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Welcome to Gothenburg

It is a pleasure to welcome you to Gothenburg and the Swedish west coast for the 36th
Nordic Geological Winter Meeting! The Geological Society of Sweden is very proud to
be able to continue this strong tradition among geologists in our Nordic countries, and
we look forward to an exciting scientific program with over 450 abstracts in six parallel
sessions. We hope that all of you will have a fulfilling three days of high-level scientific

discussions, making new connections, and meeting old and new friends.

The organisation of a meeting like this requires more than a year of preparation, a task
that many people have been involved in. We would like to thank the Scientific Com-
mittee for putting together an ambitious program, the conveners for promoting exciting
sessions, the plenary speakers for their contribution, and not least the sponsors and exhi-
bitors who have made this event possible.

We hope that the 36th Nordic Geological Winter Meeting will be fruitful and lead to
better and deeper insight into the different fields of geosciences, and stimulate further
Nordic collaboration.

Sincerely,
The Organising Committee
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Ana C.R. Miranda, Nolwenn Coint, Eduardo T. Mansur and Sarah Dare

Mineral exploration in Estonia’s crystalline basement: Insights from reinvestigated
drill cores in NOTthEASTEIN ESTONIA ... 154
Siim Nirgi, Lennart Maala and Rasmus Kont

In-situ trace element petrogenetic characterisation of Fe-oxide mineralisation in Bergslagen ... 155
lain Pitcairn, Mattias Barkelius, Robert Dunst and Alasdair Skelton

Effect of deformation and metamorphism on metal redistribution at the

Sulitjelma volcanogenic massive sulfide dePOSItS ... 156
Eszter Sendula, Carly Faber, Sabina Strmi¢ Palinkas, Leif-Erik Rydland Pedersen, Tatsuo Nozaki,
Hironao Matsumoto and Eduardo Teixeira Mansur

Alteration and mass balance calculation at the Ravliden North VMS deposit,

Skellefte diStrict, SWEAEN ... . ... 157
Filip Siman, Nils Jansson, Tobias Hermansson, Foteini Liwicki, Mac Fjellerad Persson and Erik Nordfeldt

Test processing of Seafloor Massive Sulpdie (SMS) ore with VIMS 0re ... 158
Espen Lundberg Simonstad Stale Monstad, Maxime Lesage and Yang Xiao Sheng

Session 9
Geochemical microanalysis - analytical advances and applications

Differing behaviour of Sr and 4%Ar in white mica as a function of deformation

and fluid-mediated chemical @XChanQe ... 160
Christopher J. Barnes, Thomas Zack, Delia Résel, Alfredo Camacho, Michat Bukata and Renelle Dubosq

The origin of pyrite-sphalerite banding in metamorphosed volcanogenic
massive sulphide deposits: Using EBSD, EPMA and LA-ICP-MS ... 161
Stefanie M. Brueckner, Brayden Dudley, Ravinder Sidhu and Tim Sanford

Precise U-Pb dating of incremental calcite slickenfiber growth by LA-ICP-MS imaging:
Evidence for far-field Eocene fold reactivation in Ireland ... 162
David M. Chew, Kerstin Drost and Vincent Monchal

Feature mapping protocol for grain selection in preparation for in-situ U-Pb geochronology:
Shales and phyllites from the COSC-2 deep borehole ... 163

Simon J. Cuthbert, James O. Buckman, lwona Klonowskaa, Adam Wiodek and Oliver Lehnert

Micro-scale SIMS and LA-ICP-MS analyses reveal fracture mineral infillings

are archives for intermittent paleo fluid-flow and ancient microbial activity ... 164
Henrik Drake, Nick M.\W. Roberts and Martin Whitehouse

Multi-dimensional classification and correlation of water and trace element maps
in a magmatic clinopyroxene Using SPECXY ... 165
Nils B. Gies, Jérg Hermann and Pierre Lanari

Isotopic evidence of microbial colonisation of the Lappajérvi impact structure, Finland ..., 166
Jacob Gustafsson, Gordon R. Osinski, Martin Whitehouse and Henrik Drake
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Looking into a microscale with high resolution (spatial, volume and mass) using LG-SIMS:
multifaceted applications at NOrdSIMS ... 167
Heejin Jeon and Martin J. Whitehouse

Using micro-XRF for characterization of geochemical environments in annually

laminated lake sediments from Central Finland ... 168
Maarit Kalliokoski, Saija Saarni, Tapio Suominen and Timo Saarinen

NordSIMS-Vegacenter: analytical advances and novel methods ... 169
Ellen Kooijman, Martin J. Whitehouse, Chris Mark, Heejin Jeon, Alessandro Maltese and AndreasKarlsson

Automated mineralogy of complex carbonatite-hosted rare earth element (REE) minerals ... 170
Stefanie Lode, Camilo M. Silva, Jostein Restad, Ezgi Akyildiz, Kurt Aasly, Pshem Kowalczuk and Trond Watne

Application of geochemical micro-analytical methods in tracing Nickel through

the battery value chain: a case study from Finland
Yuan Shang, Quentin Dehaine, Yann Lahaye, Xuan Liu and Minna Myllyperkio

New insights into the origin and fate of REE zoning in garnet from in-situ trace-element mapping ... 172
Matthijs A. Smit, Johannes C. Vrijmoed, Erik E. Scherer, Klaus Mezger, Ellen Kooijman, Melanie Kielman-Schmitt,
Lorraine Tual, Carl Guilmette and Lothar Ratschbacher

Quantifying crystallographical orientations of planar deformation features

in olivine using combined optical and WBSD data ... 173
Bjern Eske Sgrensen, Eric Jamesw Ryan, Rune B. Larsen, Stefanie Lode and Jostein Restad
In-situ Lu-Hf garnet geochronology by LA-ICP-MS/MS . e 174

Renée Tamblyn, Alexander Simpson, Sarah Gilbert, Martin Hand, Benjamin Wade and Stijn Glorie
Taking the pulse on garnet through high-precision Lu-Hf domain chronology ..., 175

Lorraine Tual, Matthijs A. Smit, Jamie Cutts, Ellen Kooijman, Melanie Kielman-Schmitt,
Kira Musiyachenko, Jarostaw Majka and lan Foulds

What do in-situ Rb-Sr mica ages tell us? Lessons learned from the Greater Gothenburg area ... 176
Thomas Zack

Session 10
Geochemistry: Open session

Principle component analysis applied to till samples and its use in

prospectivity mapping of the REE Line, Bergslagen, SWeden ... 178
Patrick Casey, George Morris and Martiya Sadeghi

Hydrochemistry and spatial variation of Arsenic, Boron and other trace elements
in water bodies, Sud Lipez of the Bolivian Altiplano ... 179
Maria I. Chambi, Israel Quino, Mauricio Ormachea, Oswaldo Ramos and Prosun Bhattacharya

Analytical tools and techniques for assessing uranium sources and mobility along a

mine value chain: A case study of an iron ore mine in northern Sweden ..., 180
Vimbainashe L. Dzimbanhete, Lena Alakangas, Oscar Paulsson and Torbjérn Karlsson

Leaching dynamics of Pb, Zn, and F: Short-term leaching of waste rock from the

Ivittuut mine site, SOUth Gre@nland ... 181
Ninni Jeremiassen, Yu Jia, Violeta Hansen, Henrik Friis and Thomas Ulrich

Lake record of black carbon from southern Sweden reveals increased flux in the early 18t century ... 182
Karl Ljung, Edward Allison, Ethan Silvester and Dan Hammarlund

Black carbon cycling and accumulation after a mega-fire in a boreal forestin Sweden ... 183
Karl Ljung, Danny Wong, Helena L Filipsson and Simon Belle

Inferred Hadean crustal composition and evolution through coupled 146.147Sm-142143Nd systematics

iN Paleoarchean AcCasta GEISSE@S ... 184
Alessandro Maltese, Guillaume Caro, Erik E. Scherer, Peter Sprung, Wouter Bleeker and Klaus Mezger

Geochemistry of NeUrodegenerative diSEASES ... 185
Katelyn E. Murphy, Sarah Conrad and Lena Alakangas

Polymetallic-phosphate-TOC associations in Swedish alum shales ..., 186
Anna Neubeck and Anna Ladenberger

Effects of gypsum treatment on sulfate and nutrient mobility in farmlands of SW-Finland ... 187
Alexandra Nyberg, Mats Willner, Miriam Nystrand and Peter Osterholm

Isotope geochemical characterization of deep subsurface microbial methanogenesis

atthe Siljan iIMPact STrUCTUIE, SWEAEN ..o 188
Femke van Dam, Riikka Kietavainen, George Westmeijer, Shuhei Ono, Mark Dopson, Marcelo Ketzer,
Jennifer C. Mcintosh and Henrik Drake

New zircon U-Pb-Hf isotope constraints on the crustal growth and crustal recycling in the

southern Nagssugtoqidian Orogen of West Greenland ... 189
Rikke Vestergaard, Daniel D. Dunkley, Marcin J. Mieszczak, Monika A. Kusiak and Lars Eivind Augland

Geochemical conditions during the deposition of Tremadocian alum shale in the

Baltic paleobasin of NOrthern EStONIa ... 190
Johannes Vind, Kaarel Mand and Kalle Kirsimae

36th Nordic Geological Winter Meeting & Goteborg 2024 11



Session 11
Subaerial and subaqueous mafic magmatism in the Nordic Region

The explosive volcanism of the Oslo Rift - insights from the ignimbrites of the Drammen Caldera ... 192
Guro L. Andersen, Henrik H. Svensen, Lars E. Augland, Sara Callegaro and Jack W. Whattam

Geochemistry of sills from the early stage of the Oslo Rift ... 193
Sara Callegaro, Henrik Hovland Svensen, Thea Hatlen Heimdal, Hans Jergen Kjgll, Andreas Olaus Harstad,
Lars Eivind Augland, Manfredo Capriolo, Bjgrgunn H. Dalslden and Else Ragnhild Neumann

Oxygen isotope composition of basalts from the 2021 Fagradalsfjall eruption, Iceland ..., 194
Frances M. Deegan, llya N. Bindeman, Valentin R. Troll, Thor Thordarson, Armann Héskuldsson,
William M. Moreland, Edgar U. Zorn, Alina V. Shevchenko and Thomas R. Walter

Heavy rare earth elements and the origin of primitive volcanic rocks ... 195
Jussi S. Heinonen, Eric L. Brown, Sanni T. Turunen and Arto V. Luttinen
Off rift volcanism at the Bight rift segment, North Atlantic ... 196

Armann Héskuldsson, Fernando Martinez, Richard Hey, Lucia A Walters, Daniel Thorhallsson and Thor Thordarson

The 2022 Meradalir eruption of the 2021-23 Fagradalsfjall Fires, Reykjanes Peninsula,
and associated phenomena
William M. Moreland, Thor Thordarson, Armann Hoskuldsson, tt
Méline Payet-Clerc, [dunn Kara Valdimarsdéttir, Jacqueline Grech Licari, Jona Sigurlina Palmadéttir,
Diana Brum Da Silveira and Lidia Stroganova

Evolution of the eruptive plume through image and tephra analysis and physical plume
modelling, study of the Eyjafjallajokull 2010 @ruption ... 198

Méline Payet-Clerc, Armann Hoskuldsson, Thor Thordarson, Guillaume Carazzo and William M. Moreland

Water in clinopyroxene from the 2021 Geldingadalir eruption of the Fagradalsfjall
Fires, SW-Iceland - a mineralogical PerspeCtive ... 199
loana-Bogdana Radu, Henrik Skogby, Valentin R. Troll, Frances M. Deegan, Harri Geiger, Daniel Miller and Thor Thordarson

The making of monogenetic lava shields: a case study of the mid-Holocene
Trolladyngja @ruption, ICEIANA ... e 200

Eemu Ranta, Christoph Beier and Seemundur A. Halldérsson

The 3 ka Burfellshraun lava flow field, Northeastern Iceland:

lava dynamics and surface Morphology ... 201
Diana Brum da Silveira, Thorvaldur Thordarson, Armann Hoskuldsson and William M. Moreland

Dyke complexes of the Scandinavian Caledonides ... 202
Christian Tegner, Torgeir B. Andersen, Hans Jargen Kjgll, Eric L. Brown, Graham Hagen-Peter,
Fernando Corfu, Sverre Planke and Trond H. Torsvik

Holocene volcanic and magmatic activity at the Reykjanes Volcanic Belt Iceland ... 203
Thor Thordarson and Armann Hoskuldsson
The 2021, 2022 and 2023 eruptions of Fagradalsfjall Fires, Reykjanes Peninsula Iceland ... 204

Thorvaldur Thordarson, Armann Héskuldsson, Ingibjérg Jénsdéttir, William M. Moreland,
Idunn K. Valdimarsdéttir, Jona S. Palmadéttir, Méline Payet-Cerc, Diana B.D.S:G. Alvarez, Jacqueline Grech Licari,
Catherine R. Gallagher, Helga K. Torfadéttir, Lidia Strohganova, Robert A. Askew, Eva Eibl and Valentin R Troll

Phase equilibria and pre-eruptive conditions for basaltic magmas at

Oraefajokull volcano via the peripheral promontory Ingélfshofdi, lceland ..o 205
Helga Kristin Torfadottir’, Armann Hoskuldsson, Juan Andujar, Bruno Scaillet, Alan B. Woodland and Thor Thordarson

The Central Series of the Rum Igneous Complex, NW Scotland: the rises and
falls of magma in a large mafic-ultramafic volcano of the early NAIP ..., 206
Valentin R. Troll, Brian G.J. Upton, C. Henry Emeleus’ and Colin H. Donaldson

The complex formation of glaciovolcanic FAdges ... 207
1dunn Kara Valdimarsdéttir, Armann Hoskuldsson, William M. Moreland, Thor Thordarson,
Barge Johannes Wigum, Bjérn David Porsteinsson, Birta Dis Jonsdéttir Blondal

Mafic volcaniclastic deposits in the OSIo Rift ... 208
Jack W. Whattam, Henrik H. Svensen, Ivar Midtkandal, Dougal A. Jerram and Sara Callegaro
The Biggest "BUttes” Of SCANIAT .. e 209

Gabriel Zachén and Ulf Séderlund

Session 13
Archaean through Mesoproterozoic geodynamic evolution of the Fennoscandian Shield

Formation of the granite-migmatite belti S Finland by transtensional tectonics ..., 212
Olav Eklund, Séren Fréjdé and Oliver Terés

The origin of the Archaean Lake Inari TTG-amphibolite complex of the

Lapland-Kola Province, northern FINland ... 213
Jaana Halla, Kumar B. Joshi, Esa Heilimo and Matti Kurhila

Isotopic evidence from crustal growth during the Svecofennian orogeny - a study

from the Central Finland Granitoid COMPIEX ... 214
Esa Heilimo and Perttu Mikkola
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Geochronological data from newly discovered or rediscovered rock units
in the southern archipelago of Stockholm .. 215
Ake Johansson, Stefan Claesson, Andreas Karlsson, Karin Hégdahl and Thomas Lundqvist

1865 Ma Svecofennian extensional magmatism in Nagu, SW Finland ..., 216
Anna E. Johnson®, Olav Eklund and Jussi S. Heinonen

Lithotectonic Map of FENNOSCANMIA ... 217
Stefan W. Luth, Espen Torgersen and Juha Kdykka

The B6ron volcanic suite and the initial closure of the Bothnian Basin ..., 218
Joakim Mansfeld, Erik Sturkell, Karin Hogdahl and Lena Lundqyvist

The metamorphic @VOIUTION 0N ULE ..o 219
Joakim Mansfeld and Alasdair Skelton

Chalcophile geochemistry of the Ni-Cu-PGE mineralised 2.05 Ga conduits
in the Karasjok Greenstone Belt, Nnorthern NOrway ... 220
Alf A. Orvik, Trond Slagstad, Eduardo T. Mansur, Bjgrn E. Serensen and Lars P. Nilsson

The well- and unknown Vetlanda sedimentary SEQUENCE ... 221
Evgenia Salin and Krister Sundblad

Bedrock mapping, zircon U-Pb geochronology and Lu-Hf isotopes of the
Archaean Kirkenes Gneiss Complex, Kola Craton ... 222
Julius Schénherr, Trond Slagstad and Bjern Eske Sgrensen

Subduction and loss of continental crust during the Mesoproterozoic Sveconorwegian Orogeny
Trond Slagstad, Nick M.W. Roberts and Andreas Petersson

Archaean TTGs derive from mafic cumulates buried within the roots of proto-continents ..., 224
Matthijs A. Smit, Kira A. Musiyachenko ans Jeroen Goumans

A new web portal brings the Svecofennian geology of Landsort to life
Roland Steen

Interaction between Svecofennian crust and rapakivi granites along the

SW margin of the Wiborg Batholith, southern Finland ... 226
Krister Sundblad, Bence Balogh, Evgenia Salin, Kjell Billstrom and Juri Plado

Mapping of mafic dykes in the Archaean Kola craton in Sgr-Varanger, and testing

the applicability of in situ LA-ICP-MS Sm-Nd isotope analysis in @apatite ..., 227
Oda Kristine Vogt, Trond Slagstadb and Bjern Eske Serensen

The tectonometamorphic evolution of northeastern Fennoscandia ... 228
Marek Zastapito, Bjgrn Eske Serensen, Stefanie Lode and Trond Slagstad

Session 14
General geology: Open session

Dypingite as a series and its formation from serpentinite weathering ... 230
Yang Lu, Anton Sednev-Lugovets, Patricia Carvalho, Matylda Guzik, Kristina Dunkel, Hdkon Austrheim and Henrik Friis

The war in Ukraine - its impact on scientific collections, scientists and theirresearch ... 231
Olena Shevchuk, Steve Mcloughlin and Vivi Vajda

Triassic and Jurassic of Sweden - fauna and flora in a disturbed ecosystem ... 232
Vivi Vajda, Ashley Kruger, Olena Shevchuk, Daniela Quiroz, Jungang Peng and Sam Slater

Fracture-driven magma degassing pathways in intruding rhyolitic magma ... 233
Taylor Witcher, Steffi Burchardt, Tobias Mattsson, Michael J. Heap and Anne Pluymakers

Session 15

Structural geology and tectonics: Open session

Structures and magmatism associated to a triple junction in Traill @, East Greenland ..., 236
Pierpaolo Guarnieri, Christian Tegner and Charles Kent Brooks

Assessment of the porosity and density structure of complex impact structures

based on their strain distribULION ... 237
Thushan C Ekneligod and Herbert Henkel

The discovery of a regional scale strike-slip fault in northern Sweden

through re-evaluation of potential field data ... 238
Thorkild M. Rasmussen, Roshanak Vadoodi and Tobias E. Bauer

The significance of initial fabric during deformation
Thorben Schéfisch, Hemin Koyi, Bjarne Almqyvist and Stefan Luth

Early Paleogene rift-to-drift transition at the NE Atlantic - new insights from rift propagation
aNd PAIred EXTENSION-COMPIESSION  ..........cciiiiiiiiiiriiieieieieeeieeseeeesesesessesessssesssesssesese s 240
Po Wan Wong, Ivar Midtkandal and Jan Inge Faleide

36th Nordic Geological Winter Meeting & Goteborg 2024 13



Session 16
Petrology: Open session

Metamorphic zoning in plagioclase from the Caledonides recording transient events ... 242
Kristina G. Dunkel*, Sascha Zertani and Bjgrn Jamtveit

Neoarchean synkinematic metamorphic peak in the Isua supracrustal belt (West Greenland) ... 243
Benjamin Eskesen, Kathrin Fassmer, Carsten Miinker, Thomas Ulrich, Kristoffer Szilas,
Simon Wagner, J. Elis Hoffmann and Thorsten J. Nagel

Compositional controls on the rinkite-(Ce)-nacareniobsite-(Ce) solid solution series ... 244
Ole Skursch, Tom Andersen, Fabrice Dal Bo, Sven Karup-Mgller and Henrik Friis

Session 17
Mineralogy - new insights and future opportunities

Swedish ericssONIte-groUP MINEIAS ... 246
Fernando Cémara

New insight into jarlite and jergensenite, two rare Sr-fluorides from Ivigtut, South Greenland ... 247
Per A. E. Danielsen, Henrik Friis and Tom Andersen

