concentrations of greenhouse gases cause the Arctic to warm at a faster pace 
compared to the rest of our planet. This is known as the Arctic amplification and causes an 
exacerbation of climatic effects such as melting of the ice sheets or warming of the sea 
water. These changes of environmental conditions may also increase greenhouse gas 
emissions from natural geologic sources of hydrocarbons including the dissociation of sub-
sea floor gas hydrate reservoirs. However, the distribution and contribution of natural 
geologic methane sources in the Arctic is poorly constrained, especially around Greenland. 
Here, we present a unique geoscientific data set spanning most of the Northeast Greenland 
shelf that includes ~120,000 km of 2D reflection seismic data, ~1050 km² of bathymetric and 
associated water column imaging data from multibeam echosounders, 192 sediment cores 
including biomarker data and synthetic aperture radar data (Sentinel-1). Seismic data is 
highly sensitive to fluids in pore space and can thus be used to map entire fluid flow systems. 
In combination with biomarkers from sediment cores, flares in water column imaging and oil 
slicks in Sentinel-1 images, the data document extensive hydrocarbon seepage from the sub-
seafloor through the water column and to the sea surface. Seepage is primarily focused 
along permeable beds but also occurs where faults dissect the sedimentary strata or where 
salt domes reach the seafloor. The seepage is interpreted to be sourced from deep 
petroleum systems within Northeast Greenland shelf and is likely continuous since the 
retreat of grounded ice from the shelf. We use an advanced multi-physics gas-hydrate model 
which shows that the dissociation of gas hydrates beneath the shelf has modulated the flow 
of fluids and created two distinct pulses (~13ka & 11.2 ka) of methane release since the Last 
Glacial Maximum. Our new widespread discoveries of seafloor seeps in Northeast Greenland 
close a significant gap regarding fluid flow in the Arctic, with wide implications for the carbon 
cycle. The seepage has been favored by the highly erosive ice sheets of the Quaternary 
cycles, separated by periods of continuous ice retreat from the shelf. The link between 
glacial retreat and fluid flow is important to understand as it will drive further fluid release 
from glaciated margins worldwide. 
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Microplastics as indicator of spatiotemporal trends in plastic pollution 
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Plastic pollution has occupied the marine environments globally and the Baltic Sea is no 
exception. In this study a total of 31 sediment layers were analyzed from two sediment cores 
from coastal and central deep of the Gulf of Finland. The cores were dated and microplastics 
(MP) were analyzed from the cores to unveil their abundance in different layers of the 
seafloor sediments. The microplastics were extracted from the sediment samples through 
heavy liquid separation and basic enzymatic purification protocol treatment and then 
identified with Fourier transform infrared spectroscopy (FTIR). The microplastics 
concentrations at the coastal site were considerable higher than at the deep sea. The grain 
size and loss of ignition analyses support slight changes in the depositional environment in 
time at both sites. The larger grain sizes correlate with an increase in abundance of 
microplastics in both sediment cores. The most common plastics types were PE and PP, but 
abundance of PMMA plastics stands out in both sites. The results of plastic enrichment do 
not follow linearly the total global production of plastics or increase distinctly over time but 
rather is fluctuating and affected by international regulation and local improvements in 
waste water treatment. In addition, watershed processes and climate factors such as ice 
cover and storm events may affect the discharge, resuspension and sinking properties of 
microplastics in the marine environment. 
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Glacier surges affect all the major ice caps in Iceland. Most outlet glaciers of Hofsjökull, the 
third largest Icelandic ice cap, are classified as surge-type or reveal some geological evidence 
of surging. Here, we investigate the geomorphology at Blautukvíslarjökull, which behavior 
has not been considered as surge-type before due to the lack of historical observations of 
active surging. Geomorphological mapping reveals characteristic landforms for surging 
glaciers, including overridden end moraines and crevasse-squeeze ridges (CSRs). The 
forefield can be divided into the western and central parts with long flutes, widespread CSRs 
and several overridden end moraines, the eastern part with sparse CSRs and multiple 
overridden end moraines, and the northern part with fluted terrain and ice-cored moraines, 
but without CSRs. The youngest end moraine corresponds to glacier extent around 1995, 
suggesting that the last surge occurred in the 1990s. In total, the surge landsystem of 
Blautukvíslarjökull reveals at least four surges marked by end moraines. 
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The NordSIMS-Vegacenter national research infrastructure, hosted at the Swedish Museum 
of Natural History, Stockholm, is an integrated research center for (micro-)analysis and 
micro-imaging in the earth, environment and planetary sciences. The center is equipped with 
SIMS, TIMS, MC-ICPMS, and HR-ICPMS instruments, two laser ablation systems, SEMs, and 
supporting facilities, including mineral preparation and clean-room laboratories. The 
principle scientific goal of the infrastructure is to advance the knowledge of the natural 
world via groundbreaking geochemical and isotope analyses on the widest possible range of 
samples. As dedicated research infrastructure, scientists are welcome to apply for analytical 
time at our facilities. The research that has been done at the infrastructure over its three 
decades of operation has scopes ranging from atoms to planets, from the deep Earth to the 
stratosphere, and from the Hadean to the present. In this contribution, we present a brief 
overview of our analytical capabilities and some of the more novel methods that NordSIMS-
Vegacenter offers. 
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welded steels in the LILW repositories (MICWEST-project) 
Maija Nuppunen-Puputti, Vilma Ratia-Hanby, Thomas Ohligschläger, Quynh Nguyen, Amina 
Alimbekova, Pekka Nevasmaa, Malin Bomberg, Saara Söyrinki 
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MICWEST project (SAFER2028) investigates the interactions between environment, microbes 
and welded steel materials within the context of Finnish nuclear waste management. In 
Finland, low and intermediate level nuclear waste (LILW) will be disposed in underground 
repositories, where welded steel and concrete structures are used for waste containment 
and isolating waste from the environment. During repository evolution, these containers will 
be exposed to unique geochemical and microbiological conditions, e.g. via groundwater 
contact. Understanding the potential for microbially influenced corrosion (MIC) in these 
settings is important for ensuring the long-term safety and integrity of waste containers in 
the LILW repositories. 

MICWEST consists of multiple work packages, focused on short-term studies on corrosion, 
electrochemistry and microbial community activities during different phases of repository 
evolution, and long-term test set-ups to verify weld durability. 

MICWEST long-term studies follow the development of planktic and weld surface biofilm 
microbiomes and evaluates their effect on corrosion processes in an anaerobic laboratory 
set-up mimicking the LILW repository conditions. Two laboratory set-ups were established. 
First contained natural groundwater from the Hästholmen, Loviisa, with local microbiome, 
and second set-up was established in simulated groundwaters inoculated with enriched MIC 
related microbial groups like sulfate reducing bacteria (SRB) originating from the Hästholmen 
groundwaters. Steel types included pressure vessel steel as used in Finnish nuclear power 
plants, EN 1.0038 carbon steel and stainless steels EN 1.4404 and EN 1.4541. Welding types 
were gas-metal-arc welds and sub-merged arch welds, established between mixed or single 
materials as expected to occur in waste containers. Post-weld cleaning methods will be 
evaluated such as grinding/brushing and pickling. Study includes 2 samplings, first 4-month 
incubation finalized, and 3-year sampling will be done in 2027. 

MIC estimations rely on multiple lines of evidence to establish understanding whether the 
onset and progress of corrosion could be influenced due to biological factors. Here we 
planned a multidisciplinary approach merging microbiological and material scientific 
methodology to understand the nature of corrosion phenomena. Using dPCR, 
epifluorescence microscopy (DAPI), and metabarcoding of bacteria, archaea, fungi, and SRB 
we aim to enumerate different microbial groups and reveal established microbial community 
structures. Steel and weld samples analyses include material characterization via scanning 
electron microscopy combined with energy-dispersive X-ray spectroscopy (SEM/EDS), 
electrochemical measurements (OCP, LPR, EIS, galvanic corrosion), and gravimetric mass loss 
measurements to estimate proceeding of corrosion in steels, welded joints and heat-
affected zones. SEM will also be used to visualize the biofilm structures formed over weld 
and steel surfaces. 
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After 70 years of activity, the research reactors in Halden and Kjeller have been taken out of 
operation. Norwegian Nuclear Decommissioning (NND) is responsible for decommissioning 
the Norwegian research reactors and managing ultimate disposal of the nuclear waste. As a 
fraction of the total volume of waste that needs handling, approximately 17 tons of high-
level radioactive waste has been produced from the reactors and must be handled and 
disposed of underground in a safe manner. 

Since 2020, NND has involved the Geological Survey of Norway (NGU) in preliminary 
geological studies for future site investigations. The work carried out in Sweden and Finland, 
as well as reports prepared by the Finnish AINS Group on behalf of NND, have been an 
important basis for the studies conducted by NGU. 

First, NGU conducted a national study to compile data of various geological aspects relevant 
to a site selection process for a radioactive waste repository in crystalline bedrock. A wide 
range of geological disciplines were included in this work, including bedrock geology, 
Quaternary geology, geohazards and geological resources (e.g., metals, industrial minerals, 
construction aggregates, and groundwater). The study was based entirely on existing 
datasets and maps. The compiled maps were used to give an overview of the regional 
variations in terms of geological aspects relevant for a future site selection process in 
Norway. 

As a continuation of the national study, a more detailed study was conducted in the 
municipalities of Halden and Aremark, located in south-eastern Norway near the research 
reactor in Halden. The municipalities were selected for this study upon request from NND 
and upon the results from the national study. The detailed study served as a basis for 
gathering new geological data, improving the geological knowledge within the two 
municipalities and establishing a list of geological criteria that can be used in a future site 
selection process. A selection of geological criterion was assessed in this study: structural 
geology, mineral resources, sediment thickness, glacial erosion and seismicity. The 
assessments were based on existing geological maps and data, as well as new data from 
preliminary field investigations of surface bedrock and Quaternary geology. The outcomes 
were compiled into maps indicating geological complexity. Greater complexity indicates a 
higher risk of geological unsuitability for hosting a waste repository and/or limited geological 
knowledge. 

Results, methodology and lessons learned from these studies will be valuable in the 
geological aspects of a future site selection process for a radioactive waste repository in 
Norway. 
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The classic low to moderate-grade (1 - 25 ppm) style of orogenic Au mineralisation is 
composed of fine-grained disseminations of free or sulfide-bound Au localised within altered 
host rocks or laminated composite veins. However, many Au deposits also contain localised 
lodes or discrete veins with significant ultra-high-grade Au enrichment (UHG-Au, 1000's to 
10 000's ppm). UHG-Au mineralisation style is typically vein-hosted, and its coarse nuggety 
character is texturally distinct from the classic mineralisation style. The extreme Au 
enrichment seems to exceed the solubility limits of Au in typical ore-forming fluids, making it 
difficult for current mineral systems models to account for these UHG-Au occurrences. The 
genesis and depositional environment of UHG-Au were investigated at the Beta-Hunt Au 
mine, Kambalda, Western Australia. The Beta-Hunt is a mid-crustal orogenic Au deposit that 
hosts both classic disseminated Au and coarse vein-hosted UHG-Au. We employed a multi-
disciplinary methodology, conducting vein morphological characterisation, microtextural 
analysis, 2D µ-XRF mapping and 3D X-ray tomography. Our observations show that gangue 
and coarse Au precipitated within fluid-filled open space. Therefore, the UHG-Au formed 
within progressively dilating fractures during a single or relatively few opening-infill cycles. 
Our meso- to microscale textural observations deviate from the expectations of classic 
mineral system models, which usually assume that the growth of hydrofractures is 
associated with rapid, quasi-instantaneous brittle fracturing. Growth of such fractures is 
described by the time-independent linear elastic fracture mechanism (LEFM). We compare 
our results with predictions of LEFM and, instead, contextualise our observations following 
time-dependent theory of viscoelastic fracture growth. Based on the viscoelastic theory, we 
propose a model for the development of UHG-Au vein morphology and infill mineral 
textures relevant for vein networks hosted by brittle-ductile shear zones. The model 
produced in this study couples the generation of growth space for coarse Au nuggets while 
enabling sustained fluid flow capable of steady nutrient supply. Our results highlight how 
sustained open fractures may have a large impact on hydraulic conductivity of shear zones, 
especially in mid- to lower crustal environments where the existence of viscoelastic fracture 
networks may partially explain the apparently uneven distribution of major fluid pathways. 
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The Haile deposit, South Carolina, is a high-tonnage, low-grade, pyrite-dominated, Au-Ag, 
low-sulfidation epithermal deposit hosted in the Carolina terrane, South Carolina, U.S.A. and 
formed during the Neoproterozoic. During the Ordovician Taconic orogeny greenschist 
metamorphism resulted in internal remobilization of sulfides and precious metals. Here, we 
characterize both physical and chemical remobilization processes using textural, 
compositional, and micro-structural data on pyrite, native gold and tellurides. 