Magmatic or hydrothermal @pidote? ... 248

Kristian Drivenes, Bjgrn Eske Serensen, Magdalena Huyskens and Iris Buisman

Super- and subsolidus processes in the Rolvsnes granodiorite recorded by titanite ... 249
Kristian Drivenes, Iris Buisman, Nolwenn Coint, Magdalena Huyskens, Rune Berg Larsen and Bjern Eske Sgrensen

The high temperature, low-pressure phase transitions of crystalline silica ... 250
Bendik S. Frantzen, Kurt Aasly and Bjgrn E. Sgrensen

The MINTUM MINEIAI GIOUP oot 251
Dan Holtstam, Jérgen Langhof, Henrik Friis, Andreas Karlsson and Muriel Erambert

Untold stories of the Veramin mesosiderite ... 252
D. Holtstam, A. Hassani and H. Skogby

On the ore mineralogy of the Bi-Te-rich Enasen Au-Cu deposit, central Sweden ... 253
Erik Jonsson and Simon Pieslinger

A new Zr-Ti-silicate related to rosenbuschite from the agpaitic
rocks of Norra K&rr, SOUthern SWeAEN ..o 254
Andreas Karlsson, Fabrice Dal Bo, Henrik Friis, Erik Jonsson, Thomas Zack and Axel S.L. Sjéqvist

Vavfinite (Ni,SbTe,) and gold from the Palaeoproterozoic Lainijaur Ni-Cu-Co deposit
iN Mala district, NOrthern SWEAEN ..o 255
Daniel Larsson, Johan Soderhielm, Dan Holtstam and Andreas Karlsson

An unusual epidote supergroup mineral: A solid solution containing the
new (OH)-analogue of dollas@ite-(C@) ... 256

Alice Taddei, Luca Bindi, Paola Bonazzi, Patrick Casey, Hans-Jirgen Forster, Dan Holtstam and Andreas Karlsson

Session 18
Metasomatism

Extreme enrichment of Arsenic and Antimony during formation of Ni-Cr-rich

jasper and quartzite from serpentinized Peridotite ... 258
Héakon Austrheim and Torgeir B. Andersen

Beyond Beauty: Chronicles of the world’s oldest rubies from Greenland ..., 259
Sampriti Basak and Kristoffer Szilas

The microstructural record of high-pressure modulated deserpentinisation ... 260
Michat Bukata, José A. Padrén-Navarta, Manuel D. Menzel, Vicente Lépez Sanchez-Vizcaino and Carlos J. Garrido

From high-T hydrothermal alteration to near-surface weathering - the alteration

history of the Rolvsnes granodiorite€, W NOIWAY ... 261
Kristian Drivenes, Jochen Knies Tobias Kurz, Annina Margreth and Jasmin Schénenberger

Microfabric evolution during metasomatism and deformation, exemplified by the nodular

sillimanite gneisses (Bamble lithotectonic domain, South NOorway) ... 262
Ane K. Engvik, Claudia A. Trepmann and Hakon Austrheim

Modelling the global water cycle - the effect of Mg-sursassite and phase A on deep slab

dehydration and the global subduction zone water budget ... 263
Nils B. Gies, Matthias Konrad-Schmolke and J6rg Hermann

Basement fracturing and weathering on- and offshore Norway, the BASE projects ..., 264
Jochen Knies, Marco Brgnner, Giulio Viola, Annina Margreth, Guri Venvik,
Roelant van der Lelij and Jasmin Schoenenberger

Fluid pathways and fluid-rock interaction mechanisms during high pressure metasomatism ... 265
Matthias Konrad-Schmolke and Ralf Halama
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Fault-controlled, kilometre-scale fluid-rock interaction in a late-orogenic setting:

insights from C and O isotope profiles from Lismore, Scotland ... 266
Alexander Lewerentz and Alasdair D.L. Skelton

H,O budget and high-pressure re-equilibration in polycyclic rocks:
a case study from the Dora-Maira Massif (Western AlPS) ... 267

Francesco Nosenzo, Paola Manzotti and Marin Robyr

Effect of volume changes on style of mineral reactions during mixed-volatile infiltration

in ultramafic-mafic rocks from the Reinfjord lower crustal field laboratory ... 268
Bjorn Eske Serensen, Eric James Ryan, Rune B. Lasen and Stefanie Lode

Session 19
Marine geology records of Quaternary to late Holocene changes in North Atlantic Ocean
circulation with a special reference to Arctic and North European climate

Post-glacial fluctuations in ocean currents and their impact on the environment

of the Eastern Nordic Seas ..., e 270
Dhanushka Devendra®, Magdalena tacka, Matgorzata Szymczak-Zyta, Magdalena Krajewska,
Natalia Szymariska and Marek Zajgczkowski

The influence of source waters on the Holocene nutrient cycle in the Labrador Sea:

A multiproxy approach of stable iISOtOPES ... 271
Kristin Doering, Jens Weiser, Stephanie S. Kienast, Markus Kienast, Dierk Hebbeln, Martin Frank and Ralph Schneider

Investigation of contourites in the south-western maritime area of the Faroe Islands ... 272
Klara Friedrich Bachmann Eriksen and Lars Ole Boldreel

Multi-century reconstruction of environmental conditions in Lurefjorden, Norway ... 273
Mattia Ferraro, Bjgrg Risebrobakken, Irina P. Asteman, Elin M. K. Darelius, Amandine A. Tisserand and Matthias Moros

Unravelling massive meltwater events: Fennoscandian ice sheet and its

potential role in North Atlantic Heinrich @Vents ... 274
Helena L. Filipsson, Nadine B. Quintana Krupinski, Andreas Mackensen, Yasmin Bokhari Friberg,
Anne-Sophie Fanget, Jonas Donnenfield, Karen Luise Knudsen, Jeroen Groenevelde, Marit-Solveig Seidenkrantz

Recent insights into the radiocarbon dating of Arctic Ocean sediments ..., 275
Ludvig Lowemark and Akanksha Singh

Abrupt arctic climate change: Stadial to interstadial climate change in the Fram Strait

and connections to the eastern NOIdiC S@aS ... 276
Bjerg Risebrobakken, Yunyi Wang, Chuncheng Guo, Kirsten Fahl, Ridiger Stein, Dag Inge Blindheim, Andrzej Witkowski,
Trond Dokken, Eystein Jansen, Guido Vettoretti, Marlene Klockmann, Amandine Tisserand and Juliette Supiot Tessiere

Session 20
Geoscience for offshore wind and marine infrastructure

Chalk: an updated stratigraphy and insights into periglacial weathering profiles,
OFFSNOIE WINAFAIM, UK oo 278
Nicola C. Dakin, Scott A. Smith, Rory Mortimore and Dayton Dove

Interpreting X-ray images of sediment samples for offshore site investigations ..., 279
Thea S. Faleide, Scott A. Smith and Karoline H. Lavlie

Examples of the impact of formerly glaciated terrains on marine infrastructure projects
inthe North Sea and in the Baltic S@a ... 280

Oscar Fransner

Paleogeographic reconstruction of the Peon area in the Northern North Sea:

Implications for ground CONItIONS ... 281
Aurora M. Garcia, Benjamin Bellwald, Tor O. Semme, Orlando M. Bautista, Sverre Planke, Ingrid Anell,
Reidun Myklebust and Ivar Midtkandal

SEEP ecology - a multiproxy approach to establish a seabed ecological baseline

in the North Sea prior to human activities in the subsurface ... 282
Bodil W. Lauridsen, Katrine E. Hansen, Rishmita Mukherjee, Lasse T. Prins, Paul C. Knutz and Hans Ray

Automatic boulder detection and boulder field properties: Techniques and practical applications ............. 283
Sergei Medvedev, Dmitry Zastrozhnov, Viktor Spiridonov, Nils C. Prieur, Andrei Zastrozhnov and Sverre Planke

Clay Tectonics: investigating the influence of clay tectonic deformations on

offshore windfarm development on the Belgian Continental Shelf ... 284
Thomas Mestdagh, Ruth Plets, Tine Missiaen, Hakan Saritas, Harisma Andikagumi,
Marc De Batist, Bruno Stuyts and Hans Pirlet

Characterization of glacial and interglacial deposits in the German North Sea
from the integration of CPT and UHR MCS wind farm data ... 285

Natasha Morales, Julia Haberkern and Stefan Wenau

The geological evolution of the Norwegian shelf during the Quaternary
Dag Ottesen, Julian A. Dowdeswell, Christine Batchelor, James Kirkham and Lilja R. Bjarnadottir

36th Nordic Geological Winter Meeting & Goéteborg 2024 15



A geological characterization of the Sgrlige Nordsjg Il offshore wind
SItE, SOULNEIN INOITR SO e 287
Hannah E. Petrie, Christian H. Eide, Haflidi Haflidason, Jo Brendryen and Timothy Watton

Tools for understanding shallow gas in the Danish North Sea ... 288
Lasse T. Prins, Bodil W. Lauridsen, Katrine E. Hansen, Ole R. Clausen, Hans Ray and Paul C. Knutz

Multi-sensor core logging of shallow seabed sediments for subsea

power cable design: @ NOrth S€a €ase StUAY ... 289
Scott A. Smith, Pauline Suzuki and Thea S. Faleide

Understanding tunnel valleys in the North Sea: a 200-year history of
enigmatic sUDGIACIal TANATOIMS ... 290
Margaret A. Stewart

Session 21
Geophysics: Open session

Gravity surveying onshore Svalbard: forward modeling and data integration ... 292
Fenna Ammerlaan, Aleksandra Smyrak-Sikora, Kim Senger, Marie-Andrée Dumais,
Jomar Gellein, Tereza Mosociova , Marco Bronner, Erik P. Johannessen and Tormod Henningsen

Analysis of radiation transport effects on passive remote sensing of SO, from the

Bardarbunga fissure eruption at Holuhraun, Iceland ... 293
Santiago Arellano, Bo Galle and Melissa Pfeffer

Reykjanes Peninsula unrest 2020-2023, Iceland: Deformation history of

multiple volcanic systems
Halldér Geirsson, Michelle Parks, Y/ g
Cécile Ducrocg, Freysteinn Sigmundsson, Benedikt Ofeigsson, Pall Einarsson, Kristin Jonsdottlr
Kristin Vogfjérd, Sigrin Hreinsdéttir and Sonja Greiner

Application of 2D and 3D mUHRS surveys on Mjésa lake, Norway.
Afirst-of-its-kind 3D SUIVEY 0N @ 1aKe ... 295

Anton Harrsen, Martin Laier and Louise Vad-Pickering

Initiating Fennoscandian seismic hazard Map ... 296
Annakaisa Korja, Paivi Méntyniemi, Bjérn Lund, Niranjan Joshi, Mathilde Battger Sérensen, Maren Karlsen and Ludovic Filop

3-D magnetotelluric survey of a Miocene-Quaternary volcanic province in NW Svalbard ..., 297
Alexander Minakov, Maxim Smirnov, Kim Senger, Peter Betlem, Jan Inge Faleide,
Anniken Helland-Hansen, Rafael Kenji Horota, Horst Kampf, Agnes Kontny, Sverre Planke,
Sebastian Tappe, Maria Telmon, Shunguo Wang and Dmitrii Zastrozhnov

Recent unrest (2021-2023) at Askja volcano, [celand ... 298
Michelle M. Parks, Erik Sturkell, Freysteinn Sigmundsson, Vincent Drouin, Sigrin Hreinsdattir,
Andrew Hooper, Yilin Yang, Benedikt G. Ofeigsson, Asta R. Hjartadéttir, Ronni Grapenthin, Halldér Geirsson,
Elisa Trasatti, Sara Barsotti, Rikke Pedersen, Pall Einarsson, Bergrin A. Oladéttir and Hildur M. Fridriksddttir

D-REX project in FENNOSCANAIA ... 299

Maxim Yu. Smirnov, Oskar Rydman, Thorkild M. Rasmussen, Tobias E. Bauer, Jochen Kamm, Graham Hill and Jan Vozar

Variations in rock strength and P-wave velocities in a natural CO, leaking fault zone ..., 300
Scott A. Smith, Thea S. Faleide, Luke Griffiths, T. Dylan Mikesell, Elizabeth Petrie and Elin Skurtveit

Decades of deflation of the Askja volcano, Iceland, prior to ongoing inflation
Erik Sturkell, Freysteinn Sigmundsson, Michelle Parks, Halldér Geirsson, Asta Rut Hjartardéttir and Talfan Bamle

Investigating NYF-type Pegmatite deposits in Tysfjord, Norway, using ground geophysics ... 302

Georgios Tassis, Axel Miiller, Bjorn Eskil Larsen and Marco Brénner

Session 22
Geoscience education - Investigation of teaching and learning

Improving geoscience education: how course and student representatives

work at University 0f OSI0, NOPWAY ..o 304
Marie Aas, Ruth K. Brevig, Jenny B. Fossan and Markus Haugen

Building global capacity for the observation of volcanic and atmospheric change
through Situated LEAIrNTING ... 305
Santiago Arellano, Zoraida Chacén, Christopher Kern and Silvana Hidalgo

Explorational field teaching: how students and teachers learn together

in afield course in EOMOIPhOIOGY ..o 306
Thomas J. Barnes, Henning Akesson, Erik M. Lund and Mattias Lundmark

Hydrogeology education in Sweden: are our curricula designed to meet society’s demands? ... 307
Roland Barthel
Thirst for knowledge: Think HyOl 308

Victoria Beckman, Laura Giese, Juha Rankinen and Kenneth M. Perssona

Students as partners - obstacles, possibilities and solutions in Norwegian Earth science education ... 309
Elena V. Brattebg and Siri Tungland
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Are textbooks making Isostasy unnecessarily hard for students to getto grips with? ... 310
Kirsty Dunnett, Thomas J. Barnes and A. Mattias Lundmark

Ytterby - a mine under redeVElOPMENT ..o 311
Magnus Ericsson

Geology in science teacher education in Norway: introducing a textbook integrating

geological knowledge and geology @dUCAtION ... 312
Julie Guttormsen and Kari Beate Remmen

A new marine geoscience education at Stockholm University ... 313
Richard Gyllencreutz, Martin Jakobsson and Elisabeth Dacker

Teaching environmental geology - challenges in academical and societal viewpoints

of practical application in the [ArNING PrOCESS .........eriiesiressssesesssssssssssssssssssssssssssssssssssssssssssssssssssssssesssseee 314
Magnus Hellgvist

Denmark uncovers fossils - geological citizen science at the Natural History Museum of Denmark ................ 315
Thomas B. Holm, Laura J. Cotton and Anders P. Tattrup

TIMREX: An EIT-labelled Master’s program transforming mineral exploration education for

innovation, entrepreneurship and sustainability ...
Nils F. Jansson, Sibila Borojevi¢ Sostari¢, Gabriela Paszkowska,
Alberto Sanchez Miravalles, Ana Mari¢i¢ and Ferenc Madai

uis Lopes,

Reflections on a hybrid continuing education course for school teachers:

Student perspectives and [essons for the FULUIre ... 317
A. Mattias Lundmark, Anna M. Ulvestad and Elisabeth M. Engum

Learning and working in the field: on belonging, identity and educational spaces ... 318
Rie H. Malm
Facilitating student engagement in geological fieldwork using Activity Bingo ..., 319

Lisa J. Nystad and Kjersti Stangeland

The multifaceted benefits of teaching for consultant geo professionals - the Aseberget case study .............. 320
Martin A. Persson

Interactive understanding of groundwater hydrology and hydrogeology - the iNUX project ... 321

Thomas Reimann, Roland Barthel, Steffen Birk and Daniel Fernandez Garcia

Sustainable development as an interdisciplinary topic in education: A video study

from geoscience in upper secondary school in NOrway ... 322
Kari Beate Remmen and Qystein Sandnes Renning

Pictionary* as a muti-purpose tool in teaching sequence stratigraphy
Leticia Rodriguez-Blanco

Ukrainian knowledge exchange and scientific resilience ... 324
Rodney L. Stevens, Lennart Bornmalm, Yevhen Plotnikov and Marharyta Radomsk

From research to outreach - an example from the Smgla island, Mid-Norway
Guri Venvik, @ystein Nordgulen, Tom Heldal, Matthew S. Hodge, Eline Barkas Garseth and Per Terje

What do students learn about stratigraphy? ... 326
Sebastian Willman, Abigail K. Barker, Rie H. Malm and Mattias Arrhenius

Session 23
Geoheritage and geoparks

Celebrating 20 years of Global Geoparks: areas of international geological

significance developPing 10CAl SOCIETIES ... 328
Anna Bergengren

Mountains as a livelihood: a project within Platabergens UNESCO Global Geopark, West Sweden ... 329

Anna Bergengren

Geopark comparisons, functional system modeling, and landscape-scale sustainability ... 330
Lennart Bornmalm, Rodney L. Stevens and Denis Vasiliev

Geopark Indalsélven - geological heritage presented thematically through

geological history, human interference and scientific hiStOry ... 331
Magnus Hellgvist, Peter Ladan and Ann-Charlotte Ladan

Geopark Riddarhyttan - a locally-driven initiative ... 332

Anna Jansson and Lars O. Ericsson

Mineralriket - a new Swedish geopark! ... 333
Jorgen Langhof, Daniel Olsson, Klara Thorell, Jan Hakanson and Jan Vennerstrém

From porcelain to ytterbium: on Rérstrand castle and Ytterby mine ..., 334
Alasdair Skelton

Reassembling and refurbishing the content of The Norwegian geoheritage database ... 335
Terje Solbakk, Tom Heldal, Rolv Dahl, Ase Minde and Pia Sunde
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Session 24
Deglaciation: dynamics, processes and products

Pre-LGM sea levels in northern Svalbard ... 338

Helena Alexanderson, Astrid Lysa, Mark F.A. Furze and Anders Schomacker

Ribbed moraines formed during deglaciation of the Iceland Ice Sheet ... 339
Nina Aradéttir, fvar Orn Benediktsson, Erla Gudny Helgadéttir, Olafur Ingélfsson, Skafti Brynjélfsson and Wesley R. Farnsworth

Early Holocene deglaciation of eastern Iceland constrained by cosmogenic 3¢Cl

exposure ages and tephrochronology ... 340
Ivar Orn Benediktsson, Joseph M. Licciardi, Skafti Brynjdlfsson, Sarah Principato, Nina Aradéttir,
Esther Ruth Gudmundsdéttir and Wesley Farnsworth

A landform-driven simulation of deglaciation of the Scandinavian Ice Sheet and the

PalGlac project’s progress on data-modelling integration ... 341
Chris D. Clark, Jeremy C. Ely, Anna L.C. Hughes, Rosie E. Archer, Ben M. Boyes, Frances E. Butcher,
Nico Dewald, Chris R. Diemont, Helen E. Dulfer, Tim J. Heaton and Sarah L. Bradley

Reconstructing post-glacial landscape evolution around Inari, Finland using

novel survey and dating INSTIUMENTS ... 342
Alastair Goodship, Helena Alexanderson and Johanna Anjar

Footprint of the Baltic Ice Stream: geomorphic evidence for shifting ice stream pathways ..., 343
Sarah L. Greenwood, Rachael S. Avery, Richard Gyllencreutz, Carl Regnéll and Karol Tylmann

Holocene deglaciation and environmental history of Washington Land and

Warming Land, north-western Greenland ... 344
Dan Hammarlund, Kajsa Frisendahl, Kannika Wangritthikraikul, Karl Ljung, Anne Birgitte Nielsen,
Malin Kylander, Love Dalén, Anders Gétherstrom and Peter D. Heintzman

Circular hummocky moraines in High Asia similar to Veiki moraines / ice-walled lake plains
Jakob Heyman, Cynthia V. Sassenroth and Andreas Johnsson

A last spasm of the Scandinavian Ice Sheet: Traces of an Early Holocene

glacial surge in south central Norway
Fredrik Hagaas, Mikis van Boeckel, Martin Klug and Oddvar Longva