Of the three pyrite types (Py1a, Py1b, Py2) identified, Py1a and Py1b were formed syn-
genetically during the Neoproterozoic. Arsenic, precious metals and critical metals were 
incorporated into the pyrite structure syn-genetically (Neoproterozoic) with up to 2.49 wt% 
As, 103 ppm Au, 482 ppm Sb, and 145 ppm Te. Py2 was formed syn-D2 or post-D2 of the 
Ordovician Taconic orogeny as newly crystallized, coarse, subhedral to euhedral pyrite 
around porous anhedral Py1b by metamorphic fluids. Trace element contents are overall at 
least a magnitude lower in Py2 compared to the older syn-genetic pyrite. 

During the Taconic orogeny, all three pyrite types experienced crystal-plastic and brittle 
deformation, albeit to different degrees: (1) low misorientation angles as a result of 
dislocation climb are preserved in strongly deformed Py1b and Py2; (2) higher abundance of 
high misorientation angles is common in most Py1a and Py1b that overprints foliation; (3) 
cataclastic cracks only occur in Py1b and Py2 and can have native gold and tellurides along 
these microfractures; and (4) annealed aggregates occur in all pyrite types but are most 
prominent in Py2. Physical remobilization was accompanied by chemical remobilization 
which was driven by coupled dissolution reprecipitation reactions between porous Py1b and 
metamorphic fluids and resulted in the liberation of precious and critical metals. The 
liberation and transport of precious and critical metals was enhanced by pores and 
cataclastic cracks in Py1b; however, their absence in Py1a prevented the liberation of these 
metals resulting in the absence of native gold and tellurides in or along Py1b. 

Although remobilization is a local process and occurs at the micro-scale, it impacted all ore 
zones at Haile and played a major role in refining and upgrading the precious metal tenor of 
the deposit. 
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Kultanummi gold prospect is located in the Uusimaa belt, southwestern Finland. It is 
untypical prospect as it occurs within a high metamorphic grade terrain, the host rock being 
a migmatised paragneiss, and by its unusual alteration mineralogy, cordierite-
sillimanite ± tourmaline ± rutile assemblage. These facts hamper the interpretation of the 
age as well as the genetic type of the deposit. 

The purpose of this work was to study the age of fluid activity, alteration and gold 
precipitation in Kultanummi deposit and correlate these events to the regional geological 
evolution. Special interest was in interpretation of the peculiar alteration mineralogy as its 
age holds the key role when defining the genetic type of the deposit. Several thin sections 
were prepared from the location, which were scanned by SEM at Geological Survey of 
Finland (GTK) to identify minerals suitable for dating purposes. This was followed by in-situ 
U-Pb age determinations on zircons, monazites and rutiles at GTK. Based on the results, 
several age populations were found from Kultanummi. Firstly, zircons yielded ages related to 
the early Svecofennian evolution approximately at 1.88 Ga, which is interpreted as the age 
the of the partial melting in the area. This is considerably older than the regional 
metamorphic peak at 1.82 Ga within the Uusimaa belt. Secondly, monazites also show some 
ages related to this ca. 1.88 Ga event, but the two main populations yielded ages of 1.82 Ga 
and 1.79 Ga, which are correlated to the regional metamorphic peak event of the Uusimaa 
belt and subsequent hydrothermal activity, respectively.  Thirdly, a single rutile population 
shows ages related to same hydrothermal event as the younger monazite population. 

Alteration and gold in Kultanummi are closely associated with sillimanite and cordierite-rich 
lithologies and both features show strong structural control. Based on this and the age 
results we suggest that Kultanummi represents an orogenic gold deposit with Al-rich fluid. 
Sillimanite and cordierite are considered to be alteration product by the Al-rich fluid, and 
this fluid activity is interpreted to have occurred slightly after 1.80 Ga. 

  

































https://doi.org/10.1016/j.lithos.2020.105663


253 

O17.15 

In-situ garnet Lu-Hf geochronology from contentious high-pressure 
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Orogenic eclogites are generally regarded as unambiguous indicators of subduction and their 
general emergence in the geological record at around 2 Ga probably reflects a combination 
of subduction into a cooler mantle and continental processes that facilitated preservation.  
In the context of eclogite emergence in the geological record, the formation of high-pressure 
rocks in the Belomorian orogenic belt in northern Fennoscandia has long been a subject of 
contention.  There are several schools of thought.  One is that high pressure metamorphism 
occurred at c. 2.7 Ga, and therefore represents a significantly older record of eclogite 
metamorphism compared to its general preservation from c. 2Ga. The other view is that high 
pressure metamorphism in the Belomorian Orogenic Belt occurred at around 2 Ga, and 
forms part of the global set of c. 2 Ga eclogites. Another is the rocks record two episodes of 
eclogite metamorphism. 

A combination of sample-scale X-ray mapping and laser ablation ICPMS and Time-of-Flight 
mapping has been used to delineate two generations of garnet in a sample from the well-
studied Stolbikha Island locality in the Belomorian Belt. The sample contains garnet and 
voluminous diopside-plagioclase symplectites whose re-integrated composition is consistent 
with the former presence of omphacite. The symplectites overprint hornblende that likely 
formed during high-pressure melt crystallisation. The cores of the older generation garnet 
are comparatively HREE rich, and give an in-situ laser ablation Lu-Hf age of 2490 ± 40 
Ma.  The second generation garnet is comparatively HREE depleted, and gives an age of 
1875 ± 86 Ma.  The comparatively large uncertainty of the younger garnet age 
determinations reflect the low Lu concentrations in the garnet. Both generations of garnet 
preserve partially relaxed major element zoning and given the generally understood relative 
diffusivities of major elements and Lu and Hf, it is probable both Lu-Hf ages are 
meaningful.  An important difference between the garnet generations is the presence of 
rutile inclusions in younger garnet and their absence in older garnet. P-T modelling suggests 
c. 2.5Ga metamorphism occurred at c. 6-8kbar at temperatures > 750°C. For the younger 
mineral assemblage, P-T modelling combined with Zr-in rutile thermometry from rutile-
quartz-zircon clusters in c. 1875 Ma garnet, give c. 1.5 GPa and 700°C. 

The results indicate high pressure metamorphism occurred at c.1875 Ma and overprinted an 
older garnet-forming metamorphic event at c. 2.5Ga characterised by comparatively high 
thermal gradients.  We find no evidence for pressures > 2GPa for metamorphism at c. 1875 
Ma as suggested by some previous workers, or evidence for high pressure metamorphism at 
c. 2.7 Ga.  The high-P metamorphism does not appear to be Neoarchean in age and instead 
belongs to the now globally distributed suite of Palaeoproterozoic rocks that records the 
transient emergence of eclogite during the initial stages of Nuna assembly. 
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Understanding how high-temperature metamorphic terrains evolve is central to 
reconstructing the tectonic and thermal evolution of ancient orogens. Within the 
Paleoproterozoic Svecofennian orogen, the Saimaa area offers an exceptional field setting 
for examining these processes. The bedrock is dominated by pelitic metasedimentary rocks, 
which are well-suited for metamorphic modelling. The area also preserves a continuous 
succession of metamorphic zones from andalusite mica schists in the north to garnet-
cordierite-K-feldspar-spinel migmatites in the south, offering a great opportunity to trace 
progressive metamorphism across a crustal section. 

Korsman (1984) noticed that the progressive metamorphic zoning in the Saimaa area is not 
spatially related to magmatic intrusions, which would be expected if the high-temperature 
metamorphism was produced by magmatic heating of shallow crustal levels. Since then, 
several tectonic models have attempted to explain the development of the high 
temperature-low pressure metamorphism by crustal thinning, thickening induced heating or 
mafic underplating. 

This study investigates whether the present-day metamorphic zoning in the Saimaa area can 
be explained by the superposition of two metamorphic cycles. Specifically, we assess how 
melt loss during an earlier event affects mineral assemblages, solidus position, and melt 
productivity during a later high-temperature overprint. Using thermodynamic modelling in 
rock-specific chemical systems, integrated with field observations, mineral chemistry, and 
bulk composition data, we propose a new two-stage metamorphic model for the Saimaa 
region. 
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Microplastics (MPs) are a persistent pollutant that will likely remain in the environment for 
millennia, adding to the list of long-lasting anthropogenic markers present in natural 
archives. While depositional environments such as lakes can be effective at retaining 
airborne pollutants, they are very much understudied when it comes to MP pollution, 
especially in Arctic and sub-Arctic regions. However, in such extreme conditions as in polar 
settings, investigating lake-sediment records can prove to be a relatively accessible, reliable, 
and cost-effective method to study the deposition of MPs. 

Over the past few years, we used a multi-tool approach to assess the potential of Icelandic 
lake sediments to be used as a medium for MP pollution studies, therefore evaluating the 
scale of human impact in a remote sub-Arctic context. Specifically, we used a combination of 
sediment traps and short sediment cores to quantify MP deposition fluxes in different lake 
settings across Iceland. In total, ten lakes were investigated, including the largest natural 
lake in Iceland, Þingvallavatn, crater lakes such as Bárðarlaug, as well as urban lakes and 
remote catchments. For easily accessible lakes, we deployed sediment traps that were 
retrieved every six months, whilst surface sediments from remote and hard-to-access lakes 
were collected using a short corer. MPs were extracted from sediment samples using a 
heavy liquid separation method, followed by organic matter elimination with an enzymatic 
purification protocol, and identified using micro-FTIR spectroscopy analyses. 

Out of the ten selected targets, all of them were found to contain MPs, with flux values 
ranging from 1.2 particles/m²/day in an unnamed lake located on Langanes, (remote 
peninsula in northeast Iceland), to 1294 particles/m²/day in Meðalfellsvatn, (urbanized lake 
surrounded by summer cottages in the capital region). Across all lakes, polymer types such 
as polypropylene (PP) and polyethylene (PE) dominated over other polymer types. These 
results emphasize the ubiquity and persistence of microplastic contamination, highlighting 
how even regions far from major population centres have a distinct anthropogenic 
signature. Furthermore, our results highlight that MP accumulation in lake sediments can 
vary significantly, and that it is likely driven by a complex interaction between precipitation, 
wind patterns, and local topography. 
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1University of Turku, Turku, Finland. 2University of Helsinki, Helsinki, Finland. 3Geological Survey of 
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Diatoms are globally significant primary producers that play a key role in the carbon cycle, 
serve as sediment tracers in paleoceanography, and as bioindicators in environmental 
monitoring. Diatoms are excellent indicators due to their often species-specific, narrow 
environmental tolerances. However, the annual succession of diatom communities remains 
deficiently known, even in the relatively well-studied Baltic Sea, which limits their potential 
to reconstruct past seasonal changes in marine systems. Particularly, sedimentation 
processes beneath sea ice and during the ice-out are under-researched due to challenging 
late winter and early spring field conditions. Automated sequencing sediment traps offer an 
effective solution to this challenge, even during the ice-cover period. 

In this PhD project, the seasonal succession coastal diatom communities and their 
contribution to vertical particulate organic matter fluxes and sedimentation are studied in 
Tvärminne Storfjärden, Gulf of Finland. The aim is to enhance our understanding of the 
seasonal patterns of diatom species succession and sedimentation at a high temporal 
resolution, with a focus on understanding future seasonal environmental drivers and the 
development of paleoenvironmental reconstruction methods. Data is collected with 
automated sequencing sediment traps, moored to the sea floor to continuously collect 
vertical material fluxes settling down from the sea surface at two-week temporal resolution. 
Two sediment traps are deployed at different depths to assess how processes like 
decomposition and predation impact the vertical sediment flux. One trap is deployed at 15 
m depth and another at 27 m, approximately 3 m above seabed. The sediment trap data is 
compared to simultaneous environmental measurements of e.g., sea surface temperature, 
salinity and sea ice cover. Environmental measurements are conducted by the Tvärminne 
Zoological Station as a part of long-term environmental monitoring. Enhanced seasonal 
ecological information will improve diatom-based methods, enabling more accurate 
reconstructions of past and predictions of future coastal environments. The advancement 
provides valuable insights into the impacts of ongoing environmental change and 
anthropogenic pressure on aquatic systems and, ultimately human well-being. 
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Hydrodynamic modelling of estuary flow characteristics for 
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The rise in plastic production has led to the accumulation of microplastics, defined as plastic 
particles smaller than 5 mm, in the environment. Evidence indicates that microplastic 
accumulation poses ecological risks, yet conducting accurate environmental risk assessments 
remains challenging. Microplastics are transported within aquatic environments in 
conjunction with other suspended solids, primarily organic and minerogenic materials. We 
used hydrodynamic modeling in the Baltic Sea Halikonlahti estuary, Southern Finland, aimed 
at clarifying the relationships between microplastics and various fractions of suspended 
solids during transport, accumulation, and resuspension. 

The study area is a low-salinity, enclosed, and shallow estuary, where open water season 
flow characteristics are influenced by the discharge from two adjacent rivers and varying 
wind conditions. The model simulation, conducted from May 21 to October 10, 2018, is 
validated using continuous flow velocity measurements from one boundary of the modeling 
area. The results enable further modeling of sediment transport, accumulation, and 
resuspension. To improve model inputs and validate outcomes, surface bulk sediments, 
varved sediment, and sediment trap samples are analyzed. 

The hydrodynamic modeling results categorize the estuarine bathymetry into regions 
exhibiting differing flow velocities, which can be used to guide sediment sampling in future 
research phases. Additionally, the predicted flow conditions indicate potential areas for 
microplastic accumulation and resuspension within the marine sediments of the estuary. 
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Estuaries have a great ecological, environmental and economical significance as they support 
diverse ecosystems and act as coastal filters trapping nutrients, organic carbon and detrital 
material within their sediments. The inner Archipelago Sea is rich in estuaries with complex 
bathymetry and restricted water exchange, making this environment very sensitive to 
human pressure. Due to enhanced deposition of organic matter and excessive nutrient 
loading, the bathymetric depressions of these estuaries suffer from enhanced oxygen 
depletion, further boosting eutrophication through internal nutrient loading. Establishing 
sediment fluxes is critical to understanding biogeochemical cycling in such settings, 
especially under impacts of climate change. In this study, we monitored sediment 
accumulation rate and composition in the Halikonlahti Estuary (Finland) along a salinity 
gradient towards the open sea for a two- year period using sediment traps. The 
concentration and seasonal flux of minerogenic and organic matter, TOC, N, P and trace 
metals were measured. 

Minerogenic matter delivered to the estuary from the inflowing river was observed to 
accumulate conservatively along the estuary. In contrast, our data show enhanced organic 
matter and redox sensitive element accumulation within mid-estuary, implying flocculation 
from dissolved phases in river water. The sediment composition reflects seasonal cycles and 
interannual variability. Our results show that highest accumulation rates occur during the 
growth season. Large variation in accumulation is observed between winter seasons. Cold 
winters with ground frost development and snow cover in the catchment, and ice cover on 
the estuary, lead to very limited sediment accumulation rates, whereas mild winters with 
recurrent melting of snow and persistent rainfall lead to sediment accumulation rates closer 
to summer conditions. This suggests that more frequent mild winters will cause increased 
sedimentation and organic matter loading to mid-estuary zones, ultimately contributing to 
the spreading of anoxia. 
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A digital twin is a virtual replica of the physical world that is interconnected to a physical 
entity through bidirectional feedback. The concept gained popularity in the manufacturing 
industry, but its application in water science is still in its early stages, especially relating to 
groundwater resource management. This development lag is partially attributed to the fact 
that the technology required for their development did not exist until recently. Another 
decisive reason stems from the intrinsic nature of groundwater resources. Globally, many 
important groundwater sources are confined within large-scale aquifers, whose storage does 
not change considerably on daily to weekly timescales. Consequently, this means that 
traditional what-if scenario modelling can provide sufficient information for the 
management of such systems. 

Compared to global resources, Finnish groundwater is mainly contained in small surficial 
aquifers, including esker and other glaciofluvial formations, making them susceptible to 
changes in climatic conditions, abstraction rates, and pollution. This relatively high time 
sensitivity makes the development of digital twins, in theory, feasible for managing such 
systems. 

In this work, we investigate the feasibility of developing a digital twin for groundwater 
abstraction management in a typical Finnish esker groundwater aquifer, which could support 
medium-sized utility systems (>  5,000 users). Here, we create a digital twin of the Patamäki 
esker aquifer, which supplies water to the mid-sized Finnish industrial town of Kokkola. This 
work presents the conceptual design of the digital twin for the Patamäki aquifer and the 
groundwater model that serves as a foundation for digital twin development, built using 
modular open-source groundwater modelling software MODFLOW 6. 
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Using stable isotopes in precipitation to assess climate model 
simulation skill for hydrogeological impact studies  
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Climate models are the main tool used to develop hydrological and hydrogeological climate 
change impact studies. Previously, climate models have been considered to have the same 
probability of occurrence. Thus, impact assessments generally used a set of climate models 
without a comprehensive assessment of their simulation skill. However, given that a group 
of the latest generation of climate models systematically project warmer conditions than the 
rest of the models of the same and of previous generations, evaluation of the model skill has 
become more relevant. As a result, model evaluation requires improvement to become 
more comprehensive. 

This study proposed to include the simulation of stable isotopes in precipitation as a means 
of evaluating climate model performance. Along with the skill to simulate precipitation and 
temperature, this will provide a more compressive comparison of the capabilities of the 
models. 

The study will construct isoscapes (stable isotope in precipitation maps) for Finland using 
machine learning algorithms with climate and physical variables as input. An observation 
network managed by the University of Oulu, the University of Helsinki, the Finnish 
Meteorological Institute and the Geological Survey of Finland will be used to train the 
algorithm. With the algorithm, isoscapes of the last 30 years will be developed for the 
observations and for the climate models outputs. This approach will allow the comparison of 
simulations against observations in order to identify better performing models. 

The study outcomes are expected to give impact modellers an alternative for the selection of 
more reliable climate models and to provide robust climate change impact scenarios to be 
used in hydrological and hydrogeological studies. 
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Neutral rock drainage and metal leaching (NRDML) is potentially the most common harmful 
mine drainage type in Finland. In a project related to financial guarantees and water 
responsibilities (Laakso et al. 2022), the background study included the analysis of Finnish 
mine closure plans and drainage types. In eight of the ten studied cases at least one part of 
the operating mine site generated NRDML. Three out of five studied new permitting cases 
were predicted to generate NRDML. Rather similar observations were made in literature 
review concerning historical sites. Despite the common occurrence of NRDML, 
environmental assessments still commonly focus into the risk of acid rock drainage (ARD) 
instead of NRDML. 

NRDML is formed in similar way as ARDML, but neutralizing capacity keeps pH in the neutral 
or slightly alkaline territory. Higher pH allows more sorption, but it does not guarantee good 
water quality. Some metals or metalloids that are released in sulfide mineral oxidation, are 
sorbed rather well from neutral pore water, but some metals or metalloids, like As, Ni or Zn, 
remain typically relatively well soluble in neutral pH. Quite commonly, sorption is also 
controlled by the availability of co-precipitators, like iron. 

Definition of inert waste in European commission decision 2009/359/EC or Finnish extractive 
waste decree (190/2013) also steer the focus into towards the ARDML risk. Also, best 
available technique conclusions of MWEI BREF document mostly refer to acid generation 
potential as a basis for extractive waste facility design (Garbarino et al. 2018). On the other 
hand, different drainage water types are recognized more widely in the background chapters 
of MWEI BREF document. 

Simplified classifications based on one or two factors are not good enough basis for planning 
extractive waste management. Site-specific multi-factors assessment is always necessary. 

This paper reviews good practices for early identification of NRDML risk, including kinetic 
testing and models following the kinetic tests. The role of sorption and factors impacting 
sorption are also reviewed. 
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The co-disposal of waste rock and tailings as an emerging or novel concept is increasingly 
being considered by both regulatory bodies, and operators within the mining industry as a 
potential alternative to traditional tailings facilities such as slurry dams. The main driver for 
this interest has been largely geotechnical and as a reactive response to a number of recent 
catastrophic failures of slurry tailings dams. To date however the development of holistic 
approaches to assess the relative benefits and applicability of this method to different 
climates and operational settings (such as the arctic environment) are currently not well 
understood or documented. 

In general technical reviews of co-disposal methods consider geotechnical risk (stability) as 
the focus of primary study, risk assessment and feasibility. This focus on stability tends to 
drive conceptual design considerations towards the use of dewatered or filtered tailings and 
inclusion of engineered drainage. However, this being the case, the co-dependant nature of 
geochemical (environmental) risk with geotechnical risk requires careful consideration as 
this co-dependency provides both risks and opportunities. Given many hard rock metal 
mines produce tailings and waste rock with appreciable sulfide content, geochemical risks 
are manifest when considering structures designed to be unsaturated and well drained. 

This paper provides an integrated overview of both key geochemical and geotechnical risks 
related to co-disposal, and outline how these interact with unsaturated hydrogeological 
characteristics. In addition the paper indicates how risks can be assessed to inform the 
engineering design concept, and how relative benefits can be assessed when comparing the 
method to traditional methods of tailings and waste rock disposal. 

Results are presented from an instrumented field trial carried out at a site undertaking 
detailed design studies of a large co-disposal facility that uses co-mingled (blended) tailings 
and waste rock, where the technique is being considered as a feasible option to reduce both 
geotechnical and geochemical risk. Results from the field trial indicate that co-disposal 
results in creation of an effective barrier to oxygen ingress which is positive for geochemical 
risk management, but that as well as reducing oxygen ingress, drain down of the material at 
sub surface depth can occur at a faster rate than the additional flux of infiltration from 
surface, which is advantageous from geotechnical perspective. 
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Global CO2 emissions are increasing and bending the curve will require widescale innovation 
in the development and implementation of sustainable energy sources, phasing out fossil 
fuels, and carbon capture and storage technologies. Global carbon storage capacity is 
necessary to retain captured carbon from the atmosphere and to aim for geological net zero, 
meaning that for every tonne of CO2 generated from fossil sources one tonne of CO2 should 
be permanently restored to the solid Earth. Carbon storage is currently operating on a 
megaton scale but needs to expand to a several gigatonne scale of storage per year by 2050 
to meet 1.5C warming goals set forth by the IPCC. The mining industry has a role in 
supporting technological advancements in our transition to sustainable energy technologies 
and innovative strategies in mine waste management could lead to the mining industry 
reducing their carbon footprint. Suitable mine waste materials can be used to store carbon 
by means of carbon mineralisation. 

Carbon captured from the atmosphere, or flue gas can be stored safely and permanently 
through carbon mineralisation; in which carbon atoms bond with divalent cations through an 
exothermic reaction, producing carbonate minerals. Mine waste has been proposed as an 
ideal source of divalent cations as it is economically produced at a vast scale, and its fine 
particle size increases reaction efficiency. Using mine waste for carbon mineralisation also 
has the potential to neutralise tailings, reduce acid mine drainage, and could allow for 
enhanced metal recovery. However, the suitability of mine waste for carbon mineralisation 
depends on its chemical and mineralogical composition. 