New multibeam mapping data from Ammassalik Basin, SE Greenland: A tale of

glacial landforms influenced by variable basement lithologies ... 347
John R. Hopper, Lara R. Peréz, Katrine Juul Andresen, Thomas Funck, Ole Reng Clausen,
Emil Fenss Jensen and Stig Hjalte Graeser Kinnerup

DATED-2: An updated ice-extent chronology for the Eurasian ice sheet complex, 40-10ka ..., 348
Anna L.C. Hughes, Jo Brendryen, Richard Gyllencreutz, Evan J. Gowan, Jan Mangerud and John Inge Svendsen

Does Late Glacial GIA aid Holocene ice cap persistenCe? ... 349
Olafur Ingélfsson and Wesley R. Farnsworth

Fluctuations of the western flank of the Scandinavian Ice Sheet
during Marine 1Sostope Stage (MIS) 3 ... 350

Jan Mangerud, Helena Alexanderson, Hilary H. Birks, Aage Paus, Zoran M. Peri¢ and John Inge Svendsen

Deglaciation history and subsequent lake dynamics in the Siljan region,

south-central Sweden - LiDAR evidence and sediment records ... 351
Per Méller, Svante Bjorck®, Thomas P.F. Dowling, Dan Hammarlund, Martin Jakobsson,
Karl Ljung, Martin Lund and Savvas Paradeisis-Stathis

Lateglacial to Early Holocene deglaciation of central North Iceland ... 352
Hreggvidur Norddahl, Halldér G. Pétursson and Skafti Brynjélfsson

A 'virtual ice surface’ for representing the vertical down-wasting of ice in the

Upper Etne valley, southcentral NOIrWAaY ... 353
Artars Putning and Mona Henriksen

The “Lund Moraine” - the geomorphic limit of the last ice advance in the (")resynd region ... 354
Carl Regnéll, Helena Alexanderson, Sarah L. Greenwood, Richard Gyllencreuz and Christian Ohrling

Ice sheet thinning and final decay in central south NOrway ... 355
Anders Romundset, Naki Akgar, Ola Fredin, Jane L. Andersen, Fredrik Hegaas,
Marcus Christl, Serdar Yesilyurt and Christian Schlichter

Configuration of the Scandinavian Ice Sheet in SW Norway during the Younger Dryas ... 356
John Inge Svendsen, Jason B. Briner, Jan Mangerud, Henriette Linge, Richard Gyllencreutz,
Svein Olav Dahl and Derek Fabel

Dynamics of the last ice sheet along the Gardno moraines (northern Poland):

reconstruction inferred from landforms analysis and 1°Be dating ... 357
Karol Tylmann, Damian Moskalewicz, Vincent Rinterknecht, Piotr P. Wozniak and ASTER Team

New geological maps from the continental slope and shelf north off Svalbard ..., 358
Daniel H. Wiberg, Julie H. Velle, Ingrid L. Olsen, Liv Plassen, Nicole J. Baeten, Frank W. Jakobsen and Valérie Bellec
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Session 25
Glacial processes: Under ice and under pressure

The Skessugardur bouldery end moraine, east Iceland: preliminary results

on clast shape and moraine formation ... 360
fvar Orn Benediktsson, Svava Kristin Jonsdéttir, Joseph M. Licciardi, Skafti Brynjdlfsson,
Sarah Principato and Nina Aradoéttir

Transient overpressure in subglacial meltwater corridors during rapid deglaciation

of the FENNOSCaNdian 168 Sh@Et .. e 361
Adrian M. Hall and Mikis van Boeckel

Murtoos and related landforms cross-cutting ribbed moraine in Western Finland:

Implications for rapidly increasing subglacial drainage ... 362
Juulia J. Kautto, Kari K. Kajuutti, Joni K. Mékinen, Antti A.E.K. Ojala and Elina M. Ahokangas

Sediment exposed in murtoos at Vaxjo, southern Sweden, shows evidence of

over-pressurized subglacial water during formation ... 363
Gustaf Peterson Becher, Mark D. Johnson and Mark Peternell

Water at the ice-bed interface and below: processes, sediments and landforms ..., 364
Jan A. Piotrowski, Wojciech Wysota, Piotr Weckwerth and Piotr Hermanowski

The Boulder Story: Kvarken archipelago ... 365
Niko Putkinenn and Adrian Hall

The Fennoscandian ice sheet as driver of groundwater aquifer flushing offshore northern Norway ............ 366
Sophie ten Hietbrink, Ji-Hoon Kim, Arunima Sen, Aivo Lepland, Beata Szymczycha, Jochen Knies and Wei-Li Hong

Distribution of hydraulic damage from overpressure beneath the rapidly
retreating margin of the last Fennoscandian ice sheet in Uppland, Sweden ... 367
Mikis van Boeckel, Adrian Hall and Christian Ohrling

Session 26
Sedimentary ancient DNA applications to Quaternary geology

Culture, climate or both? 6000 years of human activity from Ireland using
sedaDNA, stable isotopes, lipid biomarkers and pollen ... 370
Antony Brown, Maarten van Hardenbroek, Helen Mackay, Thierry Fonville, Peter Langdon,
Nicki Whitehouse, Finbar McCormick, Emily Murray, Phil Barratt, Maxwell McCann, Andy Henderson,
Francesco Ficetola, Ludovic Gielly, Kim Davies, Anne Crone, Greame Cavers, Mikkel Winther Pedersen,
Javier de la Casa Sanchez, Inger Alsos and Kevin Edwards

Using sedimentary ancient DNA to reveal postglacial recolonization patterns in Sweden
Ernst Jonsson and Anna Linderholm

The ScilLifeLab Ancient DNA unit, a national resource for sediment DNA analysis ..., 372
Magnus Lundgren

Multiproxy reconstruction of the variability of the East Greenland Current
AUring the [ast 150 000 YEAIS ...t 373

Katarzyna Melaniuk

Sedimentary ancient DNA for sea ice reconstructions: a case study from the
Yermak Plateau (Svalbard) e 374

Joanna Pawtowska, Ngoc-Loi Nguyen and Jan Pawlowski

The LEAD project: Atlantification of the European Arctic across geological times:

new insights from sedimentary ancient DINA e 375
Joanna Pawtowska

Sedimentary ancient DNA provide new data to be added to the late-glacial
fauna history of SOUthernmMOst SWEedeN ... 376
Joachim Regnéll, Dan Hammarlund, Anna Linderholm and Carl Regnéll

Sedimentary ancient DNA retraces plant postglacial immigration along the

Atlantic edge of the Fennoscandian 1ce Sheet ... 377
Alois Revéret, Lucas D. Elliott, Jo Brendryen, Marie K. Fareid Merkel, Youri Lammers, Iva Pitelkova,
John-Inge Svendsen, Antony G. Brown, Jan Mangerud and Inger G. Alsos

A geochemical perspective on eDNA taphonomy: implications for ecological inference ..., 378
K.K. Sand, S. Jelavi¢, O.B.A. Agbaje, T. Verma, C. Carbajo, A. Prohaska and C.L. Freeman

Session 27

Aeolian sediments, landforms and processes and their paleoenvironmental record

Late glacial to Early Holocene deflation events and aeolian deposition

on a raised ice-contact delta at Veinge, SW SWEAEN ... 380

Helena Alexanderson, Per Méller, Mayank Jain, Mads F. Knudsen, Nicolaj Krog Larsen, Zoran M. Peri¢,
Anne Sofie Sgndergaard and Warren Thompson
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Coupled abrupt climate-dust events driven by ice sheet dynamics: Combined source

and age analysis of last glacial 10€5s iN NW EUIOPE ..........iiiiiiiiiiiiieieenrieeseeesesssssssssssssssessssssssssssssssssssssssssssssssssssssssssssssssseees 381
Yunus Baykal, Thomas Stevens, Jan-Pieter Buylaert, Vanda Jakabova, Simon Howell, Adriano Banak,
Katharina Pfaff, Dimitri Vandenberghe, Johan De Grave, Ana Fonseca, Daniel Veres, Martina Hattestrand,
Bryan Lougheed, Hanzhi Zhang and Huayu Lu

Modern-type Central-East Asian aeolian regime and global cooling-modulated

dust provenance during the late Paleogene ... 382
Katja Bohm, Joonas Wasiljeff, Thomas Stevens, Johanna Salminen, Hui Tang, Yann Lahaye, Matti Kurhila,
Zhaoqun Zhang, Ove Haugvaldstad and Anu Kaakinen

Magnetic fabric of last deglaciation-Holocene loess in southern and central Sweden ... 383
Calum J. Edward, Thomas Stevens, Anu Kaakinen, Mariia Netsyk and Ellen Malmstrém Holmgren

Holocene relative sealevel and storminess variations recorded at

Kolga strandplain, northern EStonia ... 384
Triinu Jairus, Alar Rosentau, Hannes Ténisson, Toru Tamura, llya Buynevich, Tiit Hang, Triine Nirgi,
Art Kristjan Olesk, Shinya Sugita, Tiit Vaasma, Egert Vandel, Kadri Vilumaa and Ulo Suursaar

Thin [0€5S iN SOUTNWEST SWEAEN oo oo 385
Mark D. Johnson, Anna Hedeving, Fanny Ekstrom, Helena Alexanderson, Yunus Baykal and Thomas Stevens

Back to the lab again: How well do proximal aeolian storm records agree? ... 386
Malin E. Kylander, Antonio Martinez-Cortizas, Helena Alexanderson, Jenny K. Sjéstrém,
Frederik Schenk, Andreas Nylund, Megan Windell and Richard Gyllencreutz

Sedimentary archives of storminess and storm induced coastal flooding - do they
Tl ThE SAME STOTY? .. 387
Karolina Leszczynska

An Icelandic aeolian system as an analogue for Mars ... 388
E. Martin Lund, Mike J. Zawaski, Ryan C. Ewing and Ivar O. Benediktsson

Ventifacts and wind deflation surfaces in context with glaciofluvial
sediment sUCCesSIONS iN SOUTNEIN SWEAEN ..o 389
Per Méller, Helena Alexanderson, Zoran Peric and Mayank Jain

Triassic aeolian mudstones of Southern Britain: orbital forcing of hothouse climates ... 390
Mariia Netsyk, Thomas Stevens and Yougui Song

Paleoenvironmental record of loess in southern England - decoding sediment

sources and transport pathways by magnetic aniSOtropy ... 391
Dominika K. Niezabitowska, Thomas Stevens, Baldzs Bradak, Martin Chadima, Yunus Baykal, Daniele Sechi and Ramona Schneider

Unraveling Late Holocene dust dynamics and climatic in the high arctic:

Insights from loess in Adventdalen, Svalbard ... 392
Ramona Schneider, Christian Frigaard Rasmussen, Ellen Malmstréom Holmgren, Hanne Hvidtfeldt Christiansen,
Jan-Pieter Buylaert, Alastair Cunningham, Mads Faurschou Knudsen and Thomas Stevens

Beyond traditional proxies: Exploring multi-frequency magnetic susceptibility in loess deposits ... 393
Ramona Schneider, Bjarne Almqvist, Daniel Hedlund, Redzhep Kurbanov and Thomas Stevens

Mid-Holocene paleostorminess in north-western Ireland inferred from

grain size, mineral and MolECUlar CONTENT ... 394
Jenny K. Sjéstrém, Antonio Martinez Cortisas, Richard Gyllencreutz, Andreas Nylund,
Frederik Schenk, Sanna R Piilo and Malin Kylander

Constraining the timing of Holocene aeolian dune activity in Arctic Sweden
Thomas Stevens, Shuangwen Yi, Salome Oehler, Melanie Stammler, Daniel Hélbling and Géran Possnert

Combined radiocarbon and luminescence dating of Holocene Arctic

loess deposits around Kangerlussuaq, Greenland ...
Thomas Stevens, Petter Héllberg, Daniele Sechi, Jan-Pieter Buylaert, Mihaly Molnar, Rienk Smittenberg,
Ramona Schneider, Stefano Andreucci and Vincenzo Pascucci

Continental dust accumulation in Central Asia: using high resolution luminescence dating

to identify gross discontinuities in dE@POSITION ... e 397
Natalia Taratunina, Amélie Challier, Redzhep Kurbanov, Andrew Murray and Jan-Pieter Buylaert

Session 28
Quaternary paleoclimate from Scandinavian to global perspective - a session in honor of Svante Bjérck

From ice-dammed lake to aeolian dunes in the Store Mosse area, SW Sweden ..., 400
Helena Alexanderson, Martin Lund and Tim Bjermo

Deglaciation chronology, ice-free Greenland
Ole Bennike

A multiproxy record from Sumatra indicates continuous Holocene warming but a

Mid-Holocene rainfall MaximUM e 402
Petter L. Hallberg, Guillermo J. Bueno, Yolanda Schankat, Hamdi Rifai, Frederik Schenk,
Malin Kylander and Rienk Smittenberg
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The formation of Valle HArad ... 403
Mark D. Johnson and Christian Ohrling

How lake succession influences paleoclimate records in small, subtropical high-mountain lakes ... 404
Ludvig Lowemark, Kuan-Yi Hsu, Hong-Chun Li, Alice Chien-Yi Liao, George Burr, Chih-Chieh Su,
Pei-Ling Wang, Tsai-Wen Lin, Kweku Yamoah, Stefanie Kaboth-Bahr and André Bahr

From the Preboreal oscillation to solar storms - solar variability as a tool for climate studies ... 405
Raimund Muscheler

Interstadial stratigraphies in Jamtland - dating of newly discovered localities

and connection to a MIS 3 ice margin ... OSSOSO 406
Gustaf Peterson Becher, Colby A. Smith, Christian Ohrling, Bradley W. Goodfellow, Henrik Mikko,
Gunnel Ransed and Helena Alexanderson

Radiocarbon age of the Zero-Varve of the Swedish Time Scale ... 407
Carl Regnéll, Sarah L. Greenwood, Richard Gyllencreuz, t{ohannes Hardeng,
Gustaf Peterson Becher, Joachim Regnéll and Christian Ohrling

Holocene variability of the Southern Hemisphere Westerly Winds on

Amsterdam Island (37°S) from PeAt FECOIAS ... 408
Maurin S.B. Rousseau, Nathalie Van der Putten, Marcel T.J. van der Meer,
Clarisse Kraamwinkel, Elisabeth Michel and Svante Bjorck?

Store Mosse Bog: Species distributions of the past and factors that drive them ... 409
Eleonor Ryberg, Alicia Valdés, Johan Ehrén, Minna Véliranta and Malin Kylander

“Anomalously mild Younger Dryas summer conditions” (Bjorck et al. 2002) as

potential solution for the stadial meltwater ParadoX ... 410
Frederik Schenk, Liva Trasune and J. Sakari Salonen

Development of hypoxia in the coastal northern Baltic Sea during the Holocene
thermal maximum using Magnetic greigite @s @ PrOXY ... 41
Sonja Silvennoinen, Johanna Salminen, Seija Kultti and Niko Putkinen

Monitoring of Greenland lake temperatures reveals NAO influence on thermal stratification ... 412
Astrid Strunk and N. John Anderson

Zonally symmetric shifts of the Southern Hemisphere Westerly Winds ... 413
Zoé A. Thomas", Haidee Cadd, Chris Turney, Janet Wilmshurste, Amalia Halim, Patricia Gadd,
Rebecca Parker, Chris Marjo, Stefanie Carter and Paul Brickleh

Unravelling the Holocene history of the Southern Westerlies: a latitudinal transect

of terrestrial (peat) records from the South Indian Ocean ... 414
Nathalie Van der Putten, Florian Adolphi, Anette Mellstrom, Jesper Sjolte, Jan-Berend Stuut, Raimund
Muscheler, Elisabeth Michel, Cyriel Verbruggen, Emmanuel Chapron, Jacques-Louis de Beaulieu and Svante Bjorck®

Tephrochronology of the North Atlantic region - a tribute to Svante Bjérck
Stefan Wastegard

Session 29
Quaternary geology and geomorphology: Open session

Can modelled ice conditions indicate geomorphology? Comparative pattern analysis
of Norwegian Quaternary GEOMOIPROIOGY ..........iiiiriiiieeieieieeeeeeeesessssssssssssssssssssssssssssssssssssssesssssssssssssssssesssesssssssesesessseeees 418
Thomas J. Barnes, Karianne S. Lillearen, Thomas V. Schuler and Louise S. Schmidt

Rapid glacial sedimentation and overpressure in oozes causing

large craters on the mid-NoOrwegian Margin ... 419
Benjamin Bellwald, Ben Manton, Nina Lebedeva-lvanova, Dmitry Zastrozhnov, Reidun Myklebust,
Sverre Planke, Carl F. Forsberg, Maarten Vanneste and Jacques Locat

High resolution seismic investigation of lake Esrum Sg, Denmark - glacial morphology
OF WIENCH FAUIT EECTONICS? ... 420
Lars Ole Boldreel and Stig Asbjern Schack Pedersen

Quaternary geology mapping in the Helgeland region,
northern Norway - a multidisciplinary approach ... 421
Martin Buran, Lina Boe, Lina Gislefoss, Fredrik Hegaas, Martin Klug and Mikis van-Boeckel

Mapping the way in the digital day. Improving Quaternary geological mapsin Norway ... 422

Lina Bee, Mikis van Boeckel, Anders Romundset, Fredrik Hagaas, Martin Buran and Lilja Rin Bjarnadéttir

A surprisingly explosive volcanic history, Snaefellsjokull W. Iceland ... 423
Wesley R. Farnsworth, Nina Aradéttir, Egill Erlendsson, Esther R. Gudmundsdéttir,
Gudrdn Larsen, Nicolaj K. Larsen and Kurt H. Kjeer

Hekla early Holocene tephrochronology: Potential new Hekla marker layers?
Esther R. Gudmundsdéttir, Bergrin A. Oladéttir, Gudran Larsen,
Maarit H. Kalliokoski and Olgeir Sigmarsson

First cryptotephra study in Iceland reveals two previously unknown rhyolitic

early Holocene eruptions of HekIa ... 425
Maarit Kalliokoski, Esther R. Gudmundsdéttir and Bergran A. Oladéttir
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Tilting of Eemian sea notches on the Thai-Malay Peninsula ... 426
Ludvig Léwemark, Bjérn Gunnarson, Hong-Chun Li, Akkaneewut Jirapinyakul and Sakonvan Chawchai

The Norwegian tafone: A common, yet overlooked and poorly described landform ... 427
Jorgen Natvig Lovseth, Terje Solbakk, Ola Fredin and Bjern Eske Sgrensen

Mbértsj6 fault - ‘new’ Glacially-triggered fault discovered following geomorphic analysis

of the 'Hudiksvall seismic cluster!, SWEAE@N ... e 428
Christian Ohrling and Colby Smith

Mapping and late Holocene reconstruction of the Helags glacier in Harjedalen, Sweden ... 429
Hanna Tinnerholm, Gustaf Peterson Becher and Jakob Heyman

Mapping of red-listed marine clay gullies in Norway using Deep Learning ... 430
Mikis van Boeckel, Alexandra Jarna Ganergd and Inger-Lise Solberg

Session 30
Sedimentology - organized by the Nordic Sedimentary Research Group

The Fourth Slope - Mathematical correlation of shape and process on continental margins
Ingrid Anell

Detrital zircons in reworked tephra deposits - a proxy for contourites? ... 433
Lars Eivind Augland, Ivar Midtkandal, Henrik Svensen and Sverre Planke

Glacial source-to-sink systems on the formerly glaciated North Atlantic margin ... 434
Benjamin Bellwald, Heather Stewart, Gareth Carter, Cathinka Forsberg, Sébastien Castelltort, Scott A. Smit| aarten Vanneste and Carl F.
Forsberg

Svalbard Warm Arctic Palaeoclimate Laboratory - sedimentology as a tool to forecast the future ... 435
Maria A. Jensen, Mads Jelby, Malte Jochmann and Chris Marshall

Nature of acoustic basement and the sedimentary successions in the
southwestern Eurasia Basin, Arctic O CEAN ... 436
Juan Camilo Meza-Cala”, Alexander Minakov and Jan Inge Faleide