This study investigates ten different tailing types across four Nordic mines; Kevitsa, Aitik, 
Kiruna and Viscaria, all of which are associated with different deposit types; magmatic Ni-Cu-
PGE, porphyry Cu-Au, iron oxide-apatite, and stratiform Cu-Fe, respectively.  The tailings 
were assessed for their carbon storage potential based on their chemical and mineralogical 
compositions. Metal oxide quantity determines the carbon storage potential; however, the 
physicochemical properties of the waste minerals determine the true utility these tailings 
have for carbon mineralisation. The results could serve as an analogue for similar mine sites 
globally, to assess the potential of their waste offering a pathway to sequester carbon and 
valorise mine waste. 

 

 

 

 

 

 
 



308 

O20.11 

Ecosystem restoration in mining waste areas utilizing side streams of 
local the bio-circular economy 
Marleena Hagner1, Marja Uusitalo2, Rainer Peltola2, Outi Manninen2, Minna Männistö2 
1Natural Resources Institute Finland, Jokioinen, Finland. 2Natural Resources Institute Finland, 
Rovaniemi, Finland 

Covering and landscaping waste rock sites is an essential part of mine closure. Forest till is 
the most used material for covering, as it helps limit the leaching of water and oxygen 
through the waste rock. When the goal is also to enhance vegetation development on 
covered waste rock sites, organic matter is needed in addition to till. 

The Biopeitto -projects (https://www.luke.fi/en/projects/biopeitto3) have been studying 
cover solutions that utilize regional side streams from the bio-circular economy. Additionally, 
meadow species adapted to northern conditions and different vegetation establishment 
methods have been tested. In addition to pot-grown seedlings and seeds, meadow cuttings, 
forest floor material, and transplanted tree seedlings have been used. Study sites have been 
established in Rautuvaara, Kevitsa and Pahtavaara minig sites. 

Used side-stream substrates, including sewage sludge compost, ashes of energy production 
and various bicohars, significantly improved plant survival, germination, growth, and 
spreading. Species that spread effectively from seeds include for example Silene dioica and 
Leucanthemum vulgare. A wide variety of flowering plant species, such as Trifolium pratense 
and Ranunculus acris, emerged when using meadow cuttings. Healthy vegetation also 
improves soil water retention, enhancing evaporation during the growing season while 
reducing the amount of water filtering through the cover structures. Biodiversity and 
ecological restoration at waste rock sites can be further enhanced by utilizing 
geomorphology and microtopography. Adding decaying wood and rocks collected from the 
surrounding area supports plant growth and soil microbiome, all of which contribute to 
restoration success. 
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Historic large volume basaltic eruptions in Iceland provide important insights into the 
understanding of ancient lava flow fields in outcrops or seismic reflection data. NE Atlantic 
continental breakup in the Paleogene was associated with massive basaltic magmatism and 
global warming. The offshore volcanic deposits are up to 6 km thick (e.g., seaward-dipping 
reflectors) and cored by scientific boreholes (e.g., ODP 642E). Massive onshore breakup-
related basalt deposits are exposed in east Greenland, the Faroes and in the UK. Hot-spot 
magmatism has continued since breakup and is manifested by subaerial seafloor spreading 
on Iceland today. IODP Exp. 396 drilled two sites, U1571 and U1572, on the Vøring Marginal 
High to understand the volcanic emplacement processes and environments. The sites were 
located based on interpretation of industry-standard 3D seismic reflection data (CVX1101) 
targeting a faulted and a pitted top-basalt domain, respectively. About 100 m of basalt flows 
were cored at each site, with a very good recovery (c. 80%). Wireline and acoustic and 
resistivity image logs were acquired in U1571B. Subsequently, a high-resolution P-Cable 3D 
seismic cube of 1.7x10.4 km was acquired across the two sites during the UiT CAGE22-5 
cruise, and a slightly smaller time-laps cube was acquired during the UiT-IG24-8 cruise. The 
processed bin size is 6.25x6.25 m with a dominant bandwidth of 50-200 Hz. The high-
resolution 3D seismic data were interpreted using the method of igneous seismic 
geomorphology. Two main domains are clearly distinguished. The faulted domain above the 
apex of the Skoll High is onlapped by a non-faulted sequence in the west with a distinctly 
different seismic morphology of the top basalt surface. The central part of this so-called 
pitted domain consists of small basins separated by ridges. A lobate structure with arcuate 
ridges is present in the west, whereas elongated undulatory high-amplitude structures are 
identified in a depression separating the two domains. The borehole data reveals a sequence 
of early Eocene simple basalt flows and thin inter-basalt sediments likely deposited in a 
coastal environment. In Iceland, we have conducted field work and drone surveys guided by 
remote sensing data to compare the morphologies from field with the seismic 
geomorphological data. Focus has been on studying flow lobes of Laki and Eldgjá flow fields 
in the south and Holuhraun and Laxárdalur flow fields in the north, all of which were formed 
by large flood lava eruptions. On the flat coastal domains, the flow fields display a variety of 
morphologies, including rootless cones, lava rise pits, lava breakouts with compressional 
ridges, and elongated tubes in the front of the main flow field. The historic flow fields 
resemble what we image on the high-resolution seismic and borehole data. We conclude 
that the historic large-volume Icelandic flow field are appropriate field analogues to the 
ancestral Vøring Marginal High basalt flows. 
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The Rauðuborgir-Sveinar-Randhólar-Rauðhólar (RSRR) lineament forms one of the most 
striking volcanic features of the Northern Volcanic Zone (NVZ) in Northeast Iceland. 
Extending ~75 km as a chain of ~22 crater rows, it has long been interpreted as the surface 
expression of a single fissure eruption that took place ~11ka yrs BP, making it the longest 
volcanic fissure in Iceland. Early structural work within the Sveinar grabens, part of the 
lineament, emphasised early to mid-Holocene faulting but did not recognise late Holocene 
volcanotectonic events. Similarly, other stratigraphic studies concluded that the Sveinar and 
related craters erupted >6-9ka yrs BP. However, recent reconnaissance studies and our 2025 
field campaign reveal a far more complex eruptive and tectonic history. 

Here, we present new stratigraphical, field, and tephrochronological evidence 
demonstrating the asynchronous formation of the Sveinar cone rows (SCR), including 
previously unrecognised late Holocene volcanotectonic activity. The Sveinar graben system 
hosts several cone rows with distinct eruptive ages. The main SCR (Vegasveinar, Sveinar and 
Ytri-Sveinar) were previously dated to ~6-8ka yrs BP, while our observations reveal a ~6-7ka 
yrs BP age for Sveinar, since the ~7ka Hekla-5 is absent from soil profiles on top of the lava. 
However, the Ytri-Sveinar cone row, situated north of the former, is considerably younger, at 
~2ka yrs BP, an age verified by the presence of the 2.5ka Hverfjall tephra under the Ytri-
Sveinar lavas and its scoria fall deposit. The Vegasveinar cone row, by High1 and south of 
Sveinar, is dated at ~11ka yrs BP, because the ~10.8ka Askja-A (Skolli) tephra layer is present 
in the soil resting on top of scoria from the cone. 

These results provide the first direct evidence that the SCR, and thus the RSRR lineament, 
are not a product of a single eruption but rather constructed by multiple discrete eruptive 
events spanning at least 9 millennia, from ~11ka until ~2ka yrs BP. Moreover, associated 
grabens and normal faults exhibit a similarly prolonged development, with some faults 
cutting across the ~2ka Ytri-Sveinar lava and cones, confirming tectonic activity in this 
system younger than previously recognised.  This study highlights the need to reconsider 
existing models of fissure eruption development and rift propagation in Iceland. By refining 
the eruptive chronology of the Sveinar cone rows, we demonstrate that activity persisted far 
longer than assumed, overturning the long-standing view of a single early Holocene fissure 
eruption and establishing instead a multiphase eruptive history that continued into the last 
two millennia. Thus, we contribute to a broader understanding of the coupling between 
magmatism and tectonism in the NVZ and provide new constraints on the Holocene 
evolution of rifted volcanic terrains. 
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In summer of 1783, Laki lava flowed into the Hellisá river channel near Mt. Leiðólfsfell, 
changing the course of the river, whilst also producing secondary explosive eruptions. This 
created the Leiðólfsfell rootless cone group (LRCG), 1-2 km NW of the mountain. Contact 
between incandescent lava and saturated sediment and soil prompted explosive lava and 
water interactions (i.e. of fuel coolant type) producing a group of rootless cones (RC) in the 
lava. This area provides a unique opportunity to assess dynamics of large, sustained rootless 
eruptions. 

Our field campaign during summer 2025 has expanded upon the area of previous analysis at 
the LRCG, aiding interpretation of its eruptive history. The products of the eruptions here are 
exposed in a ~5 km2 zone within the Laki Lava flow as a cluster of 5-240 m wide spatter and 
scoria cones. The scoria and ramparts display typical spatter angle of repose, whilst spatter 
dominated slopes tend to be steeper. However, part of the cone group has been covered by 
younger Laki lava flows. Welding of spatter is very limited in the cones, suggesting the 
formation via fuel coolant interactions. These large ramparts importantly indicate that 
certain rootless eruptions here were more sustained than typically assumed. The explosive 
activity within the LRCG produced a tephra fall deposit covering ~25 km2 with >0.5 cm 
thickness. Closest to the source vents, the tephra is up to ~7 m thick, rapidly thinning to a 
mm scale visual trace over the distance of 6 km along the main dispersal axis. Field 
observations revealed that both the cones and proximal tephra deposits are distinctly 
bedded, and tephra fall features up to 7 inverse graded layers. The inverse grading suggests 
that large individual eruption pulses intensified over time, whilst bedding is testimony to 
deposition from sustained (hrs to days long) eruptions. Also, within proximal sections, a 
thick, very coarse-grained unit towards the top, rich in scoria-lapilli and bombs (>5 cm) 
signifies an overall increase in eruption intensity with time. A refined LRCG tephra dispersal 
map features a southeasterly dispersal axis, consistent with the interpretation that these 
eruptions began on the 17thJuly 1783, when an eruption plume was dispersed from the area 
by a northerly wind (Steingrimsson 1783). Observed sharp west-trending thinning rates from 
this group align with this deduction. Preliminary tephra isopach mapping indicates total 
volume of 2.2x106 m3 for the LRCG tephra blanket. Further analyses of the field 
measurements will be undertaken to better constrain the eruption source parameters for 
these eruptions and the potential hazards they may pose. 
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An important constituent of the early to middle stages of the Permian Oslo rift volcanism are 
the trachyandesitic/latitic rhomb porphyry (RP) lavas. The RP volcanism represents the main 
rift stage which began around 300 Ma and lasted for 20 Myr. No vents or eruptive sites have 
been documented for the RP lavas which have traditionally been interpreted as the product 
of large sheet-flow forming effusive eruptions in an arid environment. However, no detailed 
volcanic facies analyses of the lava flows have been undertaken in modern times. In this 
study we combine field observations from newly excavated roadcuts with drill cores from 
the same area to identify key volcanic facies variations within the RP lava flows. Identified 
facies include composite lava flows with well-developed lobes through to massive, locally 
inflated flows. The lava tops range from simple to thick rubbly flow tops, typically associated 
with slabby to rubbly pahoehoe lava flow facies. The rubbly flow tops are dominated by 
angular autobrecciated fragments, but a significant proportion of fragments indicate a fluidal 
state during ballistic transport before incorporation with the autobrecciated material. Top 
zones are often infiltrated by fine-grained sediment, and thin (<1m) sedimentary interbeds 
of sand/siltstone, with or without juvenile volcaniclastic material, are common. The flow 
bases show limited interaction with underlying sediments; interaction is primarily limited to 
loading structures and minor lobes intruding into underlying altered volcaniclastic sediment. 
The formation of pillow-like lava lobes could indicate local interaction with water (e.g., 
ephemeral lakes/rivers etc.) in an otherwise arid/semiarid environment. The spectrum of 
facies suggests that effusive eruptions dominated. However, the identification of pyroclastic 
material in the flow top zones points to explosive phases of the eruptions, and potentially a 
proximity to the vent zone. 
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Bedrock mapping in Kristiansand and Nissedal, S Norway, leads to 
simpler collisional model for the Sveconorwegian orogeny 
Bernard Bingen1, Espen Torgersen1,2, Anne-Kathrine Svendby1, Øystein Nordgulen1, 
Magdalena Huyskens1, Heejin Jeon3 
1Geological Survey of Norway, Trondheim, Norway. 2Norwegian University of Science and Technology, 
Ålesund, Norway. 3Swedish Museum of Natural History, Stockholm, Sweden 

Bedrock mapping in the Kristiansand (2020-2025) and Nissedal (2017-2022) areas provides 
new field, geochemical, and geochronological data on the Telemark and Bamble 
Lithotectonic Units (LU), Sveconorwegian Orogen. Zircon U-Pb data were generated in 84 
(meta)magmatic and 11 metasedimentary rocks, zircon Lu-Hf data in 45 of them, and 
monazite U-Th-Pb data in 11 metasedimentary rocks. 

The Kristiansand area overlaps the Bamble and Telemark LU, across the Kristiansand-
Porsgrunn shear zone. The oldest magmatic rocks, commonly tonalitic, range from 1555 to 
1500 Ma in both units. On the Bamble LU side, metasedimentary packages contain sulfide-
bearing layers. The diorite-monzonite-granite 1340-1325 Ma Frikstad suite is a new 
discovery, coeval with the Kungsbacka suite in the Idefjorden LU. On the Telemark LU side, 
the quartzite-greywacke Ålefjær metasupracrustal complex correlates with the quartzite-
dominated Seljord sequence. Granitoids at 1280-1250 and 1155-1140 Ma are part of known 
bimodal magmatic suites. Thin high-K-Sr-Ba alkali monzonite plutons at 1040 Ma are coeval 
with the high-K calc-alkali plutonism westwards and lamprophyre eastwards. They have 
typical syn-collisional slab-failure geochemistry. In addition to the known amphibolite-facies 
metamorphism at 1050-1000 and 950-930 Ma, data importantly uncover a metamorphic 
event at 1150-1130 Ma on the Telemark side, so far exclusively reported in Bamble and 
Kongsberg. On the Bamble side metamorphism is dated at 1320-1300 and 1150-1120 Ma, 
with no evidence for younger events. The data suggest that the 1150-1130 Ma 
metamorphism is intrinsically driven by magmatism, and that the Bamble and Kongsberg LU 
were exhumed by thrusting along the Kristiansand-Porsgrunn shear zone before c.1050 Ma. 

The Nissedal supracrustal complex in Telemark is dominated by subalkali 1200-1180 Ma 
metabasalt and metarhyolite. The structurally underlying Vråvatn gneiss complex consists of 
1230-1180 Ma A-type metagranite. Elevated (up to 9) epsilon Hf(i) values imply a depleted 
mantle component. Metamorphism in metasediment units is coeval with this magmatism. 
Quartzite boulders in metaconglomerate layers are sourced in the older Seljord sequence. 
The Nissedal supracrustal complex is interpreted as a magma-rich within-plate continental 
rift sequence. 

The Kalhovde siliciclastic formation was redated and shown to be younger than c.1130 Ma 
(rather than c.1050 Ma). It is re-interpreted as one of the post-1130 Ma non-magmatic 
intramontane basins. No post-1060 Ma sediment basin is positively identified inside the 
Sveconorwegian Orogen. 

Two geodynamic models prevail for the Sveconorwegian orogeny: collisional vs. 
accretionary. We re-evaluate and simplify the collisional model. The 1340-1060 Ma evolution 
corresponds to hot magma-rich (1340-1130 Ma) then non-magmatic (1130-1060 Ma) 
continental rifting. Collision started at c. 1060 Ma, involving slab failure and eastwards retro-
delamination of the lithospheric mantle. 
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Linkage between seismic deformation, strain softening and volume 
expanding hydration and carbonation reactions in peridotites from the 
Reinfjord lower crustal field laboratory 
Bjørn Eske Sørensen1, Eric James Ryan1, Rune Larsen1, Stefanie Lode2, Kristian Drivenes2, Alf 
Andre Orvik2 
1Department of Geosciences, Trondheim, Norway. 2Geological Survey of Norway, Trondheim, Norway 

The response of peridotites to infiltrating H2O-CO2 fluids depends on primary mineralogy, 
affecting fluid flow through the lower crust and upper mantle, as mineral reactions control 
permeability and rheology. Samples are from the hanging wall of a 2 km-long transtensional 
shear zone within peridotites in the Reinfjord Ultramafic Complex (RUC), part of the Seiland 
Igneous Province (SIP). 

Fluid-rock interaction around shear zones with pseudotachylytes varies and depends on bulk 
rock compositions. Thermodynamic modelling shows mineral reactions involving hydration 
and carbonation differ between dunitic rocks and the intersecting pyroxenitic dykes. Dunitic 
alteration yields magnesite-anthophyllite-talc assemblages, causing approximately 12% 
volume expansion, resulting in a sharp contact with the host rock. When crossing the dunite-
pyroxenite boundary, alteratifeon becomes more gradual, widening by about 40%. 
Pyroxenites are altered to complex mixes of cummingtonite-anthophyllite, magnetite, 
chlorite, with orthopyroxene pseudomorphed by cummingtonite and magnetite, and partly 
preserved olivine surrounded by magnesite and anthophyllite. Cavities are filled with 
chlorite, amphibole, and Mg-Ca carbonates, indicating volume reduction during pyroxene 
alteration. Ni, Cu, and minor Zn sulfide mineralization is associated with hydrothermal 
infiltration. 

Dunite alteration effectuates a significant volume expansion and are therefore only altered 
locally during seismic creep events whereas the pyroxenites are near neutral volume and 
homogeneously altered. The formation of chlorite in hybrid compositions, such as the dykes 
in the lower crust, may create weak permeable zones that are consequently exploited as 
pathways for fertile mantle fluids and will hence also be the locus of ore bearing fluids 
moving to the upper crust. The hydrothermal assemblages are closely related to seismic 
deformation (pseudoctacylites) caused by local strain softening due to carbonation of olivine 
and clinopyroxene to form orthopyroxene and dolomite in the peridotites (Sørensen et al. 
2019), commonly associated with volatile rich mafic dykes (Ryan et al. 2022). Either the 
ductile magnesite-chlorite-talc assemblages formed at the same time in a shear-related heat 
gradient, or they formed during cooling and continued CO2 infiltration from depth through 
the shear zones. 
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Understanding the regional structural framework and controls on Ni-
Cu-Co mineralization, in the Ringerike Magmatic Belt, Norway 
Radoslaw Mróz 

School of Biological, Earth and Environmental Sciences, University College Cork, Cork, Ireland. SLR 
Consulting, Kilkenny, Ireland 

The Ni-Cu-Co mineralization in the Ringerike Municipality, Norway, is associated with a suite 
of magmatic intrusions occurring within the Eastern Kongsberg Complex (EKC). The complex 
formed during the Gothian Orogeny (1.6 - 1.5 Ga), and the most significant local Ni-Cu 
deposits are predominantly correlated with this magmatism (Orvik et al. 2025). Historically, 
nickel and copper were produced in this area until operations ceased in 1920 (Mathiesen & 
NGU 1977). 

In recent years, both industry and academia have shown renewed interest in the region. 
Current publications have advanced the understanding of the tectonic evolution of the EKC, 
and its implications for mineral exploration (Orvik et al. 2025). However, other than several 
master theses, there has been little to no focus on the magmatic intrusions hosting the 
mineralization; the mineralization itself; and the local structural framework and controls on 
fluid flow. The current license holder, Kuniko Limited, carried out a range of exploration 
activities and defined a mineral resource estimate (MRE) for the Ni-Cu-Co Ertelien deposit 
(Kuniko Limited 2024). The remaining magmatic intrusions received less attention, with large 
but disparate datasets being produced over the years. 

This PhD aims at utilizing the collected data, supported by field and laboratory work, to 
understand the structural regime across the region and increase the understanding of the 
controls on mineralization. This would allow the identification of high potential targets and 
the development of hypotheses which could be then tested by state-of-the-art exploration 
techniques, significantly enhancing the exploration efforts within the region. 
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Paleomagnetism of Jurassic Vestfjella flood basalts of Antarctica 
Elisa J. Piispa1, Arto V. Luttinen2, Johanna M. Salminen2, Lauri J. Pesonen2 
1University of Iceland, Reykjavik, Iceland. 2University of Helsinki, Helsinki, Finland 

The last supercontinent Pangea began fragmenting around 200 Ma to form the present-day 
continents. The initial stages of the break-up of southern part of Pangea, Gondwana, were 
marked by extensive mafic magmatism and lithospheric thinning around 180 Ma. Between 
the then-joined Grunehogna (modern East Antarctica) and Kalahari (southern Africa) 
cratons, this voluminous magmatism formed the Karoo and Ferrar continental flood basalts, 
part of the greater Gondwana Large Igneous Province. The Vestfjella mountains of Dronning 
Maud Land, East Antarctica preserve one of the most extensive Antarctic records of this 
event and provide a key for reconstructing the pre-breakup configuration of these cratons. 
Although geochemical and isotopic correlations between Antarctica and Africa are relatively 
well established, there is limited amount of paleomagnetic constraints from East Antarctica. 
High-quality data are therefore required to refine plate reconstructions and to better 
understand the magmatic and tectonic evolution of this part of Gondwana. 

During two FINNARP expeditions in the late 90s, more than 400 oriented hand samples were 
collected from seven nunataks across the Vestfjella region. The dataset includes Jurassic 
flood basalts (~182-189 Ma) as well as younger intrusive rocks, such as ultrapotassic dykes 
with ages near 160 Ma. The volcanic suite is compositionally diverse, comprising both low- 
and transitional-Ti lava types. Several of these lava groups, as well as ferropicritic dykes, 
have close analogues on the Kalahari craton, highlighting strong intercontinental 
correlations. 

We present new paleomagnetic and rock magnetic results from Jurassic volcanic and 
intrusive rocks in the Vestfjella region of Dronning Maud Land. Rock magnetic analyses 
suggest that pseudo-single domain magnetite is the dominant remanence carrier, yielding 
stable magnetizations. Thermal and alternating-field demagnetization experiments produce 
both normal and reverse directions. The reversals of the lavas are symmetric and yield a 
positive reversal test. The resulting polarity stratigraphy shows a shift from normal to 
reverse directions toward the base of the sequence, closely resembling magnetostratigraphy 
on the African side of the Karoo flood basalts. The ~182 Ma basalts provide paleomagnetic 
poles consistent with coeval Karoo data, supporting a close alignment of the Grunehogna 
and Kalahari cratons at the onset of Gondwana breakup. 
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Oroclinal Orogens: Paleogeographic and tectonic implications 
Stephen T. Johnston 

University of Alberta, Edmonton, Canada 

Bent orogens, referred to as oroclines, are enigmatic tectonic features.  The scale of 
oroclines can be enormous.  Much of the Alaskan and Iberian peninsulas are attributable to 
coupled oroclines of the Cordilleran and Variscan orogens, respectively.  Paleomagnetic, 
structural and stratigraphic data demonstrate that these orogens were linear features that 
were subsequently folded about vertical fold axes.  Attempts at analogue modelling of 
oroclines as buckled lithospheric beams have failed, calling into question plate-scale 
palinspastic restorations of oroclines, and interpretations and models of oroclinal orogens as 
products of buckling of lithospheric-scale beams.  In essence, neither the crust nor the 
lithospheric mantle have the strength necessary to buckle at the required scale. 
 