Sedimentological context and distribution of quick clay around ice-marginal positions
in Trandelag and FINNMark, NOIWAY ... 437

Lene Pallesen, Ola Fredin, Louise Hansen, Inger-Lise Solberg and Jean-Sébastien L'Heureux

Plastics in the SEAIMENT FECOIT ... 438
Nicole R. Posth, Maya S. Dodhia and Karla B. Parga Martinez

Microstructure and sedimentation processes interpreted from muddy turbidites
aloNg the ANtarctic CONTINENTAI FISE ... 439
Benedict T.I. Reinardy, Julia S. Wellner, Delaney E. Robinson and IODP 379 Scientific Party

Controls and geometries of small-scale nested clinoforms within a larger clinothem

in the Sobrarbe Deltaic Complex, Ainsa Basin, SPain ... 440
Leticia Rodriguez-Blanco, Miquel Poyatos-Moré, Ingrid Anell and Ivar Midtkandal
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High-resolution multibeam Sonar mapping of the submarine ikaite columns and
structures in lkka Fjord, SW Gre@nland ... 447
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Erik Trampe

22  36th Nordic Geological Winter Meeting & Goteborg 2024



Mineral-trapping of methane in Arctic glendonites ... 450
Bas van de Schootbrugge
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Martin ST. Dahlgren, Anthony M. Spencer and lan J. Fairchi

250 years of history, and 2.5 billion years of prehistory - introducing the fossil collections
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Nannofossil imprints through past global warming events ... 469
Sam M. Slater, Paul R. Bown, Vivi Vajda, Richard J. Twitchett, Silvia Danise and Phillip E. Jardine

An example of the importance of detailed biostratigraphy to resolve

complex geology - the Paleocene-Oligocene succession of island of Fur, Denmark ... 470
Kasia K. Sliwiriska, Emma Sheldon, and Karen Dybkjeer

Palaeocommunity persistance despite environmental disruption: Carboniferous

brachiopods from the North American Mid-continent
Luke C. Strotz and Bruce S. Lieberman

Temporal and spatial variation within a Permian polar coal-forming forest ..., 472
Megan M. Windell, Timothy P. Topper, Stephen McLoughlin and Adam Kimberley

36th Nordic Geological Winter Meeting & Goéteborg 2024 23



Session 33
New tools in geoscience (remote sensing, digital outcrops): Open session

Porosity and permeability estimations by fluorescence microscopy: Examples from

weathered basement rocks on- and offshore NOrway ... 474
Kristian Drivenes, Marco Brénner and Jochen Knies

Session 34
From the Caledonides to the Scandes

Redefining late Cambrian/Early Ordovician subduction of the Seve Nappe Complex:
tectonic implications for the Scandinavian Caledonides ... 476
Christopher J. Barnes, Michat Bukata, Katarzyna Walczak, Grzegorz Ziemniak, Iwona Klonowska and Jarostaw Majka

Significance of orogenic peridotites in understanding the evolution of Baltican margin
throughout the Caledonian Wilson CYCle ... 477

Daniel Buczko, Jarostaw Majka, Magdalena Matusiak-Matek and Iwona Klonowska

Geochronology and geochemical characterization of continental rifting in the
Kebnekaise region, northern Scandinavian Caledonides ... 478
Riccardo Callegari, Abigail K. Barker”, Christopher J. Barnes, lwona Klonowska, Karolina Kosmirska and Jarostaw Majka

Th-U-Pb dating of monazites from the Upper Kéli Nappes in the

Northern Scandinavian Caledonides ... 479
Isabel S.M. Carter, Simon Cuthbert and Katarzyna Walczak

The high-level peneplains of southern Norway cut across rocks of different resistances to erosion .............. 480
James A Chalmers, Johan M. Bonow and Peter Japsen

The Jotun-Valdres NapPe COMPIEX ... 481

Fernando Corfu

Omphacite gneisses and mafic eclogites in the southern Norwegian Caledonides:

Links between densification and palaeoseismiCity? ... 482
Simon J Cuthbert and Adam Wtodek

Decompression evolution of sillimanite gneiss in the high-pressure terrane
of Western Gneiss REGION (NOTWAY) ... 483
Ane K. Engvik and Johannes Jakob

From the Caledonides to the East Greenland mountains and the Scandes ..., 484
Peter Japsen, Paul F. Green, Johan M. Bonow and James A. Chalmers

Exhumation of the Seve Nappe Complex, central Scandinavian Caledonides:
Insights from 40Ar/39Ar and AFT thermochronology ... 485

Iwona Klonowska, Christopher Barnes, Suzanne Baldwin and Paul Fitzgerald

Timing and possible setting of the metavolcanic Granfjellet unit in the

Eastern Trondheim Nappe Complex, central Scandinavian Caledonides ..., 486
Gurli B. Meyer, Deta Gasser, Anna K. Ksienzyk and Tor Grenne

An lapetus origin for a layered eclogite complex in the northern Western Gneiss Region,
Scandinavian Cal@dONIAES ... 487
Charlotte Maller, Yue Cai, Hannes K. Brueckner, Kristoffer Szilas and Martin J. Whitehouse

Caledonian granitoids on the island of Smgala, central NOrway ... 488
Qystein Nordgulen and Guri Venvik

Constraining the late- and post-Caledonian structural evolution onshore Ofotfjorden-Vestfjorden ... 489
Thomas Scheiber, Morgan Ganergd, Roelant van der Lelij, Jasmin Schénenberger and Giulio Viola

Provenance of the Neoproterozoic-Cambrian Vestertana Group in Finnmark, northern Norway ... 490
Kine T. Stgrdal, Trond Slagstad, Bjern E. Serensen and Maarten Felix

Session 35
Planetary geoscience

In situ NIR imaging of different types of lava flow in Iceland as an analog

to Venus - in the spectral range of VEM/VERITAS ..o 492
Solmaz Adeli, Stephen P. Garland, Nils Mueller, Suzanne E. Smrekar, Daniel C. Nunes, Akin Domac,
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understanding the modern geochemistry and life potential of Mars ... 494
Lucas Demaret, Andras Gorzsas, Cisem Altunayar-Unsalan, Ozan Unsalan and Merve Yesilbas

24  36th Nordic Geological Winter Meeting & Goteborg 2024



Insights into formation of impactites in small impact structures - shocked quartz
from the Tvaren impact Structure, SWEeOEN ... 495
Katarzyna Gajewska”, Sanna Alwmark, Gabriel Zachén and Carl Alwmark

RIMFAX ground penetrating radar observations of subsurface structures in Jezero Crater, Mars ... 496
Svein-Erik Hamran, David A. Paige, Uni Arting, Tor Berger, Titus Casademont, Patrick Russell,
Michael Mellon, Lynn Carter, Daniel Nunes, Henning Dypvik, Emileigh Shoemaker and Dirk Plettemeier

Radar investigation of the subsurface of sorted stone circles

on Svalbard, Norway - an analog study fOr Mars ... 497
Adam. D. Johantges, Harald Hiesinger, Nico Schmedemann, Ernst Hauber and Andreas Johnsson

Svalbard permafrost landforms as analogues for Mars (SPLAM): An overview of

scientific outcomes and New [INes Of r@S@ArCR ... 498
Andreas Johnsson, Ernst Hauber, Harald Hiesinger, Nico Schmedemann, Adam Johantges,
Cynthia Sassenroth, Tilman Bucher, Matthias Gessner, Marine Desjardins, Fabian Ellermann,
Siri Holm Hjelmerud, Sofia Persson, Oscar Amin and Wilma Rydell

Formation and origin of meteorites - A case study of the “Lieksa 4” iron meteorite
AN HAVEIS UFEIlTEE  ...oooooiicieeeecieiecieciceecsessesesese s 499
Laura Kotomaa

Water retention mechanisms on the near surfaces of Mars: gravimetric and
cryogenic vibrational SpectroSCoOPY @PPrOaCRES ............iiieeieririeeeieesesessessssssssssessssssssssssssssssssssssssssssssesssssssesssessseeee 500
Trung Nguyen, Michael Holmboe and Merve Yesilbas

Evolution of fluvial, and possible lacustrine or marine activity in Nilosyrtis, Mars:

A geomorphological and geochemical @analysis ... 501
Emelie Saar, Cynthia V. Sassenroth and Andreas Johnsson

Slope failures and surface degradation along the Nilosyrtis Rupes, Mars:
Putative slab avalanches and sublimated terrain ... 502
Trine Sjoberg, Susan J. Conway and Andreas Johnsson

Potential glacial landforms in Nilosyrtis Mensae, Mars: A qualitative geomorphological

mapping and interpretation of an IMPACt Crater ... 503
Aili Vesmes, Cynthia Sassenroth and Andreas Johnsson

Spectroscopic investigations of gypsum-salt interactions across Mars relevant
temperatures: implications for modern Mars geochemistry ... 504
Merve Yesilbas®, Tuan H. Vu, Robert Hodyss, Mathieu Choukroun, Paul V. Johnson and Janice L. Bishop

Scarce shock metamorphic indicators in mesosiderites and implications
for timing of dE@P DUFIAl .o 505

Gabriel Zachén, Carl Alwmark, Sanna Alwmark and Ludovic Ferriére

Session 36
Scientific drilling in a Nordic perspective: Achievements and plans

Exploring the transition from continental breakup to a passive margin during
the opening of the SOUTh ATIANTIC ..o 508
Mohamed Mansour Abdelmalak, Sverre Planke, Juan Pablo Lovecchio, Denise Kulanek, IODP PROPSAL 1000 proponents
(Pedro R. Kress, Stuart Robinson, Juan Pablo Pérez Panera, Dougal A. Jerram, Alejandro Tassone, Gonzalo Flores,
Sebastian Principi, Christian Berndt, Sietske Batenburg, Sébastien Rohais, David Naafs, Graziela Bozzano, Malcolm Hole,
Anthony A. P. Koppers, Néstor D. Bolatti, Augusto Rapalini)

Drilling history 0f Gre@nIand ... 509

Flemming G. Christiansen, David Whitehead, Jergen A. Bojesen-Koefoed, John Boserup and Ole Christiansen

Koillismaa Deep Hole: a window into the Archean-Proterozoic Fennoscandian Shield ... 510
Jon Engstrém, Perttu Mikkola, Alan Bischoff, Michal Malinowski, Tuomo Karinen, Jonna Tirroniemi and Uula Autio

The chemostratigraphy of the Paleocene-Eocene infill of the Modgunn hydrothermal

vent complex on the Norwegian continental Margin ... 511
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Ben Manton, Christian Berndt, Peter Betlem, David W. Jolley, Kasia Sliwinska and Henk Brinkhuis
Drilling the Permian-Triassic boundary in Svalbard: from the design of the project to
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Complex crack formation in metavolcanic rocks accommodating tool making ..., 535
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PLENARY KEYNOTES

Critical Raw Materials for the Energy Transition
Kathryn M. Goodenough
British Geological Survey, Research Avenue South, Edinburgh EH14 4AP, UK

The global objective of achieving net zero greenhouse gas emissions is driving significant
decarbonisation of energy and transport, with a shift towards renewable energy sources and electric
vehicles. It is now widely recognised that this will lead to significant increases in demand for a range
of minerals and metals, including lithium, graphite, manganese, nickel and cobalt (used in batteries),
the rare earth elements (used in magnets in motors) and the platinum group elements (for electrolysis
to produce green hydrogen). There are concerns about the security of supply of some of these raw
materials, and the increasing demand cannot be met solely by recycling; mining of primary resources
will be essential. In this talk I will summarise current issues around supply of critical raw materials,
with a focus on our recent research on lithium resources and supply chains. Whilst there is popular
concern around the availability of lithium for batteries, in reality there is no geological scarcity of
lithium — a variety of resources are known, and ongoing exploration continues to grow the resource
base. The bottlenecks in the lithium supply chain are related to mineral processing and infrastructure
development, and geopolitics is an important control on availability. I will discuss the role that
geologists can play in all aspects of critical raw material supply chains, to ensure security of supply for
a greener future.
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Ancient DNA reveals patterns of postglacial plant and animal
colonization of N Fennoscandia

Inger Greve Alsos and co-workers

UiT — The Arctic University of Tromsg

Sedimentary ancient DNA (sedaDNA) is revolutionizing our comprehension of long-term ecosystem
transformations, shedding light on megafauna extinctions and enabling the reconstruction of ecosys-
tems dating back two million years. This DNA allows for precise identification of plant species, facil-
itating the reconstruction of past environments based on plant traits indicative of abiotic factors like
moisture, temperature, and pH, as well as biotic interactions with pollinators and mycorrhizal fungi.
While consistently detecting mammals has been difficult, methodological advancements now permit
regional-scale analyses, and we are increasingly able to identify other organisms, including fish, birds,
and worms. For N Fennoscandia, we recovered several thousand-year lags in post-glacial plant coloni-
zation and that millennial timescales are required to establish stable and resilient diversity and ecosys-
tem functions. Reindeer was the earliest postglacial terrestrial mammal to arrive. Boreal species such
as the beaver coincided with the arrival of tree species like pine, mountain ash, and poplar. The elk
emerged around 8,700 years ago, after which the diversity of traits and ecosystem functions stabilized
and became resilient to new species arrivals. We show how it is possible to integrate the DNA time-se-
ries data with process-based ecosystem models and inverse modeling techniques to decipher the biotic
and abiotic processes driving these ecosystem dynamics. The ultimate goal is to leverage these refined
models to predict ecosystem responses to future climate scenarios with greater accuracy.
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SESSION 1 ¢ HYDROGEOLOGY

Where does the pollution go? Conceptual understanding of interaction
between groundwater and stream

Cecilie S. Andersen?, Eline B. WeethP, Katerina Tsitonakic, Bolette B. Jensen¢,
Sofie M. Bommersholdte and Katja S. Grunnetf

aDepartment of Earth and Groundwater, WSP Danmark A/S, Taastrup, Denmark, cecilie.andersen@wsp.com ; "Department of
Earth and Groundwater, WSP Danmark A/S, Taastrup, Denmark, eline.weeth@wsp.com; “Department of Earth and
Groundwater, WSP Danmark A/S, Taastrup, Denmark, aikaterini.tsitonaki@wsp.com; ‘Department of Earth and Groundwater,
WSP Danmark A/S, Taastrup, Denmark, bolette.jensen@wsp.com; *Department of Regional Udvikling, Region Hovedstaden,
Hillerad, Denmark, sofie.midjord.bommersholdt@regionh.dk; f Department of Regional Udvikling, Region Hovedstaden, Hillerad,
Denmark, katja.sauer.grunnet@regionh.dk

Background and purpose

At a location in the Capital Region, a pollution investigation was previously carried out, which
concluded that significant pollution with chlorinated solvents flows into a sand aquifer and into a
nearby stream. It was therefore assessed that there was no risk to the groundwater resource in the area.
Subsequently, an initial surface water survey was carried out, which showed that no significant
amounts of pollution flow from the site into the stream.

WSP was therefore tasked with confirming or denying whether the pollution from the location flows
in or under the stream, to reassess the risk to the groundwater resource.

The purpose of this (hopefully) oral presentation is to emphasize that a groundwater and/or surface
water investigation cannot stand alone if there is contamination in an aquifer close to a recipient. The
interaction is complex, and one therefore must use several methods and lines of evidence to
understand what is going on.

Methods and data

It has been a long winding road in the attempt to reach the goal of the investigations. We have tested
many methods, e.g. traditional boreholes, geoprobe soundings, geophysical surveys (MEP), water flow
measurements in the stream, etc.

The research methods will briefly be reviewed, which are relevant for either/or groundwater and
surface water surveys? What are the strengths and weaknesses, why some methods do not apply. The
point is to show the series of surveys that together help to provide the necessary "line of evidence".

Result

Initially, conventional boreholes were carried out, but the plume was not located. But there were
challenges in finding a plume in a mighty sand aquifer with traditional boreholes. Subsequently,
geoprobe soundings were carried out. Especially level-specific water samples proved to give good
results and a good understanding of the distribution, composition, and strength of the plume.

To investigate whether there was a separating cover layer between the sand aquifer and the primary
aquifer (limestone) at the site, a deep borehole was carried out to the maximum possible depth,
according to the capabilities of the equipment. As the borehole did not provide the final answer,
geophysical investigations were carried out.

During water level measurements between boreholes close to the streambank and measurements in the
stream, it turned out that there is a gradient difference of 2 m from the aquifer down towards the
stream, a few meters away. There were no signs of a continuous hydraulic barrier or of a spring at the
streambank. The geophysical investigations could not clarify whether there was a hydraulic barrier
between.

It was assessed that it was necessary to remeasure waterflow in the stream. The result can indicate
whether the stream receives or loses water to the aquifer on the section past the site and in what
quantities.

The investigations are expected to be concluded ultimo 2023.
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Bangladesh's drinking water supply primarily depends on privately drilled tube wells. Groundwater
provides microbial-safe water but increases the risk of long-term exposure to arsenic as the shallow
groundwater in most of Bangladesh contains elevated concentrations of arsenic. More than 17 million
people in Bangladesh are still exposed to high arsenic concentrations in drinking water exceeding the
Bangladesh drinking water standard of 50 pug/L. Groundwater arsenic contamination is not uniform
and has various scales of spatial heterogeneity across the country. Besides, it is not yet well
understood whether an arsenic-safe section of an aquifer will remain arsenic-safe in the long run.
Therefore, a comprehensive groundwater monitoring network with a central protocol for quality-
ensured data capturing, along with the finding that groundwater arsenic concentration correlates with
the colour of the aquifer sediments, may ensure and lay the foundation to help reduce arsenic exposure
if properly implemented nationally at grassroot level. More than 80% of drinking water wells in
Bangladesh are drilled and installed by local drillers without formal training or education in drilling,
geology or hydrogeology. Since identifying sediment colour does not require much expertise and
training, engaging the local drillers can be vital in scaling up safe water coverage in Bangladesh.
Drillers engagement requires for identifying, assessing their knowledge base, and training them on
selecting arsenic-safe aquifer layers based on sediment colour. In this study, we determined that the
local hardware shops and service providers at the Upazila/union level can be considered drillers hubs
because all drillers in a community are connected to these shops. Nevertheless, the Department of
Public Health Engineering (DPHE), the government agency tasked with ensuring safe drinking water,
is currently constructing monitoring wells to understand variations in groundwater levels and water
quality. This study also provides a structure for prioritisation, siting and planning for installation of
monitoring wells. It is identified that the land ownership, preferably a union headquarters (the lowest
administrative entity), participation of the local government institutions, modification of the current
institutional framework of the Department of Public Health Engineering, capacity building of the local
drillers for selection of the appropriate depth (preferably shallow, intermediate and deep aquifers) and
layer for monitoring, as well as a centralised system for storing and analysis of monitoring data are the
key requirements for a sustainable monitoring system. In this connection, a digital platform -
ASMITAS- has been developed to acquire digital data from the piezometers and support decision-
making by different water supply actors. Hence the monitoring well installation and trained, certified
drillers in conjunction were found to be performing much better in installing arsenic-safe wells and
eventually will help to reduce arsenic exposure along with long-term sustainability for safe drinking
water resources in Bangladesh.

36th Nordic Geological Winter Meeting & Goteborg 2024 35



SESSION 1 ¢ HYDROGEOLOGY

Has the hydro(geo)logy changed after drainage in restored lowlands?

Filippa Fredriksson?, Veronika R. M. Sgrensen?, Sofie Aagaard?, Marilou Chazarin®, Lars Bastrup-
Spohr?, Hans Henrik BruunP, Marta Baumane® and Sagren Jessen?

@Department of Geosciences and Natural Resource Management, University of Copenhagen, Copenhagen, Denmark,
kiff@ign.ku.dk
bDepartment of Biology, University of Copenhagen, Copenhagen, Denmark, marta.oaumane@bio.ku.dk

Many countries aspire to expand the amount of restored carbon-rich lowlands, as part of their efforts
to reduce greenhouse gas emissions, while also promoting desired ecosystem services. The practise
has received increasing attention, yet there is limited information available on how restored
agricultural fields’ hydro(geo)logical and hydrogeochemical functioning has changed due to previous
drainage and nutrient load, and in turn, how that could influence the intended outcomes. To decrease
the knowledge gap, we have sampled precipitation, surface waters, shallow (<1 mbgl) groundwater
from 61 wells, and deep (4-8 mbgl) groundwater from 10 wells in 12 riparian wetlands in Denmark,
during one year. Six of the sampling sites are restored, while the other six sites are near-natural. They
have also been classified based on management (grazed or ungrazed). The wetlands are located along
three separate stream valleys, with subsurface geologies consisting of carbonate rock, glacial till or
glacial outwash sand. Six sediment cores of the top 30 cm soil were collected from each wetland, 72 in
total, and analyzed for organic and inorganic carbon content, mineral content and bulk density.
Shallow groundwater of restored wetlands had strongly elevated concentrations of iron(Il) (median
15.2 mg/L) and phosphate (median 1.8 mg/L), compared to their near-natural counterparts (medians
0.1 and 0.1 mg/L, respectively), despite the fact that restoration took place 13-18 years ago. In
comparison to the near-natural sites, the restored sites displayed lower dissolved oxygen
concentrations, along with enriched mean and range of water 0*H- and J'*O-values that indicated
younger water ages. The combined oxygen depletion and isotopic indication of younger water suggest
that restored sites have abundant reactive organic carbon, while near-natural sites are limitied in
reactive organic carbon. Furthermore, analysis of the sediment cores shows that restored sites have a
higher bulk density (mean 1.3 g/cm?®), and lower soil organic carbon content (mean 14%) than near-
natural sites (means 0.7 g/cm® and 33%, respectively). This indicates that both physical (compaction)
and chemical (peat degradation) processes during previous drainage have caused long-term changes to
the wetlands’ soil properties, and thus, the hydrological conditions. With changing climate, wetland
areas will probably increase in the landscape. This study aims to increase the knowledge of wetlands’
response to past drainage and nutrient loading, and thereby facilitate the increased success of on-going
and future restoration programs.
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SKB (Swedish Nuclear Fuel and Waste Management Company) is conducting site investigations and
monitoring in Forsmark in mid-eastern Sweden, as part of preparations for an extension of the existing
final repository (SFR) for short-lived radioactive waste (SKB 2013). As part of the site investigations,
boreholes are drilled and used to establish physical and hydraulic properties of the bedrock volume in
which the extension will be constructed. Geophysical investigations are typically used as guidelines to
determine borehole placements and orientations, while hydraulic borehole tests are used to assess the
hydraulic connectivity and properties of the fracture network of the bedrock.

This study describes SKB’s approach for hydraulic monitoring during borehole drilling as a tool for
planning of subsequent hydraulic tests. Two recent boreholes (KFR90 and -91) were drilled
horizontally from the existing SFR construction tunnel, at 100 m depth below the sea level and with
lengths of 450 and 340 m, respectively. The boreholes were drilled roughly perpendicular to each
other, with the aim to intersect previously modelled deformation zones of relevance for the site
understanding. Borehole KFR91 was drilled first, followed by temporary installation of a pressure
sensor in the borehole for continuous monitoring during drilling of the second borehole (KFR90).
Pressure in KFR90 was monitored during daily pauses in active drilling, through a temporary pressure
sensor mounted at the borehead.

Pressure monitoring in KFR91 showed almost no hydraulic response to the drilling of KFR90, despite
both boreholes intersecting deformation zones that should provide hydraulic connectivity between
them. This lack of identifiable hydraulic interference response could be due to several reasons, but one
main drawback is probably the sparse instrumentation used in KFR91 (a single pressure sensor) and
the length of the borehole (340 m) that damped potential local pressure changes associated to daily
cycles of borehole drilling and closing of KFR90.

However, other boreholes in the SFR bedrock volume, sectioned by packers and instrumented with
pressure sensors for continuous pressure monitoring, demonstrated hydraulic responses to the KFR90
and -91 drilling activities, suggesting hydraulic connectivity across the fracture network. For instance,
pressure responses within one borehole (KFR105) indicate a strong hydraulic coupling with borehole
KFR90. Moreover, although less clear, one borehole section (KFR27:2) demonstrate pressure
variations that are consistent with impacts from drilling. However, responses were unclear in some
other boreholes (KFR102A, KFR102B, and KFR104) that intersect deformation zones that should be
hydraulically connected to borehole KFR90.

Difference flow-logging (PFL method) tests are planned in both KFR90 and -91. These tests will
provide detailed information on hydraulic transmissivity along each borehole. The results of the PFL
tests and associated hydraulic responses will be used to define a plan for placement of borehole
packers and for execution of upcoming interference tests. The interference tests will use packed-off
sections of borehole KFR90 as sinks, and aim to assess hydraulic connections across the fracture
network of the SFR extension volume. An integrated analysis of all tests and hydraulic responses
related to KFR90 and -91 will be used to plan placements of permanent borehole packers and
installation of pressure sensors, for continuous pressure monitoring of the boreholes prior to and
during the SFR extension.
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Societies are profoundly dependent on resources from beneath the Earth's surface. It's crucial to have
unrestricted access to accurate, consistent and coherent digital scientific data detailing the subsurface's
geological features including the extent of regional and local aquifers down to five kilometers (Hinsby
et al. 2023). Such information is pivotal in evaluating and mitigating climate change effects and
spearheading the shift towards environmental sustainability. Digital maps and integrated 3D/4D
surface and subsurface models are vital for exploring and tackling challenges related to groundwater
quantity and quality, impacts of floods and droughts, renewable geo-energy alternatives, availability of
essential raw materials supporting the green transition, resilient urban planning carbon storage and
capture, natural disaster risk evaluation and adaptation, and safeguarding groundwater dependent
ecosystems and biodiversity.

For over ten years, EuroGeoSurveys, representing Europe's Geological Surveys, has dedicated itself to
offering harmonized digital data of Europe's subsurface via the European Geological Data
Infrastructure (EGDI). These datasets are an unmatched asset for informed decision-making and green
transition policy enactment, aligning with UN Sustainable Development Goals and the forthcoming
Digital Twins in Earth sciences. The database is continuously refined and expanded with pertinent
stakeholders to address societal demands and ensure a balanced, robust, and holistic management of
surface and subsurface resources, which sometimes have conflicting uses.” Here, we present selected
examples of groundwater quantity and quality data and knowledge with open access in EGDI at
European and regional scales.
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In-situ remediation through the injection of bioremediation fluids is becoming increasingly common
for treating contaminated sites. Contaminants are targeted for treatment either directly at the source
zone or through injections that form a permeable reactive barrier to prevent further transport of the
contaminants. Commonly, multiple injections are performed in a grid covering an area of strategic
importance. These injections, essentially serving as high-frequency inverse pumping tests, present an
opportunity to capture rich information regarding the hydraulic response (changes in head during
injection) in the aquifer at multiple locations. This information, which is often overlooked, can add
valuable insight into the site, improve site characterization, aiding in predictions of future management
actions and enhancing future monitoring efforts. However, due to the high pressures during injections,
hydraulic fracturing often occurs at the time the injections are made. These events, representing
temporary or permanent changes in aquifer properties depending on the treatment strategy, must be
considered when assimilating hydraulic response data into a decision-support model to reduce the risk
of introducing parametric biases. We have developed four groundwater numerical models for a PCE-
contaminated site in Alingsas, Sweden, that was treated with in-situ remediation injections in 2017.
Each model, although structurally identical, is calibrated using different parameterization and
weighting approaches applied to the hydraulic response data. Preliminary results showed that by
employing time-varying parameters at the location and time of injection, the model achieved a better
fit with measured data and a lower parameter variance compared to other models. On the other hand,
traditionally configured models (i.e., models that do not employ the use of time-varying parameters)
show signs of parameter compensation, potentially biasing any predictions based upon their use.
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Common pool resources (CPRs) are resources which are sufficiently large to make them difficult or
costly to exclude users from and where the use of others depletes the resource pool (Ostrom 1990).
Groundwater resources are an example of a CPR, which is used globally, but often with local
governments being responsible for water resource management and service delivery (OECD 2011).
Groundwater is the largest body of unfrozen freshwater and accounts for one-quarter of all water used
by humans (Alley et al. 2016; KC et al. 2022; Kinzelbach et al. 2003; United Nations 2022). However,
globally groundwater resources are in a crisis but remain highly underrepresented on the political
agenda (Guppy et al. 2018). In this interdisciplinary study, we were interested in studying groundwater
systems and the interactions with the surrounding governance systems, using the framing by Huggins
et al. (2023) of groundwater-connected systems which are "formed by social, economic, ecological
and earth system interactions with physical groundwater systems" (Huggins et al. 2023). From this
definition we investigated the complexity of governing groundwater resources and how complexity
affects management of groundwater resources within local governments in Sweden. The empirical
data used in this study consists of interviews with municipal water managers depending on
groundwater and legislative documents directly or indirectly affecting the governance of groundwater
resources. Based on the collected data we have 1) developed a novel theoretical concept of drivers of
complexity, which we define as factors in CPR-connected systems that contributes to and/or increase
complexity, 2) we have used the concept drivers of complexity to assess complexity in groundwater
governance systems in in local governments in Sweden. The empirical concept is not limited to
groundwater-connected systems and can be used in any CPR setting. The drivers of complexity we
identified in Swedish local groundwater governance so far, include the following: fragmented
responsibility for groundwater resources, absence of national recognition of the importance of
groundwater resources and incompatible management timeframes between groundwater bodies and
governing institutions. This study elucidates why it is complex to manage groundwater resources and
how this relates to the rules and systems in place to govern groundwater using Swedish groundwater
management as a case study. Complexity is inherent in all groundwater systems and therefore affects
all groundwater connected systems. In the Swedish governance context systems are to some degree
geared towards complexity but this could be improved by making clear responsibility for groundwater
resources, nationally recognizing the value of groundwater bodies, and improving systems so they to a
higher degree can respond to feedbacks from the environment.
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SKB (Swedish Nuclear Fuel and Waste Management Company) is conducting site investigations and
monitoring at the Forsmark site in mid-eastern Sweden. The investigations and monitoring form the
basis for integrated site descriptive modelling (SKB 2008). As part of this modelling, regional-scale
groundwater flow through fractured crystalline bedrock is simulated using ECPM (Equivalent
Continuous Porous Media) models as representations of the fracture network in the bedrock. In SKB’s
work an ECPM is typically an upscaled representation of a DFN (Discrete Fracture Network) model
realization. A DFN is a discrete, stochastic model of the geometric and hydraulic properties of a
fracture network.

The hydraulic properties of an ECPM model and the ability of an associated porous media
groundwater flow model to represent groundwater flow in fractured bedrock depend on many factors.
For instance, such factors include the geometric-hydraulic properties of the fractured network,
methodology and data availability for DFN modelling and for selection among DFN realizations for
ECPM upscaling, upscaling methodology, and ECPM grid resolution.

This study is focused on the impacts of DFN-to-ECPM upscaling methodology and ECPM grid
resolution on the results from porous media groundwater flow models. The impacts of these factors
are investigated in a case study, comparing flow modelling results to field measurements from a
selected pumping (interference) test in bedrock at the Forsmark site. Specifically, three DFN model
realizations for a bedrock volume at Forsmark were upscaled using three different upscaling
methodologies; two geometrical (Oda (1985) and GEHYCO (Ferry 2020)), and one hydraulic (here
denoted Linear Darcy).

The DFN model realizations are produced using the FracMan software. In order to select DFN
realizations to be used in the case study, pumping well inflow and groundwater level drawdown were
first modelled using the PFLOTRAN software, simulating groundwater flow through each realization-
specific network of discrete fractures. Subsequent to ECPM upscaling of the selected DFN
realizations, the same interference test was modelled using the MIKE SHE software, using structured
grids of different resolutions, and the DarcyTools software that can also handle unstructured grids.
Relatively simple model domain geometries and boundary conditions were used in all flow model
setups in order to facilitate inter model comparisons.

Compared to some other ECPM upscaling methodologies, such as hydraulic upscaling using a so-
called guard zone (Jackson 2000), the upscaling methodologies of the current study can be expected to
overestimate the connectivity of the underlying fracture network. For the scale of the model, flow
regime and fracture network characteristics of the case study, the results show that the ECPM grid
resolution is more important than the choice of upscaling methodology for the ability of an ECPM to
reproduce the geometric-hydraulic properties of the underlying DFN model. This is a potentially
important finding of relevance for the groundwater flow modelling community, specifically related to
hydrogeological studies of e.g. construction and operation of facilities in fractured crystalline bedrock.
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Climate change is expected to have a significant impact on groundwater- and pore pressure conditions
and as a result, on stability of natural slopes, geotechnical structures that support buildings,
infrastructure and other facilities. Predictive models for groundwater and pore pressure are therefore of
importance to planners, developers, owners of infrastructure and property etc. to assess the need for
climate change related mitigation. To meet this societal need, an ongoing research project (PIGALL)

is developing tools and strategies to predict groundwater levels and pore pressure in both site specific
and regional scales.

The research project combines predictive climate models, conceptual Hydrogeological Reference
Conditions (see i.e. Surendran et al., 2020) and specific geological and hydrogeological data and
interpretations as input data for regional and site specific hydrogeological predictive models.

Regional scale

A parallel ongoing project is developing predictive groundwater models for climate change in
unconfined aquifers with a four-by-four km resolution for Sweden using the SGU-HYPE model. The
regional scale model is used to provide groundwater recharge input to site-specific models. Within
PIGALL, a further development of the SGU-HYPE model to produce groundwater predictive models
also for confined conditions is planned.

Site-specific scale

The site-specific models are developed to exemplify groundwater predictive models for e.g. a specific
location as for the design of geotechnical constructions, assessing the impact to existing constructions
and infrastrucutre or as input to municipal physical planning. Within PIGALL, site-specific models are
developed with MODFLOW 6 for selected case studies (in different types of location) based on
geological and hydrogeological data and conceptual Hydrogeological Reference Conditions.

The first site-specific model is being developed for a case study in Kolmarden, located approximately
15 km northeast of Norrkdping, Sweden. This case study includes complex hydrogeological
conditions including cohesive sediments (prone to subsidence) as well as hydrogeologically relatively
conductive sediments.

Use of output data

The output from the predictive groundwater models is to be used as input data for further assessment
of impact to geotechnical structures.

Furthermore, the output from the regional scale models provides a foundation for the planning of
infrastructure projects, planning of communal water resources as well as for municipal and regional
spatial planning.
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Arsenic contamination in groundwater is a major challenge in the water supply of the Terai
region of Nepal, and especially in the most affected Nawalparasi district (2162 km?) where
12% of the tubewells have arsenic concentration >50 pg/L, exceeding the WHO provisional
guideline in drinking water of 10 pug/L (Panthi et al. 2006). Arsenic in groundwater in Terai is
of geological origin (Guillot et al. 2015).

Since the 1980s, Finland and Nepal have been partners in development cooperation in the
water sector. In this context, the NeAs project (www.syke.fi/projects/neas) was launched in
2020, jointly with the Geological Survey of Finland (GTK), the Finnish Environment
Institute (SYKE) and the Department of Water Supply and Sewerage Management
(DWSSM). The project is funded by the Ministry of Foreign Affairs of Finland (MFA) with
the ICI-instrument. The objectives of the project are to 1) determine the occurrence and
distribution of arsenic in groundwater of Nawalparasi, 2) develop a conceptual
hydrogeological model of the pilot area, using chemical, hydrogeological and geological data,
3) make recommendations on the groundwater management and mitigation options, 4)
provide training to the Nepalese partners including field operations, laboratory quality and
procedures, Geographic Information System (GIS) and communication.

Three groundwater sampling campaigns were carried out between June 2022 and June 2023,
in contrasting conditions (monsoon, dry season and pre-monsoon). A total of 96 water
samples were collected from deep and shallow tubewells, irrigation wells and observation
wells. Physico-chemical parameters and arsenic concentration (using Digital Arsenator),
were determined in the field and major ions, TOC, DOC, arsenic, iron and manganese were
analyzed in the laboratory. Arsenic concentration was 0-960 pg/L, with 44% of samples
exceeding the WHO guideline value of 10 pg/L. No correlation between well depth and
arsenic levels was observed. The groundwater type defined with major ions was
predominantly Ca-HCO3, while some deep tubewells showed Na-HCO3 type, suggesting
more evolved groundwater. Further studies and sampling tours in September and November
2023 will support the development of the conceptual model of the study site.
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Phosphorus is a factor that controls the growth of organisms in marine systems. However, excessive
phosphorus input triggers eutrophication and hypoxia (Schindler 1977), which have deteriorated
especially the environmental status of inner Finnish Archipelago Sea (Jokinen et al. 2018). Though
external phosphorus load has diminished, the problems caused by eutrophication have not been
conquered (Andersen et al. 2009, HELCOM 2011, McCrackin et al. 2018). Previous studies have also
shown the significance of internal load of phosphorus that hinders the recovery of Archipelago Sea
(Puttonen et al. 2014, 2016). However, the accumulation, preservation, and long-term variations in the
burial of phosphorus within the sediment is not fully known. Thus, we trace long-term variations in
chemical forms and contents of sediment phosphorus in detail to reveal the importance of different
processes on phosphorus deposition, burial, and release.

We investigate variations in the abundance of different chemical fractions of phosphorus (i.e. different
binding and solubility forms of phosphorus) during the last 60 years with seasonal resolution from
varved sediments of Halikonlahti Bay sediments in inner Finnish Archipelago Sea. We compare
abundances of phosphorus fractions to hydro-climate parameters to study how variations in the
conditions, such as occurrence and timing of precipitation or snow and ice cover, control the washout
of phosphorus from the catchment. In addition, we investigate if the changes in enhanced leaching of
phosphorus are directly mediated to sediment deposits. According to our knowledge, varved marine
sediments have not been earlier used to study long-term variations in chemical phosphorus fractions
with sub-annual resolution. The importance of this study lies within high temporal resolution allowing
to assess the response of phosphorus burial to past hydro-climate conditions. This can further improve
our understanding on internal loading and hence the use of rehabilitation actions and target them better
spatially and temporally.
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Samples of Ice Age meteoric groundwater have been collected from a flowing artesian well at
Hafralakur in northern Iceland on a weekly basis for 14 years. These samples have been analyzed for
stable isotopes values (8*°H and 6'*0) and element concentrations (Na, Si, Ca and K).

During our study, five M > 5 earthquakes occurred in a region within which previous empirical
estimates imply that groundwater responses might be expected.

Our results show that changes of §?H, which can be shown to be statistical anomalies, coincided with
3 of 5 earthquakes and that changes of Na concentration, which can also be shown to be statistical
anomalies, coincided with 2 of 5 earthquakes. Anomalous behavior of 8’H started 3—5 months before
each earthquake occurred.

Comparison with the global meteoric water line (GMWL) implies that anomalous behavior of 8°H is
largely due to mixing between meteoric groundwater sources. Petrographic analysis of well cuttings
imply that anomalous behavior of Na concentration is largely due to release of Na caused by
microfracturing of analcime that replaces plagioclase in the basaltic host rock.

Because onsets of anomalous chemical behavior occur before earthquakes, we propose to test the
hypothesis that a future earthquake could be forecast based on groundwater chemical changes and if
so, with what sensitivity.
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Since their origin during the drought periods of the Persian Empire, 3000 years ago, more than
200,000 ganat (also called “karez”) groundwater tunnels have been constructed in the Middle East and
south-central Asia. In addition to their cultural-heritage value and their continued importance for water
supply in rural areas, qanat infrastructures can often be mapped using satellite imagery and they offer a
valuable insight into groundwater depths and basin hydrology when these proxy data are combined
with modern geomorphologic and stratigraphic models. The overall aim of this research is to assist
sustainable water-resource management by utilizing the qanat “archive” of basin-specific conditions in
regions with poor data control for modelling basin hydrology.