An alternative interpretation is that oroclines are akin to wind-blown pond scum that 
deforms against a buttress.  In the case of oroclines, deformation is driven by a mantle wind; 
the pond scum represents a thin, upper crustal layer that detaches from the underlying crust 
and mantle; and the buttress is likely provided by a convergent continental margin.  An 
appropriately oriented mantle wind appears to have been present during the formation of 
the Cordilleran and Variscan oroclines.  In the Cordillera, a consistent north-blowing mantle 
wind explains the northward translation of terranes and continental ribbons since the 
Jurassic, a process that is ongoing as indicated by Global Navigation Satellite System (GNSS) 
velocity vectors and the broad array of active dextral strike-slip structures. Similarly, a north-
blowing mantle wind explains the consistent south-to-north transfer of Gondwana-derived 
terranes that were swept across the intervening Iapetan-Rheic-Tethyan oceanic realm 
before accreting to the Laurentian-Baltic-Asian upper plate in advance of the terminal 
Pangea-forming collisional event.  In both cases, detachment and vertical axis folding of a 
thin, crustal lid accompanied interaction with a continental buttress (the Siberian craton in 
the Cordilleran case, and Laurentia-Baltic in the Variscan).  The pond scum model implies 
that oroclines are allochthonous with respect to the crust and lithospheric mantle that 
currently underpins them; and that oroclines detach from the underlying plate during 
deformation. 
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Short-term cold bottom water temperatures during thermal maxima? 
Madeleine L. Vickers1, Stefano M. Bernasconi2, Jens Fiebig3, David Bajnai4, Andreas Pack4, 
Nathan Looser2, David Evans5, Rosalind E.M. Rickaby6, Jack Longman7, Joost Frieling8, Dustin 
T. Harper9, Morgan T. Jones1 
1Umeå University, Umeå, Sweden. 2ETH Zurich, Zurich, Switzerland. 3Goethe University Frankfurt, 
Frankfurt-am-Main, Germany. 4University of Göttingen, Göttingen, Germany. 5University of 
Southampton, Southampton, United Kingdom. 6University of Oxford, Oxford, United Kingdom. 
7Northumbria University, Newcastle upon Tyne, United Kingdom. 8University of Ghent, Ghent, Belgium. 
9University of Utah, Salt Lake City, USA 

Marine temperatures in the subpolar northern hemisphere saw significant deviations from 
global records during the early- to mid- Paleogene, both in ocean bottom waters and at the 
sea surface. Refined absolute and relative age data for ashes and glendonite carbonate are 
used in conjunction with quantitative temperature and environmental reconstructions to 
revise the timing, duration and magnitude of cool episodes within this greenhouse to 
hothouse period. 
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Joint luminescence and radiocarbon dating of Holocene fire history and 
dune activity in Arctic Fennoscandia 
Thomas Stevens1,2, Shuangwen Yi3, Yao Gu3, Yunus Baykal4,1, Melanie Stammler5, Daniel 
Hölbling6, Anu Kaakinen2, Salome Oehler7, Lilia Campo8,6, Zhiwei Xu3, Ying Wang3, Jan-Pieter 
Buylaert4 
1Uppsala Univesity, Uppsala, Sweden. 2University of Helsinki, Helsinki, Finland. 3Nanjing Univesity, 
Nanjing, China. 4Danish Technical University, Risö, Denmark. 5University of Bonn, Bonn, Germany. 
6University of Salzburg, Salzburg, Austria. 7University of Lausanne, Lausanne, Switzerland. 8ENSG - 
Géomatique, Champs-sur-Marne, France 

Aeolian parabolic dunes in Arctic Fennoscandia are widely scattered across diverse biomes, 
from tundra to mountain birch and pine forest. Many of these dunes show signs of current 
degradation or recent partial activity, and numerous buried soil, charcoal and sand layers 
demonstrate that dune stability is repeatedly interrupted by fire events and dune reworking 
episodes during the Holocene. As such, these systems have great potential as archives of 
Arctic landscape, climate and fire history in a highly sensitive environment, and over a range 
of biomes. However, few of these dunes, especially in Sweden, have been analysed using 
modern luminescence and radiocarbon techniques to constrain the timing of the dune 
stability, fire and reworking events. The result is that we have a) limited understanding of 
whether fire frequency or landscape degradation/dune mobility episodes have changed over 
the Holocene, b) whether there are wider patterns in these events over Arctic Fennoscandia, 
and c) if so, what the climatic or anthropogenic drivers of such changes may be. 
Luminescence dating of aeolian sands constrains the timing of dune sand movement, 
allowing direct dating of reworking events, while radiocarbon dating of charcoal constrains 
the timing of fires that may have marked the end of periods of stability, and the initiation of 
dune degradation and reworking. 

Here we apply detailed quartz optical stimulated luminescence (OSL) and feldspar post 
infrared - infrared stimulated luminescence (pIR-IRSL) dating to multiple dunes in Arctic 
Sweden and Finland over a diverse range of biomes. We also apply detailed AMS 14C dating 
to charcoal fragments from charcoal bands exposed in the stratigraphy of these dunes, 
which often separate dune reactivation sand units. In this way, not only can we cross-check 
multiple independent chronological techniques, but we can also construct detailed local 
dune development and reworking histories across a wide area of Arctic Europe. Combining 
these histories allows testing of potential wider climatic and human drivers for fire and 
landscape changes in Arctic Fennoscandia over the Holocene. Our detailed, multi-technique 
approach reveals substantial differences in these histories across biome type and location. 
Despite these differences, some wider trends are also apparent, notably a substantial 
increase in fire and dune activity after the Holocene Optimum and in recent centuries. 
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Late deglaciation, catastrophic floods, rapid uplift, and a stray bear - 
New observations from northern Sweden 
Carl Regnéll1,2, Sarah L. Greenwood2, Richard Gyllencreutz2, Anna Linderholm2,3, Ernst 
Johnson2,3, Christian Öhrling4,5 
1Department of Environmental Science, Kristianstad University, Kristianstad, Sweden. 2Department of 
Geological Sciences and the Bolin Centre for Climate Research, Stockholm University, Stockholm, 
Sweden. 3Centre for Palaeogenetics, Stockholm University, Stockholm, Sweden. 4Department of 
Geoscience, Norwegian University of Science and Technology, Trondheim, Norway. 5Department of 
Quaternary Geology for Physical Planning, Geological Survey of Sweden, Uppsala, Sweden 

We report new observations and results concerning the last deglaciation in northern 
Sweden. Focusing on the timing and retreat pattern of the last ice sheet demise, including 
the evolution of large ice-dammed lakes and their catastrophic outburst floods, we also 
present new data on postglacial isostatic adjustment, as well as palaeogenetic evidence of 
the very first postglacial faunal colonisation. 

In northern Sweden, the scarcity of end moraines or other ice-marginal landforms has 
limited the possibilities to reconstruct the pattern of ice recession. In addition, absolute 
dating constraints are woefully few, leaving the timing and location of final ice sheet decay 
still elusive. Here, we show how mapping and dating of deglacial ice-dammed lakes and their 
drainage routes have offered a solution to these problems. 

In the late stages of the deglaciation, extensive glacial lakes were dammed between the 
easterly retreating Scandinavian Ice Sheet and the Scandinavian mountains to the west. The 
former existence of ice-dammed lakes has been known for over a century, but almost no 
absolute dates of the last deglaciation have been reported. Also, in recent years, the advent 
of LiDAR-based digital terrain models has revealed the Scandinavian landscape at an 
unprecedented resolution, enabling us to in great detail trace the filling, coalescence, and 
drainage of ice-dammed lakes along the Scandinavian mountains, and determine their 
requisite and evolving ice sheet marginal positions. In addition to the pattern of ice-sheet 
retreat, radiocarbon dating of cored sediments that capture glacial- to nonglacial lake 
transitions, and also tree trunks (Pinus sylvestris) downed by one of the floods, indicate a 
later final deglaciation than previously thought with sizable ice sheet remnants in northern 
Sweden as late as c. 9.0 cal. ka BP. 

Beyond tracing the ice sheet retreat, the landforms and sediments left by the ice-dammed 
lakes and their drainages also inform on, e.g., patterns and magnitudes of postglacial 
isostatic uplift, indicating regression rates of ~2 dm/yr in the early Holocene. Moreover, the 
glaciolacustrine sediments from former ice-dammed lakes have proven excellent archives 
preserving genetic information of the first postglacial colonisation, including an ancient 
brown bear (Ursus arctos) environmental genome derived from one single male individual 
and phylogeographically inconsistent with current postglacial colonisation models. Taken 
together, these new findings highlight how the diverse glacial landscapes of northern 
Sweden provide a smorgasbord of Quaternary geological information with much left to be 
explored! 
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Scientific machine learning for geophysical modelling, inversion, and 
uncertainty quantification 
Pankaj K. Mishra1, Sanni Laaksonen1, Eetu Hyypiö1, Jochen Kamm1, Longying Xiao1, 
Nimatullah2, Anand Singh2 
1Geological Survey of Finland, Espoo, Finland. 2Indian Institute of Technology Bombay, Mumbai, India, 
Mumbai, India 

With recent advancements in machine learning (ML) and artificial intelligence (AI), a central 
question arises: how can established workflows of geophysical modelling and inversion 
benefit from these methods without sacrificing robustness and physical consistency? 
Scientific machine learning offers a pathway by respecting physical principles during the 
learning process, combining the strengths of physics-based formulations with the 
adaptability of neural networks. This integration enables flexible representations of the 
Earth while maintaining the reliability of traditional forward and inverse approaches. 

In this contribution two complementary directions are discussed. The first is how neural 
networks can be trained to solve geophysical forward problems and subsequently used as 
fast surrogates to accelerate inversion and uncertainty analysis. This approach is 
demonstrated with magnetotelluric modelling and probabilistic inversion, where deep 
operator networks emulate magnetotelluric responses and make large-scale probabilistic 
exploration feasible. The second direction is how geophysical inverse problems themselves 
can be solved by neural networks, where the subsurface is represented as a continuous 
neural function directly constrained by physics. This is demonstrated through three-
dimensional gravity inversion, where implicit neural fields capture both gradual variations 
and sharp contrasts without the need for explicit regularisation. Together, these advances 
point toward a new generation of geophysical workflows, opening space for geoscientists to 
explore a broader range of geological possibilities. While challenges remain in generalisation, 
data quality, and the incorporation of geological priors, scientific machine learning offers a 
promising framework for building Earth models that are both physically faithful and 
computationally efficient. 
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3D EM Modeling and Inversion: A Comparative Study of Numerical 
Solver Efficiency and Practical Application to Field Data 
Longying Xiao, Cedric Patzer, Jochen Kamm 

Geological Survey of Finland, Espoo, Finland 

We are developing an efficient and robust 3D EM inversion code for interpreting diverse 
responses simultaneously, ultimately producing a unified multiscale resistivity model. The 
code will be valuable for both commercial and educational applications. This abstract details 
the implementation framework and its current development status, with a focus on solver 
performance comparison for modeling and inversion applications. 

For CSEM and MT forward modeling, we utilize curl-conforming Nédélec elements to solve 
Maxwell's equations in the frequency domain. Specifically, CSEM employs a total electric 
field formulation, while MT uses a secondary field approach. To accommodate large models 
with sufficient resolution, we utilize separate octree grids for meshing in the forward and 
inverse domains. Written in C++, the code allows for flexible adaptation to various source 
and response types, e.g., plane waves, dipoles, line/loop sources, as well as MT impedance 
and tipper vectors; electric and magnetic field responses are already supported. 

The inverse problem is solved by minimizing misfit using a Gauss-Newton scheme with 
explicit Jacobian computation. The optimal regularization parameter is determined 
iteratively via the Occam approach. We've implemented three regularization methods: 
Tikhonov, flatness, and Raviart-Thomas finite element smoothness. The unified inversion 
mesh enables the joint inversion of diverse responses. The implementation was built on the 
deal.II library, which provides interface wrappers for numerically computationally intensive 
tasks, such as system equation solving (MUMPS) and inversion model update (PETSC 
Conjugate Gradient solver). Our code is fully parallelized with MPI for both forward and 
inverse modeling. 