Our more specific objective is to demonstrate the combined use of several information sources in order
to estimate local groundwater resources. Of central importance for this approach is the geographic
distribution of qanats, which allows elevation mapping of the groundwater table. Combining
sedimentological documentation or models can suggest constrains on the hydraulic properties, such as
conductivity and aquifer stratification and dimensions. Although this approach is independent of
climatic data, qanat discharge measurements or indigenous knowledge, there are obvious benefits in
terms of verification, scenario predictions and scaling when these information types are also used. We
demonstrate the methodology using ganats (karezes) north of Kandahar, Afghanistan.
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Understanding fluid flow through fractured crystalline rocks is important in many areas, including
subsurface infrastructure and storage of nuclear waste. Aperture variability exhibits significant control
of the flow field through single fracture and fracture networks within sparsely fractured crystalline
rock. Inclusion of aperture heterogeneity however is often hampered due to lack adequate numerical
representations and field measurements. Self-affine fractal methods, which use two key parameters,
the Hurst exponent and scaling parameter, are used to develop a model for aperture generation which
accounts for relative anisotropy and correlation between the upper and lower surfaces creating the
aperture. Surface scans of a natural rock fracture are used and a methodology for analysing and
extracting relevant parameters is developed. Analysis of the natural fracture surfaces displays a range
in Hurst exponent and scaling parameters across parameter space, and pairwise combinations
following a linear upper bound can be used to generate aperture fields that accurately reproduce
measurements. It is shown that correlation between the upper and lower surfaces is less sensitive than
the Hurst and scaling parameters. The model is an improvement on previous methods and produces
aperture ensembles that closely correspond with the natural aperture obtained from surface scans. A
sub section of the sample is also taken and analysed, and input parameters based off restricted
measurements were successfully used to generate up-scaled apertures. The model can generate
apertures that are representative of natural fracture apertures and can be implemented in larger scale
fracture network models allowing for numerical simulations to include representations of aperture
internal heterogeneity. Impacts of the Hurst and scaling parameters on flow through the resulting
aperture fields are also discussed.
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In Norway, landfill sites are often established in old rock quarries. To assess the quality of the
surrounding bedrock as a natural barrier it is vital to understand the fracture network and their inter
connectivity as these can provide routes for groundwater flow towards the interior of the quarry and
pathways for contaminants out of the site. Different sources of information can be considered. Aerial
photos can be used to map major and minor lineaments as well as their continuity. Borehole logs and
time series of groundwater level, and pumping data collected from the quarry drain system can also be
analysed. Water collected from specific fractures, and analysis of isotope ratios can also provide
valuable information about sources of groundwater recharge.

We will present the interpretation of aerial photos, and data from 8 observation wells drilled in the
circumference of the Rekefjord rock quarry in southwestern Norway. The geology of the quarry
consists of Norite, a mafic intrusive igneous rock composed of a mixture of massive medium sized
Monsonorite (1-5mm), dominated by plagioclase and the dark mineral orthopyroxene (NGU, 2016).
Structural interpretation indicates randomly distributed orientation of the fractures. The bore hole logs
indicate that there could be several vertical fractures, these are not well captured in vertical boreholes,
therefore a Terzaghi correction was applied (Sanderson & Nixon, 2015; Terzaghi, 1965). Most of the
fractures appear wide with an aperture size between 2 mm and 10 mm. Fracture connectivity and
various topological parameters were also investigated. The average degree of connection (D) varies
between 3.09 to 1.92, indicating that some parts of fracture networks are better connected than others.
Well-connected fractures will have the largest potential for groundwater flow. Previous Lugeon tests
(Slinde, 2021) for different sections of the boreholes, range from 1.6 x 1071 ms™ to 1.2 x 10 ms™.
No relationship between hydraulic conductivity and fracture frequency was observed. Based on the
different datasets, we will present a preliminary conceptual groundwater model for the rock quarry and
its surroundings.

References

Sanderson, D. J., Peacock, D. C. P., Nixon, C. W., & Rotevatn, A. 2019, Graph theory and the analysis of fracture networks.
Journal of Structural Geology, 125(April 2018), 155-165. https://doi.org/10.1016/j.jsg.2018.04.011

Terzaghi, R., 1965, Sources of Error in Joint Surveys. Géotechnique, 15, 287-304. https://doi.org/10.1680/geot.1965.15.3.287

Norwegian Geological Survey, NGU, 2016, Vurdering av geologisk forhold ved potensielle lokaliteter til deponi for
uorganisk farlig avfall. NGU rapport nr. 2015.055

Slinde, G.A, 2021, Miljerisikovurdering, DEPONI FOR ORDINZART AVFALL I REKEFJORD, NGI rapport, DOK.NR.
20200407-01-R, REV.NR. 0/2021-05-26

48 36th Nordic Geological Winter Meeting ® Goteborg 2024



SESSION 1 ¢ HYDROGEOLOGY

Use of UN framework for classification (UNFC) for groundwater
resources

Peter van der Keur?, Malis Absametov?, Daniyar ChensizbaevP, Henk Coetzee®, Narmina Garayeva¢,
Klaus Hinsby?, Lucio Martarellie, Oleksii Netskyif, Dan Palombi¢, Kevin Parks9, Sergii Paiukf, Marco
Petitta®, Manzoor Qadirh, Teoddra Szécs!, Natalia Vinogradi and Magdalena Worsa-Kozakk

aGeological Survey of Denmark and Greenland, Denmark, pke@geus.dk, "Kazakhstan, °South Africa, dSwi_tzerland, “ltaly,
fUkraine, 9Canada, "United Nations University Institute for Water, Environment and Health (UNU-INWEH), ‘Hungary, 'Russia,
“Poland (UNECE Groundwater Resources Working Group members are represented according to country of affiliation)

There is an urgent need to support sustainable development of groundwater resources, which are under
increasing pressure from competing uses of subsurface geo-resources, compounded by land-use and
climate change impacts. Management of groundwater resources is crucial for enabling the green
transition and attainment of the Sustainable Development Goals. The United Nations Framework
Classification for Resources (UNFC) is a project-based classification system for defining the
environmental-socio-economic viability and technical feasibility of projects to develop resources and
has been recently extended for groundwater. UNFC provides a consistent framework to describe the
level of confidence of groundwater resources by the project and has been designed to meet the needs
of applications pertaining to: (i) Policy formulation based on geo-resource studies; (ii) Geo-resource-
management functions; (iii) Corporate business processes; and (iv) Financial capital allocation. To
extend use in groundwater resources management, supplemental specifications have been developed
for the UNFC that provide technical guidance to the community of groundwater professionals to
enhance sustainable resource management based on improved decision making. This includes
addressing barriers to sustainably exploiting groundwater resources, avoiding lack of access to water
and also related to ‘common pool resources’ in which multiple allocations are competing with
domestic water supply (e.g. geo-energy, minerals, agriculture and ecosystems, and transboundary
allocation of natural resources). UNFC for groundwater resources is designed to enhance governance
to protect the environment and traditional users while ensuring socio-economic benefits to society.
Consequently, it is a valid and promising tool for assessing both sustainability and feasibility of
groundwater management at local, national and international levels
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The long-term persistence of chlorinated solvents poses a major challenge for the remediation of
contaminated sites. To determine the best remediation strategy for sites contaminated by chlorinated
solvents, it is of major importance to determine whether chlorinated solvents are subject to
degradation. If degradation is absent the sites need to be remediated by active remedial measures such
as excavation, which is time-consuming and often related to high costs. In contrast, if chlorinated
solvents degradation occurs such that the contamination concentrations are expected to decrease below
the remediation goal within reasonable time frames, a monitored natural attenuation approach (MNA)
can be applied. MNA is a much cheaper remediation option compared to more active remedial
approaches. Thus, the costs of a site remediation heavily depend on whether chlorinated solvents are
subject to degradation.

Despite its high importance for applying the best remediation strategy and for its costs, determination
of chlorinated solvent degradation is challenging based on concentration measurements only. Often, it
remains unclear if chlorinated solvent concentrations decrease due to dilution or degradation. To
overcome the shortcoming of concentration analysis only, compound-specific isotope analysis (CSIA)
has emerged in the last two decades as an effective tool to determine chlorinated solvent degradation.
The method makes use of the preferential cleavage of bonds between light compared to heavy isotopes
during degradation, leading to a progressive enrichment of heavy isotopes in the parent compared to
the daughter compound. Hence, an enrichment of heavy carbon isotopes in the parent compound over
time provides unequivocal evidence for chlorinated solvent degradation.

This study aimed to assess the degradation of chlorinated solvents in the groundwater at the Réven site
in Helsingborg, Sweden using CSIA. The Réven site was contaminated by chlorinated solvents,
predominately tetrachloroethene (PCE), during dry cleaner activities between 1929 and the end of the
1970’s. To obtain detailed insight into the degradation of the chlorinated solvents and its implications
for remediating the site, high-resolution carbon CSIA profiles were determined from 9 multilevel
wells located in the contamination source zone and farther downstream. In the source zone, the CSIA
profiles revealed that the degradation activities are generally low and that trichloroethene (TCE),
previously considered as a degradation product of PCE, likely originates from the contamination
source. Moreover, the CSIA combined with the concentration profiles in the source zone showed that
chlorinated solvent degradation stalled at cis-dichloroethene (¢cDCE) and did not proceed further to
vinyl chloride (VC). In the downstream multilevel wells, the chlorinated solvent concentrations
decreased by more than two orders of magnitude, and the degradation activities were higher as
opposed to the source zone, which also proceeded to some extent to VC. However, despite the higher
degradation activities in the downstream wells, the concentration decrease compared to the source
zone could be attributed to a higher extent to dilution in comparison to degradation. This demonstrates
that MNA might be not a suitable remediation approach for the Réven site and that other remedial
measures might be more effective for fulfilling the site remediation goals.

50 36th Nordic Geological Winter Meeting & Goéteborg 2024



SESSION 1 ¢ HYDROGEOLOGY

Groundwater flow in crystalline rock: flow-log data evolution and
predictive modeling

Liangchao Zou and Vladimir Cvetkovic

Department of Sustainable Development, Environmental Science and Engineering (SEED), KTH Royal Institute of Technology,
Stockholm, Sweden, e-mail: Izo@kth.se

Prediction of groundwater flow in crystalline rock remains a challenging task, which is important for
many geoengineering applications, such as geological disposal of high-level radioactive waste, rock
tunnelling, and geo-energy extraction and underground storage (e.g., Zou & Cvetkovic 2023). At
present, many flow-logs and computational models have been developed to characterize and analyze
hydraulic properties and groundwater flow processes in crystalline rocks. It is realized that
groundwater flow pathways in crystalline rocks are dominated by the complex rock fracture networks,
which essentially contains multiscale hydraulic heterogeneity, such as the network scale heterogeneity,
fracture-to-fracture scale heterogeneity and internal heterogeneity due to fracture surface roughness.
We analyzed the impact of multiscale heterogeneity on inference of fracture transmissivity based on
flow-log measurements and prediction of groundwater flow in crystalline rocks using three-
dimensional discrete fracture network and channel network models in our recent studies (i.e., Zou and
Cvetkovic 2020, 2021; Zou et al., 2023; Frampton et al., 2019). The results generally show that the
internal heterogeneity has relatively small impact on the inferred transmissivity distributions compared
to the fracture-to-fracture scale heterogeneity. Comparison between the inferred and underlying input
transmissivity distributions shows that interpreting hydraulic tests in crystalline rock using flow logs
and the Thiem equation may underestimate the variation range of the underlying transmissivity.

The ambient hydraulic gradient has limited impact on pumping test because the pumping flow is
dominant compared to the ambient flow during pumping. The channel conductance can be statistically
parameterized based on available hydrogeological characterization data. It is possible to compensate
for the neglected heterogeneity in the channel network model by enhancing the variability of assigned
channel conductance. The findings are useful for improvement of hydraulic characterization and
simplification of predictive models for simulating groundwater flow in crystalline rock relevant to
various applications.
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Arsenic (As) is a toxic and carcinogen element that locally occurs at high background levels in the
bedrock from which it may be mobilized and spread to the environment. At present, this is an acute
problem in parts of the Milardalen region with extensive demands for exploitation of the bedrock. The
lack of knowledge on the geological setting, petrography, and mineralogy of the As-rocks is
hampering safe production and use of rock masses.

To address this problem, a field campaign targeting high-As rocks was carried out in the Arlanda-
Rosersberg and the Mariefred-Sodertélje area. Documentation of the field context, petrography,
mineralogy, and bulk rock geochemistry is used to pin down where and in what form As is sitting in
the rocks.

In the Arlanda-Rosersberg area, high-As rocks (>10 ppm As) occur along a NNE trending steeply
dipping ca 5-10 km wide metasupracrustal belt. Geothermobarometry coupled with phase equilibrium
modelling indicate amphibolite facies metamorphism at pressures of 3.0-5.5 kbar and temperatures of
490-640 °C (Skoog, 2022). Elevated levels of As are preferentially found in rocks of a sedimentary
origin, pegmatites and in mafic meta-intrusions. Associated rhyodacitic to andesitic volcanic rocks are
low in As. Highly elevated levels of arsenic at 100 ppm to near 1 wt.% occur in a ca 1 km wide zone
in the central-eastern part of the supracrustal belt. Here, arsenic rich lithologies include epiclastic
metasedimentary rocks, structurally concordant sills and dykes of metagabbro, metagranitoids with
As-rich xenoliths, and fractionated pegmatites and aplites. There is no clear correlation between high-
As and enrichment of sulphur in the rocks. Arsenopyrite (FeAsS) is the most common As-mineral but
Lollingite (FeAs:) is also common. It occurs as a single phase (in places euhedral) or as overgrown
with a rim of arsenopyrite, in places followed by an outer rim of pyrrhotite which is the dominating
sulphide. Pyrite is less common but often present in late micro-shear zones together with albite, K-
feldspar, and chlorite.

The bedrock in the Mariefred-Sodertilje area is dominated by upper-amphibolite to granulite facies
metatexitic to diatexitic =garnet+cordieritetsillimanite paragneiss with abundant disrupted dykes and
lenses of metamafic rocks and late kinematic granitoids. The metamorphic complex is cut by
unmetamorphosed NNW to WNW trending, less than 1 dm to several meter wide dolerite dykes that
crosscut the migmatite structures. The gneisses, the late kinematic granitoids and the dolerites are with
few exceptions low in As (< 10 ppm). As contents at 300-400 ppm have only been encountered in
mafic granulite (opx+hbl+plag) and in 1-3 dm wide disrupted garnet-rich dykes and lenses of
intermediate chemical composition. Reconnaissance petrographic work in the metagabbro shows that
arsenopyrite and 161lingite occur as 100-200um large crystals in the matrix or as <10 um minute
crystals at the grain boundaries of hornblende or inside hornblende. Minute grains of 161llingite and
probably also cobaltite occur inside pyrrhotite but has not been observed in orthopyroxene.
Arsenopyrite is the dominating As-mineral and pyrrhotite is the dominating sulphide, pyrite is absent.
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Introduction

Large fractures with low effective stress are of central importance for stability and inflow, in rock
construction and when extracting or storing natural resources and energy. Fractures, especially large
ones, affect geometry and technical execution related to reinforcement and grouting. Superficial, large
fractures can be significantly affected if the grout pressure is chosen too high.

Given this, it is of great importance to be able to identify and hydromechanically describe fractures
both in the laboratory and in the field. The difficulty of investigating (hydro)mechanical properties in
the field makes a field-laboratory coupling particularly relevant.

Aim and hypothesis

The aim of this work is therefore to develop theory, model, and method to describe, couple and
interpret hydromechanical investigations, in the laboratory and in the field, for different scales,
focusing on fractures with low effective rock stress.

The hypothesis is that this can be done via modelling and hydraulic tests, focusing on stiffness, &,
fracture aperture, b, contact point distance, @, number of contact points and mechanical properties of
the rock mass (E, v). Key references for modeling and coupling of hydromechanical investigations in
the laboratory and in the field are Hertz (1896), Witherspoon et al. (1980), Olsson & Barton (2001),
Cooper & Jacob (1946) and Doe & Geier (1990).

Initial results

A basic analytical model has been developed and so far tested against a laboratory experiment with
known geometry and low rock stress (Thorn & Fransson 2015, Thorn et al. 2015). There is good
consistency. Values of stiffness, &, and width, b, for the specific laboratory experiment also coincide
with a semi-empirical relation for k and b that has previously been developed based on data from Aspd
and Laxemar (Fransson 2014).
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Ground investigations have gained attention and importance for infrastructure development in recent
years. They are crucial for safe and secure planning, including the assessment of geohazards and
realization of new roads, tunnels and other infrastructure projects.

While a national database for geotechnical drillings (NADAG) was established a decade ago, a new
database for geophysics has only recently been launched (NADAG geophysics). It is an improved and
modernized expansion of the database for borehole and ground geophysical data collected by the
Geological Survey of Norway over the past 70 year. The new database is now supplemented with data
from public agencies and contractors, including the public road administration, railway authority and
municipalities.

An automated workflow allows the user to register geophysical data and surveys via a user-friendly web
interface as well as a modern programmatic interface (API). The surveys are then archived in a database
from which metadata and data are available for visualization and download via NGU’s map services.
This workflow is designed to receive and store all types of geophysical metadata and data, regardless of
format, size or source. It has proven crucial to involve public agencies and contractors in the design and
testing from an early stage on.

Currently, data registration in the database is voluntary, but the public agencies aim to make it
mandatory for surveys financed with public resources. In some cases, it may be beneficial to only
register metadata without enclosing the actual data and results.

This project, as the first of its kind, has so far focused on the registration of new data and migration of
existing metadata. In the coming years, more focus will be given to data accessibility, offering a range
of options for visualization and download.
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Drill cores providing essential information for planning of infrastructure projects and innovative
methods are desired for efficient analysis of these core materials. Mineral composition controlling
geotechnical properties should be carefully evaluated during the planning stage in infrastructure
projects. Specific clay minerals, in particularly smectites, which can also occur with chlorite as mixed-
layered clay, can expand due to water absorption, and generate significant swelling pressure. Extra
measures might be required for tunnel constructions and should be addressed during planning when
expansive clays with critical swelling pressure occur. It is therefore crucial to analyse the presence of
expansive mineral composition in the planning stage of infrastructure projects.

Hyperspectral imaging is a non-destructive, non-contact method to identify and map mineralogical
composition utilising the reflectance properties of minerals within the visible and the infrared spectral
range of light and is increasingly used in rock laboratories for drill core analysis. Many minerals, among
others, different clay types can be differentiated by reflectance spectrometry and can be therefore
mapped with hyperspectral imaging.

In this study, the potential of hyperspectral imaging is evaluated to detect, map, and quantify expansive
clays in the Heggdal cores, drilled for the infrastructure project E39 Vik—Julbgen (Vestnes, More og
Romsdal, Norway), which is aiming to cross the Romsdalsfjord with a 14.5 km long underwater tunnel
from Vik to Nautneset and a 2 km long suspension bridge from Nautneset to Julbgen. The project is a
part of the infrastructure program led by the state highways authority intending a ferry-free coastal
highway in Southern Norway.

A selection of core boxes from the Heggdal core have been scanned with the core hyperspectral imaging
system at NGU using a SisuRock scanning system equipped with two hyperspectral image cameras
measuring within the visible near-infrared (VNIR, 400-1000nm) and short-wave infrared (SWIR, 1000-
2500nm) spectral range. The evaluation of the hyperspectral image data shows that image spectra with
smectite and chlorite signatures have been found. The spectra and spectral maps indicate that the clay
composition in these cores is dominated by smectite and chlorite and both minerals are found in all
analysed core boxes. The spectral mapping results can guide in-depth sampling, and swelling pressure
should be tested at locations with high smectite and chlorite concentrations.

XRD analysis confirms that spectra interpreted to be representative for smectite and chlorite in these
data showing highest concentrations of this minerals and that the clay composition in these cores are
dominated by smectite and chlorite. The XRD analysis also indicates that the spectral maps provide
representative mineral distribution and mineral concentration maps. This study confirms the potential
of core hyperspectral imaging for mineral characterisation and to map minerals of particular interest
such as swelling clays or other hazardous material over the entire core lengths. Further work is required
for more comprehensive validation studies, to determine limitations and to adjust the method for the
need in infrastructure projects.

Acknowledgment: This study has been supported by Statens Vegvesen.
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During the construction of the 2015 m long Bergéstunnel, which comprises a part of the new E6 in
Nordland County near Trofors in Grane municipality, an unexpected zone of weak material was
encountered beneath the Bergdalen valley. The construction work had to be halted to complete
additional investigations to constrain the thickness and composition of the weak zone. From 5
boreholes drilled from the tunnelface and one borehole drilled from the surface down to the level of
the tunnel, it was identified that the zone was about 70 m wide and composed of two main layers: a
lower unit of light brown, heavily altered bedrock, and an overlying layer of grey, overconsolidated
moraine. This weak sone is located at or close to the border between two bedrock units:
metasedimentary rocks comprising amongst other limestones and sandstones, and granite to
granodiorite. After adjusting the excavation and reinforcement method, the weak zone was
successfully excavated from around mid-April to mid-July of this year.

The Norwegian Road authority hired an interdisciplinary group from the Geological Survey of
Norway to characterize the mineralogical and geochemical composition of the different layers
comprising the weak zone, and to constrain the formation process and age of the weak zone. These
analyses were complemented by geophysical investigations of the extend of the weak zone using
electrical resistivity and refraction seismic. The geophysical investigations could clearly identify the
extent of the weak zone, although the results of the electrical resistivity analysis are strongly
influenced by the underground construction work. The structural framework as well as mineralogical
and geochemical composition suggest that the lower light brown unit was formed by hydrothermal
alteration of the bedrock related to a regional set of east-west striking mineralized fracture zones.
Palynological analyses of the overconsolidated moraine identified marine palynomorphs from
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With increasing global urbanization follows a land-use conflict which results in a higher demand for
locating infrastructure such as roads and rails below the ground surface. However, construction below
the ground surface and the groundwater table is often associated with groundwater leakage and decline
in groundwater levels in surrounding aquifers. This subsequently results in a wide variety of risks to
e.g., human health, buildings, infrastructure, and the environment and thus potential loss of services for
human wellbeing. To reduce these risks, risk-mitigation measures can be implemented. There are both
costs and benefits of internal (project owner) and external (all other affected stakeholders in society)
character associated with implementing measures; benefits constitute the reduced risks of implementing
the measure and costs constitute the implementation cost. To use society’s limited resources in an
efficient manner when implementing measures to reduce hydrogeological risks, these costs and benefits
must be balanced. Cost-benefit analysis (CBA) is a widely used method for balancing risks by
accounting for positive (i.e., benefits) and negative (i.e., costs) effects on human well-being on a societal
level, including present and future generations. A CBA should include all internal and external costs
and benefits for all affected stakeholders of implementing a measure. This implies that a thorough and
comprehensive identification of cost and benefit items are of importance for the CBA to provide robust
decision support. The aim of this contribution is to present two gross-lists of costs and benefit items
associated with reducing groundwater drawdown risks in tunnelling. The applicability of the catalogues
for identifying cost and benefit items are also exemplified with a case study constituting a railroad tunnel
in Sweden.
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This study reviews holistic approach for both geological and rock engineering applications for Lined
Rock Cavern (LRC) design in Finland. LRC refers to underground caverns used for the storage of gas
under high pressures (20-25 MPa). This storage technique has been developed in Sweden during the
last 30 years.

This study investigates the possibilities to construct an underground hydrogen storage in crystalline
bedrock in Finland. The need for a large storage capacity is linked to the development of the green
hydrogen economy and green transition. Several industrial processes require large volumes of
hydrogen to lower greenhouse gas emissions. Green hydrogen is produced by renewable energy and is
therefore weather dependent. Large storage facilities are needed to ensure continuous feed for
industrial processes. Such large quantities of pressurized gas are safely stored only deep underground.

The implementation of the LRC must be safe, but also economically sound. The work considers the
geological site selection for the underground storage, rock engineering planning, technological
solutions like lining materials, excavation, construction, and operating processes, among others.

An LRC site requires certain geological properties to ensure its stability throughout its use. The
Finnish bedrock (mainly Precambrian crystalline rocks) provides very favorable conditions to meet the
strict geological and rock mechanical requirements.

At first, we need to define recommendations for adequate geological and rock mechanical site criteria.
This means defining geological setting and rock mass quality parameters or boundary conditions.

After the site criteria have been defined, the next task is to execute the site selection and site
characterization phase. This desktop study comprehends lineament and rock block analysis,
investigating existing geological and geophysical data and evaluating hydrogeological and rock
mechanical conditions. After the screening, one of the pre-selected sites will be investigated in detail
in a case study phase by drilling and completing field measurements. Field methods will cover field
mapping, drilling, drill core logging, geophysics, in-situ stress measurements, groundwater and flow
measurements, rock mechanical tests, geochemistry and petrophysics.

Geological approach is complemented by defining also rock engineering design parameters by using
rock mechanical modelling and numerical simulation tools for different rock types and rock mass
qualities. Design parameters consider e.g. preferred depth, rock stability, cavern size and shape, cavern
spacing, rock deformations, in-situ stress and uplift failure.

The aim of this two-year research project is to produce geological, hydrogeological and
geomechanical 2D/3D models and numerical analyses from one potential LRC construction site. Case
study is also an essential part of the techno-economic feasibility study, which is one of the outcomes
of this research. The aim is also to produce guidelines for both site selection and site characterization
with road map for LRC production and cost estimates. This project is a collaboration between Finnish
public and private companies and experts covering wide range of relevant industries.
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To complete a new Swedish railway line in a much shorter timeframe than today, alternatives to the
traditional methods need to be explored. One option is the use of prefabricated concrete slabs elevated
on piers, analogous to the concept used in China for building new railways in record time (He et al.,
2017). The method has the advantage of directly tackling the barrier effects exhibited by traditional
methods and can be built following an industrialized production process. But the pre-investigation
process for such a method needs to be put into a Nordic perspective.

A new methodology is being developed to localize optimal pier locations, determine the foundation
type in each location and to provide estimated uncertainties. The method relies on archived data
migrated to a database within a GIS and Python environment with high potential for automation. A
combination of machine learning techniques and analytical hierarchical process are used to get a first
estimate of pillar locations, foundation types and uncertainty. If the database is insufficient, new data
is gained and incorporated by the use of self-piloted UAV:s equipped with radar and piloted UAV:s
equipped with an inductive EM device. The database can then be updated and further refined by
ground-based geophysics. With this stepwise implementation, a drastic decrease in geotechnical
ground surveys can be achieved (Baynes & Parry 2022) and decisions can be made continuously.

The predictive machine learning models of ground uncertainty and archaeological sites complements
the method by providing a risk-based approach to the final decision-making process on pier locations
prior to the geotechnical field campaign.
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This study contributes to early phases site investigations for geothermal exploration of radioactive
granites in Gothenburg, southwest Sweden. The main objective of this study is to assess the
orientation of horizontal stresses from borehole stress indicators, and to discuss the implications for
geothermal exploration. Analyses of high-resolution acoustic televiewer (HiRAT) image data from the
near-vertical, 1 km deep borehole GE-1 provide information on metamorphic features, natural
fractures, and three types of stress indicators: borehole breakouts (BOs), drilling induced fractures
(DIFs), and petal-centerline fractures (PCFs).

Removal of rock during drilling generates local elastic circumferential stress concentrations. For a
borehole drilled parallel with the in-situ vertical principal stress, the circumferential stress magnitude
varies with respect to the far-field in-situ maximum and minimum horizontal principal stresses. BOs
are formed in the minimum horizontal stress direction if the circumferential stress overcomes the
compressional rock strength, and DIFs are formed in the maximum horizontal stress direction if the
circumferential stress exceeds the tensional rock strength (e.g. Zoback et al. 2003). PCFs represent a
less well-known type of drilling-induced fracture that develop parallel with the maximum horizontal
stress direction some meters below the drill bit, that subsequently is penetrated by the borehole (e.g.
Kulander ef al. 1990). As a result, PCFs may be present in both drill cores and in the borehole wall. We
observed about 135 stress indicators in borehole GE-1, from 0.2 to 1.0 km depth. The results suggest
that the stress field is uniformly oriented in the NNW-SSE mean maximum stress orientation. About
135 stress indicators are observed from 0.2-1.0 km depth. We further observed co-occurrence of BOs
and DIFs in several sections, which is unusual for crystalline rocks.

It is not possible to fully distinguish open natural fractures from those that are sealed (filled or closed)
using HiRAT data alone, but the classification of Massiot et al. (2018) offers a first interpretation on
separating open and sealed fractures. Over 1500 pre-existing structures (natural fractures, foliation)
were mapped in the borehole. The prevailing stress regime controls if natural fractures and foliation
are well-oriented for stimulation. For strike-slip and normal faulting stress regimes, fractures steeply
dipping towards WSW are well-oriented for stimulation, whereas shallow dipping fractures are well-
oriented for simulation in a reverse faulting stress regime. Our results tentatively suggest that a strike-
slip stress regime in GE-1, but additional stress measurements are needed to constrain the complete
stress field at study depth and towards greater depths.

The secondary objective of this study is to test different strategies for interactive stress analysis
through visual inspection of acoustic images, and to highlight the need to develop better guidelines for
data interpretation. We have tested and compared three methods of data interpretation. Our results
suggest that BO orientations, especially in fractured formations, increases the risk of misinterpreted
data. In contrast, DIF data appear to produce similar results, regardless of analysis method.
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To limit global warming to 1.5-2 °C, the Intergovernmental Panel on Climate Change predicts the
need for carbon capture and storage (CCS). For CCS to work, CO; storage capacity on a global scale
is crucial. It is estimated that the required storage capacity for 2050 (3—10 Gton CO; per year) will
probably not be achieved for most of the IPCC scenarios (Krevor et al. 2023). Geologically, there is
potential for onshore/offshore storage, but reservoirs need to be investigated and verified for capacity.
The storage rate of today is the bottleneck for the CCS value chain as less than 0.1% of the global CO»
emissions are captured and stored in the subsurface (Zhang et al. 2022).

Presently, CO, storage focuses on marine subseafloor reservoirs. However, there are a few noteworthy
onshore examples such as the Icelandic Carbfix site. These sites utilize the reactivity of the volcanic
bedrock with CO; and take advantage of natural or induced bedrock permeability to facilitate the
injected CO, for subsequent mineral carbonation. During mineral carbonation, CO; is naturally
converted into stable carbonate minerals, which is a potentially safer way of permanently storing the
CO; in the subsurface compared to marine storage (Snabjornsdottir et al. 2020). In the pioneering
INSURANCE and TAILOR-MADE projects, the potential for onshore storage in the Swedish bedrock
and in mining waste materials is investigated, respectively, together with the utilization of industrial
waste streams from paper/pulp and mining to optimize the CO; capturing efficiency. Compared to
Iceland, the Swedish bedrock is metamorphosed, deformed, and altered. The geological conditions for
mineral carbonation will be different but, as the storage capacity is the bottleneck, lithologies other
than the ones in Iceland also need to be investigated for their storage potential. Sampled lithologies
throughout Sweden will be subjected to carbonation experiments covering suitable mineralogy,
reactive surface areas, porosity and permeability, fluid pH, pressure, and temperature. The suitability
of the reservoir rock is dependent of all these parameters (Snabjornsdottir et al. 2020).

Since the global scale-up of storage capacity is uncertain, global CO, emissions need to be strongly
reduced by phasing out fossil fuels to meet the projected storage capacity. Reductions in emissions
through electrification of industry sectors is likely required. CCS should then be used in industries that
are hard to abate, i.e. cement and paper/pulp where the carbon enters the industrial processes through
the raw materials used. In northern Sweden, the steel industry will shift to renewable energy sources
coupled with hydrogen storage (for battery capacity) and thereby reduce the CO; emissions by an
estimated 90% from point emitters through electrification (the HYBRIT technology). When scaling
this technique from present pilot- to industry implementation, the potential for geological storage of
hydrogen and potential subsurface reservoir leakage into the surrounding environment is addressed in
the HYDROTRANS project. Here, flow modelling of hydrogen (and also CO,) through the bedrock
down to the nanoscale is analytically investigated at LUMIA (Lule& Material Imaging and Analysis)
and the MAX IV synchrotron laboratory.
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Rising energy demand is pushing electricity prices and emissions to unprecedented levels, with
serious implications for the economy and the energy transition. The EU’s long-term climate strategy
and the European Green Deal emphasise the key role of renewables in the continent’s decarbonisation
goals and the implementation of large-scale energy storage to continuously power the entire electricity
system.

The CEEGS (CO:-based Electrothermal Energy and Geological Storage Systems) research project is a
three-year project funded by Horizon Europe EU programme. The project aims to implement a new
transcritical CO; cycle concept, based on underground energy storage and simultaneous CO-
sequestration in the geological reservoirs. Due to the thermodynamic properties of COs, this gas will
act as a working fluid in the energy storage system. Under favourable geological environments, an
added value may result from geothermal heat recovery.

The main challenge of this project is to solve the difficulties related to the interface between the
surface and underground parts. This includes aspects related to CO, flow composition, well design,
turbomachinery properties and overall integration. To achieve this, a conceptual integration design is
to be developed and adapted to operate in different scenarios and modes of operation based on:
Energy storage from renewable energy sources or energy storage for CO, capture.

Preliminary results show that these cycles are promising energy storage technologies, highly
competitive in terms of electricity-to-electricity storage efficiency (42-56%) and cost (70-120
USD/MWh) for energy storage capacities ranging from 500 kW and limitless. Furthermore, the results
indicate that more than 1 Mt/year of additional CO; can be stored [2,3]. The energy storage system is
composed both of surface thermal storage and of underground storage through CO2 injection and
production wells, thus decreasing environmental and visual impacts at surface. The CEEGS concept
has great potential to be replicated worldwide in a range of realistic geological environments.

The project is expected to increase the CEEGS current TRL 2 to TRL 4, through overcoming
obstacles such as the interfacial gap between the surface transcritical cycle and the CO; reservoir,
improving the technological economics of the technology and to prove its feasibility. An analysis of
the social, economic and sustainability impact is to be conducted to clarify the contribution of the
technology for the climate change mitigation, its economic viability and possible business models,
while identifying the social acceptance challenges that it may face.

By coupling energy storage with direct CO, emissions reductions, CEEGS supports the ambition of
the Paris Climate Agreement and Europe’s green objectives to explore new smart energy systems.
This will improve the efficiency and cost-effectiveness of CO, capture, utilisation and storage
(CCUS), enabling cost-effective and environmentally friendly renewable energy storage technology.

CEEGS has received funding from European Commission by means of Horizon, the EU Framework
Programme for Research and Innovation, under Grant Agreement no.101084376
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Context

This abstract introduces an innovative approach to deep geothermal exploration in crystalline settings.
Traditionally, geothermal energy production has relied on the exploitation of permeable reservoirs,
which are rarely found in crystalline settings. However, recent research has unveiled a promising
reservoir play—brittle shear zones that have undergone hydrothermal alteration—that could leverage
the expansion of deep geothermal exploration in crystalline settings.

Scientific challenges

Exploring deep geothermal resources in crystalline settings offers a promising solution for direct space
heating, industrial applications, and electricity generation. However, the typically low porosity and
low permeability of crystalline rocks remain a key obstacle in deep geothermal exploration. Faults and
fractures are understood to play a substantial role in defining permeable zones that facilitate efficient
heat extraction from crystalline reservoirs. Nevertheless, fractures constitute just a part of the potential
void space in crystalline rocks. Besides fracturing, the effects of other equally important processes
such as brecciation, cataclasis, and mineral dissolution have received limited attention as potential
contributors to creating prolific crystalline reservoirs.

Methodology

Our study involves a comprehensive geological and petrophysical investigation of granitic reservoirs
formed within a brittle shear zone in central Finland, evaluating their feasibility as deep geothermal
targets. This investigation combines petrography, hyperspectral imaging, CT scans, micro-XRF
spectrometry, and a suit of laboratory-based experiments (i.e. porosity, permeability, density, elastic
wave velocity, and thermal conductivity) to characterize the reservoir performance of these granites.

Discoveries

Optimum reservoir properties were observed in granites affected by cataclasis and mineral dissolution,
leading to a notable porosity of ~20%. Reservoir quality is largely controlled by the pore network
morphology. Alongside fractures, interconnected moldic, sieve, and interparticle pores contribute to
substantial permeability of ~5 x 107'* m? (50 mD), even under high confining pressures of 50 MPa (~2
km deep). These processes are typical of brittle shear zones that have undergone high-temperature
(200-300°C) propylitic alteration, which have the potential to create extensive (>100 m)
interconnected crystalline reservoirs. Additionally, we find that granites dominated by fractures only
have high permeability (~107'2 m?) at relatively shallow depths, which sharply decreases to ~1072' m?
as the confining pressure increases. Conversely, granites that have undergone alteration and brittle
shearing exhibit comparatively milder permeability reductions as confining pressure increases.

Implications for geothermal exploration

The discovery of hydrothermally altered shear zones as viable geothermal reservoirs may represent a
paradigm shift in deep geothermal exploration in crystalline settings. Highlighted is the pivotal role of
pore-network morphology in altered and brecciated granites, bearing great significance for identifying
prolific permeable zones in crystalline settings. This observation is of paramount importance not only
for finding prolific permeable zones within crystalline settings but also for advancing Enhanced
Geothermal Systems (EGS), which could mimic natural reservoirs by prioritizing the development of
intricate fracture networks through thermal and chemical enhancements.

36th Nordic Geological Winter Meeting & Goteborg 2024 67



SESSION 3 ¢ GEOTHERMAL ENERGY AND GEOLOGICAL STORAGE

Evaluating the potential for onshore carbon storage through mineral
carbonation: Insights from the INSURANCE project

Emelie Crafoord?, Glenn Barka, Matylda Hermanskab and Christina Wanhainena

@Division of Geosciences and Environmental Engineering, Lulea University of Technology, Lulea, emelie.crafoord@ltu.se ,
®Sweco Environment, Lulea, Sweden.

The 2015 Paris Agreement seeks to limit global temperature increase below 2°C, demanding
substantial CO emissions reduction. To achieve this, negative emissions, endorsed by international
bodies such as the International Panel on Climate Change (IPCC) and the International Energy Agency
(IEA), are crucial. Negative emissions encompass for instance Bioenergy with Carbon Capture and
Storage (BECCS). BECCS combines bioenergy production with CO, capture and permanent storage,
offering the dual benefit of emissions reduction and sustainable energy generation. In the BECCS
project INSURANCE, we are exploring the feasibility of onshore CO; storage for BECCS in Sweden
and researching methods for CO; capture using enzymes and industrial waste streams. The need to
explore local storage alternatives becomes increasingly crucial, especially in regions marked by
notable emissions at a distance from existing storage reservoirs. Additionally, diversifying mineral
carbonation research beyond young basaltic rock formations is essential, ensuring adaptability in more
diverse geological settings, and fostering a versatile approach to carbon sequestration.

Through three extensive geological mapping and sampling campaigns across Sweden, close to major
point emitters, we have investigated more than 30 lithological units, including various mafic rock
types, both volcanic and plutonic. Utilizing microanalytical tools, including scanning electron
microscopy, X-ray diffraction, and micro-X-ray fluorescence, we have characterized the samples. Our
investigation emphasizes five potential study areas, which include two mafic plutonic massifs of
gabbroic composition, an olivine dolerite dyke, and two areas of partially metamorphosed extrusive
rocks of basaltic composition. Notably, even among samples that display varying degrees of alteration,
their potential remains significant due to the presence of a high molar fraction of reactive silicate
minerals e.g., olivine, augite, and Ca-rich plagioclase (Hefmanska et al. 2022) with high content of Ca,
Mg and Fe.