In this study, we evaluate the computational performance of two direct solvers, MUMPS and 
WSMP, which are used to solve the linear system of the forward problem. The results of 
applying our developments to the field data will be demonstrated on-site. 
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Assessment of sulfide and chalcophile element behaviour in melt 
inclusions from the Fagradalsfjall 2021-2023 eruptions, Iceland 
Heini Merrill1, Eniko Bali1, Sæmundur A. Halldórsson1, Simon Matthews1, Frances Jenner2, 
Barbara Kunz2 
1NordVulk, Institute of Earth Sciences, University of Iceland, Reykjavik, Iceland. 2School of Environment, 
Earth and Ecosystem Sciences, The Open University, Milton Keynes, United Kingdom 

Emission of sulfuric gasses and chalcophile elements are hazards associated with volcanic 
eruptions. These elements are transported from the mantle source to the surface by 
ascending magmas. Sulfur concentrations in mantle melts vary according to numerous 
variables, such as source fO2, temperature, pressure, degree of partial melting, and the 
major element composition of the melt. With strong affinity with sulfides, chalcophile 
element concentrations in magmas are controlled by processes effecting the partitioning of 
sulfur during both mantle melting, fractional crystallisation and degassing. 

In Icelandic basalts, both magma source and melting processes contribute to the 
compositional range in parental melts, where low-degree melts are enriched in incompatible 
chalcophile elements (e.g., Pb) relative to large-degree melts and vice versa for the 
compatible chalcophile elements (e.g., Cu). As ascending magmas undergo mixing and 
degassing of volatiles, whole-rock analyses of erupted magmas seldom record the pre-
eruptive compositional range or source volatile characteristics. However, melt inclusions 
(MI) come closer to retaining melt compositions that were present prior to mixing and 
degassing. Here, we aim to constrain the sulfur and chalcophile element characteristics of 
endmember magmas that contributed to the Fagradalsfjall 2021-2023 eruptions, which 
show substantial range in mantle-derived geochemical proxies. To assess source composition 
and volatile characteristics, we have analysed major elements and SO3 in ~800 olivine-, 
plagioclase- and clinopyroxene-hosted MI by EPMA and trace elements in ~200 MI by LA-
ICPMS. 

The results show that the incompatible element variability in melt inclusions greatly exceeds 
that in whole-rock data, consistent with pre-eruptive mixing and homogenisation of 
heterogeneous parental melts. The sulfur and chalcophile element abundances correlate 
with incompatible element proxies for mantle enrichment. These observations may have 
implications for behaviour of chalcophile elements and sulfide solubility across different 
melt fractions. 
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Structural controls on Ni-Cu-Co mineralisation in the Jotun-Valdres 
Nappe Complex, south-central Norway: implications for regional 
critical mineral prospectivity. 
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The Nordic regions covering the Fennoscandian Shield hold significant potential for critical 
minerals. Although tectonic structures are responsible for the origin of many such deposits, 
structural geology is also responsible for segmenting critical mineral deposits and making ore 
geometries much more complex. Here we present one such example. The Espedalen Nickel-
Copper-Cobalt deposits lie within the lower Jotun-Valdres Nappe Complex of the Caledonian 
Orogeny. Recent studies have focused on the geometrical and geochronological aspects of 
the regional geology or on the processes related to the genesis of the mineral deposits. The 
mineralisation displays typical magmatic textural and compositional features, however, 
these have been overprinted by deformation. Yet, the extent and origin of the deformation 
and its influence on both deposit and regional geometries has not been considered in 
previous studies. We provide new structural and kinematic observations which document 
the relationship between the sulphide deposits and two separate orogenic episodes and 
place the mineralisation within a regional tectonic framework. On a map scale, the 
distribution and geometry of the deposits shows two main patterns: 1) Minor deposits 
oriented in NNW-SSE linear patterns. 2) Larger, more massive orthomagmatic sulphide 
deposits forming mappable bodies in ENE-WSW geometries. Detailed structural analysis 
reveals that type 1 geometries occur within steeply-dipping to vertical strike-slip mylonitic 
shear zones. The shear zones display mutual cross-cutting relationships with the Ni 
mineralisation: We observe undeformed mineralisation emplaced within ductile dilation 
zones in the shear zones, and mineralisation that is deformed within the shear zone fabric. 
These deposits are rather small (i.e. <1-5 meters) and define vertical, segmented geometries. 
Type 2 geometries are relatively large (i.e. 5-10s meters) flat-lying zones (20-30 degrees) to 
the NW that hostmassive sulphide bodies. These ubiquitously have tectonised margins with 
top-to SE kinematics which we interpret as tectonically transported during the Caledonian 
Orogeny. Steep strike slip shear zones associated with Type 1 geometries are found as 
xenoliths within tectonically dissected blocks in the Type 2 massive sulphides geometries. 
The age of these steep strike-slip shear zones must be pre-1510Ma, which was interpreted 
as the crystallization age of the Espedalen Complex. We present a map-based geometric-
structural-metallogenetic model for the formation and segmentation of these deposits on a 
regional scale. 
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Situated in the High Arctic, the island of Nordaustlandet is one of the least understood 
geological terranes on Earth regarding Precambrian and Paleozoic geodynamic processes. 
Such knowledge is, however, essential to reconstruct the geological evolution of the 
continental crust surrounding the Arctic Ocean. To elucidate the age of intrusion and 
tectono-metamorphic activity, the foliation-forming mineral phases, alkali feldspar and 
zircon grains from a total of 10 samples of meta-igneous rocks from northern 
Nordaustlandet were dated by 40Ar/39Ar and U-Pb geochronology. The geochronological 
study was complemented by a regional compilation of planar metamorphic fabrics and a 
microstructural analysis. The geochronological results reveal that the emplacement of 
metagranitoid rocks occurred during the Late Meso- to Early Neoproterozoic era (Stenian - 
Tonian), followed by Late Caledonian (Scandian) deformation and metamorphism during a 
Late Silurian to Early Devonian event. Neoproterozoic magmatic bodies intruded at mid-
crustal level and were exhumed during the Caledonian orogeny between 420.1 ± 2.3 Ma and 
399.9 ± 1.7 Ma. Structural observations allowed us to constrain the mechanisms, intensities 
and shortening directions of this deformation, which occurred under medium-grade 
metamorphism. This study indicates that Meso- to Neoproterozoic granitoid rocks, 
pervasively exposed at the northern coast of Nordaustlandet, were rapidly exhumed during 
Late Silurian to Early Devonian times, most likely as a consequence of orogenic collapse, and 
served as host to Late Caledonian felsic intrusions. 
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The Kynsikangas shear zone, Southern Finland: scale-dependent shear 
zone properties and evidence for fossil slow fault-slip in the deeper 
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Detailed field-based structural examination of the Kynsikangas shear zone (KSZ), a prominent 
structural discontinuity of the Svecofennian Province, allowed us to better understand well-
known structural controversies of crustal-scale shear zones. The controversies include: (1) 
scale dependence of shear zone properties; (2) reliability of small-scale kinematic indicators; 
(3) relationship between strain and kinematics and (4) evidence for slow fault-slip in the 
lower continental crust. The analysis of mineral shape fabrics and deformation kinematics on 
multiple scales revealed that the KSZ formed by strike slip-dominated, left-lateral 
transpression under NW-SE shortening. The geometry and intensity of mineral shape fabrics 
varies significantly with position in the shear zone. Specifically, the shear zone center is 
characterized by maximal fabric intensity and lineated mineral fabrics indicating significant 
horizontal stretching. By contrast, planar shape fabrics dominate the shear zone flanks, the 
patterns of which indicate horizontal displacement in the eastern part and vertical 
displacement in the west part of the KSZ. Kinematic partitioning of the shear zone is also 
scale-dependent, with microscopic to dm-scale sense-of-shear departing in part significantly 
from the kinematics indicated by geometry of asymmetric km-scale fold trains of the shear 
zone flanks. Thus, small-scale kinematic indicators do not unequivocally portray the regional 
sense-of-shear and, thus, question their use for identifying shear zone kinematics in general. 
Finally, dm- to m-scale shear bands and S-C fabrics are pervasive in the lineated shear zone 
center and indicate horizontal and vertical stretching under frictional-viscous conditions. 
High-strain variants of these deformation structures resemble scaly fabrics, known from 
active crustal shear zones formed at low temperature. Along with curved pseudotachylite 
veins, the shear bands and S-C fabrics may constitute slip transients in a frictional-viscous 
material formed under high-grade metamorphic conditions. Thus, the KSZ features structural 
evidence for fossil slow-slip seismic events in the deeper continental crust. 
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Strike-slip faults initiate along small-scale pre-existing brittle fractures, which then grow 
either by increasing the extent of individual fractures or by linking with other fractures. This 
process eventually leads to the formation of a fault plane and, later, a fault zone. Fault 
propagation depends on the lithological composition, structural anisotropy, and 
heterogeneity of the bedrock. In granitic rocks, faults typically form through dilational or 
contractional linkage of arrays of extensional en echelon fractures into individual fault 
planes. With increasing displacement and usually requiring a rotation in the principal stress 
field, these fault planes evolve into complex zones through the following mechanisms: (i) 
extensional or compressional step-overs, (ii) formation and coalescence of densely fractured 
zones between fault planes, or (iii) propagation of the fault by lengthening at its tips, 
ultimately forming a well-developed fault zone with an eventual gouge-bearing core. While 
the initiation of fault planes through the linkage of en echelon fractures is widely accepted, 
the controlling factors associated with the transition from a fault plane to a fault zone in 
granitic rocks is poorly understood. 

In this study we explore the formation of strike-slip fault zones and the associated fracture 
networks within the damage zones (DZ) of isotropic rapakivi granites. The study area is 
located on Åland Island in SW Finland, which is well suited for this study due to its well-
exposed coastal outcrops. These outcrops enable the use high-resolution 2D orthophotos for 
detailed structural analysis. 

1) We show that fault planes within isotropic crystalline granites lacking pre-existing joints, 
initiate solely    through the formation of en echelon fractures. These fractures are linked by 
contractional cross-fractures, which subsequently evolve into a continuous fault plane. 

2) The development of the initial faults (containing the individual fault planes and en echelon 
fractures) further into fault zones occurs dominantly through (i) extensional step-overs 
involving multiple steps. The linkage between individual fault planes is primarily controlled 
by the spacing between fault planes relative to their length or maturity. Our study also 
indicates that rotation of the principal stress direction is not required for the transition from 
en echelon fractures and to fault zone formation. 

3) Furthermore, our results show that fault zones may also grow through (i) sub-parallel fault 
planes interconnected by highly fragmented zones, but rarely by (ii) lengthening of the fault 
planes. Well-developed fault zones with gouge-bearing cores are observed only in case (i) 
and in reactivated pre-existing fault zones. 
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Glacial erosion is conventionally regarded as combining wear (by abrasion) and block 
removal (by plucking, quarrying, ripping etc.). We adopt two approaches to quantifying 
these processes on the hard, unevenly fractured bed of the former Fennoscandian Ice Sheet. 
Firstly, we use the planar sub-Cambrian basement unconformity in Västergötland, Sweden as 
a datum to identify patterns of glacial erosion since its re-exposure by glacial removal of 
Early Palaeozoic sedimentary cover. Erosion budgets were dominated by overdeepening of 
rock trenches and basins. Assuming that abrasion rates are invariant in uniformly hard shield 
rocks, block removal operated at least four times faster than abrasion. Secondly, we report 
new cosmogenic nuclide inventories from a site near Forsmark with paired samples from 
granite gneiss surfaces shaped by (i) sustained abrasion and (ii) combined abrasion and block 
removal. Combined abrasion and block removal rates in the last glaciation were 34-76 mm 
ka-1, three times faster than abrasion rates of 9-19 mm ka-1. Samples from the floors of 
fracture-bounded sockets confirm, with one exception, that missing blocks were removed by 
the last ice sheet. 

Rock block removal has dominated glacial erosion budgets in the two settings. Hence, glacial 
erosion estimates based on cosmogenic nuclide sampling of bedrock bumps, where abrasion 
has dominated in the latest phase of subglacial erosion, may significantly underestimate 
overall glacial erosion rates. Bedrock bumps develop on rock kernels with large block sizes 
that emerge after selective removal of smaller blocks in the surroundings. As rock block sizes 
scale inversely with fracture intensity, fracture intensity is revealed as an under-used proxy 
for predicting rates of glacial downwearing across hard ice sheet beds. 
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The North Sea Basin has been covered by ice sheets originating from both the British Isles 
and Scandinavia at multiple times during the Pleistocene. The Witch Ground Basin in the 
central northern North Sea is a critical location in terms of interpreting Late Pleistocene 
glacial to glacimarine history of the North Sea since it was the location of the Witch Ground 
Ice Stream that was active on multiple occasions during the Mid to Late Pleistocene. We map 
mega-scale glacial lineation flowsets corresponding to the changing ice flow direction of the 
Witch Ground Ice Stream and investigate the sedimentological fingerprint and 
corresponding subglacial depositional processes of this palaeo-ice stream. We show that 
sorted sand layers within a primarily massive subglacial traction till represent periodic 
hydraulic jacking and ice-bed decoupling at the base of the Witch Ground Ice Stream. The 
most recent ice cover in the Witch Ground Basin (~18 -16 ka) was thought to have been 
sourced from a localised ice cap over Orkney and Shetland. The presence of chalk clasts 
sourced from northwest of the Witch Ground Basin described in this study from the 
stratigraphically youngest till confirms this interpretation. The transition from subglacial to 
glacimarine deposition can be differentiated based on a change in colour including mottling 
and banding, presence of whole intact shells and the increased number of silt and sand 
lenses. 14C dating of glacimarine muds indicate high sedimentation rates that decrease 
during deposition of Holocene age sandy mud. These results demonstrates a highly dynamic 
Witch Ground Ice Stream in the northern North Sea during the Late Pleistocene with 
evolving subglacial hydrology and depositional processes at the ice stream bed that left a 
distinct geomorphological and sedimentological fingerprint within the Witch Ground Basin. 
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The Irish Sea Ice Stream (ISIS), the largest marine-terminating ice stream to drain the last 
British-Irish Ice Sheet, was fed from sources onshore on Ireland and Great Britain, and the 
ice stream retreated onshore during the last glacial termination.   This paper presents 
evidence from central Ireland for the evolution of ice and meltwater dynamics through time 
as the ice stream margin receded westward across the island of Ireland.  A palimpsest 
landscape of low-amplitude landforms was mapped using high-resolution (1-2 m horizontal 
resolution) DEMs, accompanied by sedimentological field analysis.   Recession of ice into the 
onset zone was characterised by episodic accelerated ice flow and ice stagnation, 
accompanied by reorganisation of ice flow trajectories, separation of the ice stream into 
distinct ice flow units, switches between distributed and channelised subglacial meltwater 
drainage during retreat. 
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The subglacial geomorphology of Norway is greatly varying, yet many landforms are under-
researched. Ribbed moraines, in particular, are landforms which were formed in subglacial 
environment of the Fennoscandian, Celtic and Laurentide ice sheets, but their processes of 
formation are disputed due to the difficulty of reconstructing past subglacial conditions. This 
is an important gap in present palaeoglaciological research, as understanding bedforms, 
particularly in reference to a potential bedform continuum, is important for holistic ice sheet 
reconstructions. Further, the mode of formation of ribbed moraines could provide 
contextual information on neighbouring features. Here, we present a compilation of works 
which addresses this gap in knowledge through three complementary papers building a PhD 
thesis. The data used in this series of works includes high-resolution DEM data, high-quality 
surficial geological data and ice sheet model data from a numerical ice sheet model of the 
Fennoscandian ice sheet. In the first study, an automatic machine-learning based method for 
ribbed moraine detection is developed, which successfully identify ribbed moraines across 
Norway, including in areas which they were previously unmapped such as south-eastern 
Finnmark. In the second study, a spatial statistical analysis aimed at deriving formational 
conditions from present ice sheet models and spatial data is conducted, and from this we 
determine global factors in ribbed moraine formation including low slope angles, low 
curvature, high hydraulic head, low hydraulic gradient and slow ice flow velocities. In the 
final study, we reconstruct the deglaciation of the core region of the Fennoscandian ice 
sheet, localised around the Norway-Sweden border. Here, we identify primary flow 
directions during the Fennoscandian ice sheet, and present new insights into subglacial 
hydrological conditions in the Femundsmarka region of Norway. When combined, these 
works advance our understanding of ribbed moraine formation, provide new tools and 
datasets, and identify future paths for study of the Fennoscandian subglacial system. 
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The geomorphology of the forefield of the surge-type glacier Þjórsárjökull, central Iceland, 
has been mapped for the first time. Þjórsárjökull, an outlet of the Hofsjökull ice cap, consists 
of three distinct lobes with a total of ~20 km long ice margin. The surge history is not well 
known with only two documented surges in 1991 and 1994. The geomorphology of the 
forefield is characterized by multiple, arcuate end moraines some of which are overridden, 
highly streamlined terrain with drumlins and flutes, and crevasse-squeeze ridges. In addition, 
ice-cored hummocky moraine and pitted outwash are common. The sediment-landform 
assemblage is typical of the surging glacier landsystem and indicates a longer history of 
surges than the documented record suggests. Ground-penetrating radar efforts also reveal 
an extension of the streamlined subglacial bedforms underneath the present ice-margin. 
Here we present a preliminary geomorphological map of the forefield alongside previews 
under the ice. 
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Spontaneous acid generation from some gneisses in the Lillesand municipality, SE Norway, 
causes acidification of water bodies, and acute and long-term severe damage to the aquatic 
environment through extreme levels of leached metals (primarily aluminium. At present, all 
infrastructure development within the municipality is governed by stringent regulations 
aimed to minimize environmental impact of acid-generating processes. However, 
acidification continues to create major environmental consequences in Lillesand because the 
acid-generating gneisses behave differently than what existing regulations and guidelines are 
designed for. The main issue is that the gneisses cause spontaneous acidification even at 
relatively low sulphur contents. In this contribution we try to investigate the geological 
drivers of acid-generation in the Lillesand gneisses by combining field observations and 
sampling with geochemical, pH and mineralogical investigations. 

The acid-generating gneisses are predominantly biotite-bearing metasandstones of the 
Lillesand complex, characterized by a pervasive yellow-brown alteration colour, even well 
below the surface. 740 field portable XRF measurements have been performed, and 65 
samples underwent comprehensive laboratory analysis, including NAG-pH, paste-pH, LECO, 
and XRF. The HH-XRF data showed median sulphur contents of 0,5% S (avg. 2 % S), whereas 
median LECO results were 0.17% S (avg. 0.5% S). Preliminary NAG-pH measurements show 
that 94% of the metasandstones have NAG-pH below pH 4 and 42 % below pH 3. 83% of the 
same samples have paste-pH below pH 6, whereas 7% is below pH 4. Despite the 
exceedingly low sulphur contents, over 80 % of the Lillesand metasandstones are classified 
as Medium or High risk according to the NAG-pH vs. paste-pH methodology. 

Spontaneous acid generation in the metasandstones indicates the presence of easily 
solvable secondary sulphur minerals, particularly iron hydroxysulphates such as jarosite and 
schwertmannite. Preliminary optical microscopy and SEM analyses show the presence of 
such mineral phases in tectonic fractures and microfractures, as also documented by Hagelia 
& Huizenga (2025). The widespread appearance of iron hydroxysulphates in the 
metasandstones, also well below currently exposed levels, indicate that these minerals 
formed during a phase of extensive oxidation, perhaps related to the evolving Permian-
Carboniferous Oslo and Skagerrak rifts or to Mesozoic brittle deformation phases. 
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Driven by the increasing demand for reliable marine data to support climate action, 
biodiversity conservation, and sustainable ocean governance, the European Marine 
Observation and Data Network (EMODnet) plays a central role in meeting these needs. Since 
its launch in 2009, EMODnet has delivered harmonized, high-quality marine data from across 
Europe to support scientific research, policy-making, and sustainable resource management. 
Through its Central Portal, EMODnet offers open access to thematic datasets covering 
bathymetry, geology, biology, chemistry, physics, human activities, and seabed habitats. 

EMODnet Geology integrates marine geological data to provide comprehensive coverage of 
European seas, with recent expansion to the Caribbean Sea. The initiative offers harmonized 
datasets on seabed substrate, sedimentation rates, seabed erosion, sea floor and 
Quaternary geology, geomorphology, coastal dynamics, geological events, marine mineral 
resources, and submerged landscapes. Coordinated by the Geological Survey of Finland 
(GTK), the project is delivered by a consortium of 39 organizations, primarily from the 
EuroGeoSurveys network, complemented by partners contributing specialized expertise and 
data. 

One part of EMODnet Geology focuses on seabed substrates and their characteristics, 
including sedimentation rates, seabed erosion, and related information. One of its core data 
products is a multiscale seabed substrate map, harmonized from national datasets using a 
modified Folk classification system based on sediment grain size. In support of 
environmental management, the seabed substrate database includes also detailed 
information on surface characteristics that influence marine ecosystems but are not solely 
defined by sediment grain size. These features, such as seagrass meadows, mobile 
sediments, ferromanganese concretion areas, and bioclastic features provide essential 
context for understanding of the seabed environment. Such data are vital for habitat 
mapping, ecosystem monitoring, and informed decision-making in marine spatial planning 
and resource management. 

Over the past sixteen years, EMODnet Geology has become one of the key providers of 
publicly accessible marine geological datasets, covering extensive areas of European seas 
and beyond. Its widely recognized methodology ensures consistency and quality across data 
products. The platform also supports third-party data contributions via EMODnet Data 
Ingestion (https://emodnet.ec.europa.eu/en/data-ingestion). Ongoing development of 
existing datasets and the introduction of new ones, such as organic carbon content in 
sediments, geotechnical information and radiocarbon (14C) measurements, help maintain 
the relevance of EMODnet data for future environmental management and scientific 
research. 
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A critical challenge in large-scale geochemistry is the harmonization of global, regional and 
local datasets, which often vary in analytical protocols, reporting standards, and metadata 
completeness. Establishing geochemical data and metadata standards as well as best 
practices and jointly used controlled vocabularies is essential to make such heterogeneous 
datasets comparable, allowing integration across country boundaries, spatial and temporal 
scales. The inclusion of detailed metadata (e.g., analytical methods, sample details) and the 
consistent use of reference materials are crucial for ensuring data quality, reproducibility, 
and meaningful comparison across studies. Without such measures, the potential of large 
geochemical datasets in Big Data and AI use-cases would remain limited. 

The GEOROC and GeoReM databases are two of the most impactful data resources in the 
global geochemistry community. They are leading, open-access sources of geochemical and 
isotopic data that provide access to curated compilations of igneous and metamorphic rocks 
and mineral compositions as well as reference materials encompassing over 41 million 
individual data values. The data services support hundreds of new research publications 
each year across geoscience and related disciplines. To ensure that GEOROC and GeoReM 
remain sustainable and state-of-the-art resources, the Digital Geochemical Data 
Infrastructure (DIGIS) initiative is developing a modernized IT architecture and data 
infrastructure for the geochemical data on samples and reference materials. These efforts 
will enable improved data submission, discovery, and access while aligning with the FAIR 
(Findable, Accessible, Interoperable, Reusable) principles. 

In this context, DIGIS could act as both a reference framework and a partner for regional 
geological surveys, including those of the Nordic countries. Establishing shared geochemical 
metadata standards, vocabularies and workflows for data exchange would create a two-way 
benefit for the global geochemical research community and the Nordic survey community. 
By combining global and regional efforts in data collection, curation, and digital 
infrastructure, the community can move towards a truly interoperable ecosystem of 
geochemical Big Data beyond boundaries. 
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