The collected parameters are used in a geochemical model that aims to further investigate the
reactivity of the studied rock types upon interaction with injected CO,-charged water as well as the
rate and extent of CO; sequestration as a function of injected CO;. The mineralization in the selected
rocks has been simulated using the PHREEQC software (Parkhurst and Appelo, 2013). Similar to
Marieni et al. (2021), reaction calculations were used to estimate the expected geochemical reactions
and mineralization rate efficiency in the absence of a detailed system description. The mineralization
was approximated using CO»-charged rainwater injected around 50°C into the 1D column of the
selected rock types. The results from the model are used to understand the impact of the injection on
the geochemistry of selected rocks as well as associated volume changes that may occur during
mineralization.
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The Nesjavellir geothermal power plant is located within Hengill volcanic system (SW Iceland) where
bedrock consists of successions of hyaloclastites and lava sequences formed during glacial and
interglacial periods, respectively. The common alteration minerals include smectites, zeolites, quartz,
calcite, prehnite, sulfides, feldspars, epidote, chlorite, wairakite and wollastonite (e.g., Franzson,
1998). The hydrothermal fluids in the geothermal system are meteoric in origin and dilute with
chloride concentrations <250 ppm. Among the major solutes are CO, and H,S which are emitted
during geothermal utilization in quantities of 15 and 8 kt/yr, respectively. Based on carbon and sulfur
isotope systematics, the main sources of CO» and H»S in these hydrothermal fluids are magmatic gas
input and host rock leaching (Stefansson et al., 2017). To limit the power plant emissions, a pilot
project using Carbfix technology has been conducted in Nesjavellir, where CO, and H,S are separated
from the power plant exhaust stream, dissolved in condensed steam, and injected together with
separated geothermal water into the injection reservoir (Gunnarsson et al., 2018). Here this mixture
reacts with basaltic host rock resulting in mineralization of these gases and therefore providing their
safe and permanent underground storage. One of the main concerns related to a subsurface injection of
acidic CO»-H>S fluids is enhanced mobilization of trace metals which constitute the reservoir rocks.
This increased metal mobility has been observed during laboratory experiments mimicking water-
CO»-basalt interaction (e.g., Galeczka et al., 2013). To assess the possibility of toxic metals plume
forming during the injection of CO,-H,S charged water, we investigate sources and sinks of trace
metals in the storage reservoir. We take into account the chemical composition of Nesjavellir
boreholes’ drill cuttings and the geothermal fluid at depth and on the surface after depressurization.
We demonstrate that quantification of metal fluxes in such conditions is crucial for predicting long-
term environmental impact of such gas injections especially when considering scaling up of the
operations.
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Geological storage of CO, has become important in relation to capture and thus to reduce emission of
large quantities of greenhouse gases affecting the climate. Subsurface storage of CO, is part of the
Danish political 2021 CCS-strategy. Eight geological structures are investigated and matured with
seismic acquisition (e.g. Papadopoulou et al. 2023) and mapping (Gregersen et al. 2023). Two of these
structures investigated are the Stenlille and Havnse structures in western Zealand, Denmark, not far
from the cities of Kalundborg and Holbak. Results of the mapping of this project are presented with
focus on the main reservoir sandstones of the Gassum Formation and the thick overlying Fjerritslev
Formation mudstone seal. The Gassum Formation of the Stenlille structure has been used for safe
storage of natural gas to consumers for more than 30 years. The Stenlille area has the most extensive
data base onshore Denmark with 20 wells, a 3D seismic survey and 2D seismic surveys. It is therefore
a key area for understanding the nearby Havnsg structure with less data coverage. The areas can be
connected using seismic correlation and both structures are structural 4-way closure traps at the
reservoir levels and are formed by the growth of an underlying salt pillow during mainly the Jurassic
time (Gregersen et al. 2023). The Gassum Formation and deeper sandstone successions could
potentially provide reservoirs for storage of CO,, and key horizons and successions are mapped and
the storage potential of the Gassum Formation has been estimated for both structures.

The regional mapping shows that the Gassum and Fjerritslev formations are widely distributed across
the region. In the Stenlille structure, details of the Gassum Formation sedimentary systems with
channels and progradation are revealed in 2D and 3D seismic data and wells. Such features are also
observed in 2D seismic data at the Havnse structure, where these also support the presence of sand-
prone sedimentary systems.
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The recent focus on the development of sustainable and low-carbon energy infrastructure in the North
Sea region has sparked renewed interest in the Norwegian-Danish Basin (NDB) and its potential for
CO2 storage. Stretching from the Southern Norwegian North Sea into the Danish sector and below
onshore Denmark, the NDB is characterised by a thick sedimentary package of late Palacozoic to
Cenozoic age. Large volumes of Zechstein salt occur throughout the basin, and salt tectonism
significantly influenced Mesozoic stratigraphic development. Earlier exploration for oil and gas has
proven successful in only small parts of the area due to the absence of mature source rocks and
hydrocarbon migration routes. However, the existence of several clastic storage units overlain by low-
permeable lithologies indicate promising conditions for CO2 storage. This has not gone unnoticed: as
of October 2023, the Danish Greensand Project has completed test injections into depleted Paleocene
oil reservoirs, while two CO2-storage licenses have been awarded in the Norwegian portion of the
basin. Previous investigations of the western, offshore part of the NDB have sought to evaluate its
overall storage potential (e.g. Halland et al., 2013). Still, the capacities of key units remain largely
unquantified, and there is a significant lack of stratigraphic correlation across the NO-DK sector
border.

Here, we present preliminary results from the new UiO:Energy & Environment project, CCNS. CCNS
aims to evaluate the general potential for CO2 storage in the western, offshore part of the NDB, and
provide a baseline for further research in the area. This includes updated analyses of the basin’s
structural development and “CO2-storage plays” from seismic and well data, as well an updated cross-
border stratigraphic scheme. Furthermore, the stratigraphy and structures of the NDB provide a great
opportunity for investigating the general conditions for CO2-storage in basins affected by salt
tectonism, e.g. regarding reservoir/seal distribution and seal integrity.
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Boliden Mineral AB has recently established a deep rock repository for the deposition of hazardous
waste at 350 m below the ground surface. Environmental permitting required assurance from ground
investigations and research that the repository system can limit leakage from the repository to a
maximum of 10 kg of cadmium and 10 g of mercury per year. An investigation strategy and site-
descriptive model was developed in the years 2008 — 2018 as a basis for an integrated assessment of
Ronnskir's suitability for a deep rock repository for the waste. The strategy was based on thorough
borehole investigations from the surface supplemented with extensive borehole investigations and
tunnel mapping during the construction phase of the ramp down to the storage level. Through active
design, the supplementary investigations during the construction phase were used to guide the ramp
towards a rock volume for the repository with suitable geological, hydrogeological and rock
mechanical properties. Guiding the establishment was the deterministic structural model of
deformation zones that was established successively during the investigations. This work, as well as
all other investigations, were summarized in a site descriptive model before the repository area was
chosen.

Before the storage area was built, a photogrammetric mapping methodology was developed to verify
that the rock conditions were in line with the models developed. The methodology utilized the
contractor's presence on site, which enabled engineering geologists to remotely map all tunnels and
mine halls, which reduced production time while documenting them in very high resolution for future
relational documents. The use of photogrammetry also had the advantage that the location descriptive
model of deformation zones could be verified with high accuracy. The results from the mapping were
also used as a basis for updated hydrogeological calculations to verify the site's suitability as a storage
volume.

The methodology utilized the contractor's on-site presence, enabling engineering geologists to
remotely map all tunnels and rock storage chambers, reducing production time while documenting
them in high resolution for future reference. The use of photogrammetry also had the advantage that
the site descriptive model of deformation zones could be verified with high accuracy. The mapping
results were also used as a basis for updated hydrogeological calculations to verify the site's suitability
as a storage.
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Understanding fluid flow characteristics within the crystalline bedrock is important for several
societally significant applications, including long-term safety of nuclear waste repositories or utilizing
geothermal energy. In regions characterized by low-porosity crystalline bedrocks, such as the
Fennoscandian Shield, fluid flow is primarily controlled by brittle deformation structures such as
faults and fractures. The development of the resulting fracture networks and their properties (including
topology, type and extent) are relatively well understood in 2D (e.g. Kim et al. 2004). However, less is
known about their 3D-character, with specific reference to the relationship between the fractures and
alteration, and their relevance on permeability. As brittle deformation is typically associated with
fluid-mediated mineral alteration, which can cause porosity and increase permeability of crystalline
bedrock, it is essential to understand the relationships between the different types of fault-associated
fractures and alteration patterns. We do know that healing and recrystallization may occur within the
core of fault zones, or cores can host impermeable clays, for which reason fluid migration occurs
preferentially along the fracture network within the damage zones (Caine et al. 2010). Some recent
works (e.g. Bischoff et al. submitted) have improved the understanding about mineral alteration and
the resulting porosity in crystalline rocks, but the relationship between the fracture networks and
mineral alteration in crystalline bedrock have received even less attention.

This investigation is part of a larger project that aims to provide improved understanding of the 3D-
architecture of faults and fault-associated fractures networks, thus the fluid flow pathways within
these. This study will contribute to the background information for the project through characterizing
the relationships between fault-associated fractures and hydrothermal alteration. In specific, we aim to
define: 1) the relationship between different types of alteration minerals and fractures, and ii) the
spatial distribution of alteration in 3 dimensions. New constraints on the above will reveal whether
specific zoning of alteration - associated with the distance from faults or fractures, or occurrence in a
specific type of damage zone - can be recognized. Furthermore, our study will provide insight into the
similarities and differences between the mechanical and hydrothermal influence of faults, which
eventually contributes to the understanding of fluid flow mode and localization within the faults and
their damage zones.

In this study, we used data and samples collected from five representative faults occurring in various
types of crystalline bedrock (mafic to felsic). The data includes high-resolution drone-derived
orthophotos, digitized fracture traces, maps of alteration domains, fracture orientation data with
detailed field photos, and ca. 1 m * 14 cm *14 cm triangular samples collected across the faults. The
modelling workflow involved standard 2D-characterization of fracture network data, from which we
progressed to 3D-characterization of the samples, which allowed making correlations between the
fracture network and alteration properties of the rocks.
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The energy and digital transitions require a large amount of mineral raw materials, some of which are
considered ‘critical’ by the European Union. These Critical Raw Materials (CRM) are predominantly
imported from non-European countries where environmental and ethical standards may be less strict
than in the EU. However, the EU has largely untapped resources at its disposal in geothermal fluids,
some of which contain significant amounts of CRMs.

The EU-funded CRM-geothermal project therefore proposes to combine the extraction of mineral raw
materials and geothermal heat, a renewable energy resource from the ground that is available 24 hours
per day. The technology solution developed by CRM-geothermal will thus help Europe fulfil the
strategic objectives of the EU Green Deal and the Agenda for Sustainable Development while
reducing dependency on imported CRM.

Although Critical Raw Materials are known to occur in geothermal fluids, there are still many
uncertainties concerning their occurrence in different geological settings and the sustainability of their
extraction. The actual extraction process is also a major challenge, requiring technology development.
The Horizon Europe-funded CRM-geothermal project therefore aims to:

e establish an overview of the potential for raw materials in geothermal fluids for a large range
of elements across the EU and third countries;

e determine the source of selected CRM, their mobility and potential for sustained extraction
from geothermal brines;

e develop and optimise innovative extraction technologies for selected CRM from geothermal
brines that can form a business case for European SMEs;

e assess the environmental-social-economic viability, create transparent and traceable value
chains, and foster ethical sourcing of CRM;

e demonstrate at a pilot site the extraction technology for at least one CRM at the scale of a
mini-plant and evaluate the system’s sustainability.

The combined extraction technology will support the European Union in developing a more resilient
and ethical CRM supply-chain from domestic sources, reducing its dependency on imports, which are
exposed to market and political risks. The proposed solution will also help to bridge the gap between
societal resistance to domestic raw materials extraction and increasing demand for raw materials that
are critical for the Twin Transition. Finally, the combined extraction of minerals and heat will also
increase the number of viable geothermal projects, fostering the green transition and diversifying
Europe’s energy portfolio.

CRM-geothermal is coordinated by the Helmholtz Zentrum Potsdam Deutsches
Geoforschungszentrum (GFZ) based in Potsdam, Germany. The research consortium consists of 20
partners, involving 14 EU-based and 6 associated partners from UK, Switzerland and Kenya, covering
academic and industry backgrounds.

CRM-geothermal is funded by the European Union. Views and opinions expressed are however those
of the author(s) only and do not necessarily reflect those of the European Union or CINEA. Neither
the European Union nor the granting authority can be held responsible for them.
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District heating powered by geothermal energy is an attractive idea. Contrary to a conventional heat
plant, a geothermal heat plant requires no fuel logistics and no chimneys in the city. Thus, the viability
for geothermal district heating in Gothenburg was investigated, initiated by Goteborg Energi. The
municipal district heating system in Gothenburg operates at a temperature of 120 °C during winter,
which we set as the minimum requirement for a geothermal reservoir temperature.

To investigate the potential for extraction of geothermal heat from the bedrock for district heating in
Gothenburg, we conducted a desktop study of the local lithosphere during 2020. The bedrock is
dominated by two suites of 1.6 and 1.56 Ga metamorphic granitoid gneisses as well as a 1.3 Ga suite
of granites that includes the actinide-rich RA Granite (“radioactive granite”).

The corrected heat flow density, measured in a 550-m-deep drillhole in the city, is 58.6 mW/m?
(Balling 1995). The calculated heat conductivity, based on average modal mineralogy, spans a range
of 2.47-3.62 W/mK. Assuming a mean conductivity of the upper crust between 2.7 and 3.3 W/mK
results in a mean calculated geothermal gradient between 17.2 and 21.3 °C/km (Angelbratt 2020).
Thus, we expected that the target temperature of 120 °C could be found at a depth of 5.3—6.6 km,
similar to St1’s Otaniemi geothermal pilot project in Finland, which at the time was still ongoing.

We chose the RA Granite as the focus of geothermal research since we expected it to have the highest
geothermal gradient with its mean heat production of 7 uW/m?. To model the geothermal gradient
more reliably, we had to acquire new data on the temperature of the bedrock. Thus, we decided to drill
to 1 km depth, to minimise the influence of recent climate on the temperatures measured at depth.

In 2021, the deepest drillhole in Vistra Gotaland, GE-1, was drilled vertically down into RA Granite
to a depth of 1 km. After resting, the temperature was logged down to the bottom of hole, resulting in
a mean geothermal gradient of 15 °C/km between 100—1000 m (Hogmalm et al. 2021). The
temperature curve could alternatively be interpreted to first stabilise on 17 °C/km at 100 m depth
before decreasing to 14.66 °C/km 5001000 m (Sjoqvist & Tillberg 2023).

A second hole, GE-2, was drilled in 2022 to 986.45 m depth with a -70° dip (vertical depth ~ 860 m),
to study fracture zones and to make a second measurement of the geothermal gradient, above the RA
Granite. The geothermal gradient is stable from 200 m depth and is on average 16.94 °C/km between
200-856.7 m. The rock quality was good in both drillholes. Fractures occur localised in narrow zones
separated by wider intersections of mostly unfractured crystalline rocks (Sjoqvist & Tillberg 2023).

We conclude that the RA Granite is not voluminous enough to raise the heat flow density significantly
above average conditions in the Nordic crust. According to our investigations, the Gothenburg area is
not prospective for high geothermal gradients (Hogmalm et al. 2021, Sjoqvist & Tillberg 2023).
Extrapolating the measured geothermal gradients, a geothermal reservoir with 120 °C would be found
at around 6.6 km depth, which is deeper than the failed Otaniemi geothermal pilot project. Therefore,
the idea of an economically viable enhanced geothermal system in Gothenburg has been suspended.

Research about geothermal district heating in Gothenburg has been discontinued since 2023.
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Oslo Airport City AS is planning a sustainable business park at Gardermoen, Norway, with energy
solutions delivered by Statkraft Varme AS. The business park is situated on Norway’s largest aquifer,
the ice-marginal Hauerseter delta deposit (~9700 years BP) (Longva & Thoresen 1989). Statkraft
Varme AS has engaged Norconsult AS to assess the local groundwater’s applicability as a heat sink.
The business park will be built stepwise, with an estimated peak cooling demand of ~5 MW in year
2036 (i.e., planned completion year of the business park).

The Gardermoen aquifer has been the subject of numerous hydrogeological studies, especially in the
periods immediately before, during and after the opening of Oslo Airport Gardermoen (OSL) in 1998.
Groundwater from the aquifer is already being utilized at numerous locations for heating and cooling of
buildings (e.g., the aquifer thermal energy storage (ATES) scheme at OSL). Previous studies have
shown that groundwater with high iron and manganese concentrations (i.e., high clogging risk) can be
expected at greater depths in the aquifer.

Therefore, the focus of Norconsult’s assignment was to find suitable well locations within the designated
study area, with regards to...

(1) well capacity (i.e., to cover the estimated high cooling demand)
(2) groundwater quality (i.e., low iron and manganese concentrations), and

Hydrogeological field investigations were carried out in May-June 2023, comprising test drillings with
sediment sampling for grain-size distributions, water quality field measurements and sampling, and
pumping tests of test wells. Based on results from these investigations, the location, design and
dimensioning of two full-scale wells and a test infiltration basin were carried out. The full-scale wells
and infiltration basin were established in September-October 2023, and subsequently test-pumped.

The investigations have revealed...

(1) groundwater with low iron and manganese concentrations in shallow parts of the aquifer within
the study area, and

(2) considerable variations in (expected) well capacities due to variations in the aquifer’s sediment
composition horizontally and vertically.

This has led to recommendations of establishing production wells with well screens located in the
shallower part of the aquifer. This means groundwater drawdown (s), which should not be below the
top of the pumping well screen, will be a limiting factor for the groundwater extraction capacity (Q).
Thus, production wells should be established in the coarse-grained parts of the aquifer, where the
specific well capacity (QO/s) will be higher.

Further work will comprise testing of infiltration capacity by means of basin vs. injection well(s),
possible hydraulic advantages of placing intake below the top of the well screen. This will lead to
recommendations for future design and development of Statkraft Varme AS’ groundwater cooling
scheme at Oslo Airport City, Gardermoen.

The authors would also like to underscore that the project’s duration and its step-by-step approach to
developing the area, lends itself to incremental improvements in methodology and energy solutions.
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Abstract

Geomorphological mass movements are projected to increase as the local climate changes in the
Arctic, following global climate change. This poses a threat to Arctic settlements, as these movements
may disturb and threaten infrastructure and people. Longyearbyen, Svalbard, has experienced these
changes firsthand, as three major mass movement events occurred in close succession following a
change in climate and environmental conditions. These events were previously unprecedented at this
scale, and previous studies on mass movement events in the Longyear Valley have been sparse. This
study aims to fill in some of the existing knowledge gaps by identifying what geomorphological
activities exist within the valley and how the society of Longyearbyen has adapted in response to
current and future projections. This is done by comparing aerial images from 1936, 2008, and 2014,
digital elevation models from 2008 and 2018, NIR data from 2008, and ground truth imagery during
an excursion in May 2023. These comparisons enable observation and analysis regarding
geomorphological activities, changes to infrastructure, and the ability to assess avalanche conditions in
connection to infrastructure. The results indicate that several measures have been taken within the
town in response to previous and future projected events, as it is continuously densifying as a
recreational town. Several geomorphological activities have additionally been identified within the
valley, with a strong presence of colluvial fans caused by cornice falls.
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The destabilization of alpine rock walls in the light of ongoing climate change has been linked to
processes such as permafrost thaw (Penna et al., 2022), extreme precipitation (Stoffel and Huggel,
2012), and effects tied to deglaciation (McColl, 2012). Glacial retreat and thinning expose rock walls
to atmospheric erosional factors, affect the surrounding ground water and reduce the load and
buttressing from the slope. We quantify the destabilizing effect of glacial thinning on an unstable
mountain slope in SE Iceland, where an extensive fracture network has appeared in the 2000s during a
period of rapid glacial thinning (Ben-Yehoshua et al. 2023). In our model, we consider the glacial
changes since the Little Ice Age and future scenarios resulting in complete removal of the currently
500 m thick glacier. The resulting reduced factor of safety is a function of ice volume loss and bed
topography over time between scenarios. Even though the effects of deglaciation alone might not be
sufficient to lead to slope failure, they increase shear stresses within the slope which can affect
inherent structural weaknesses, as well as increase the vulnerability to seismic triggering, extreme
precipitation, and other destabilizing processes.
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Large Rock slopes failures (Landslides) are common in the oldest part of the Icelandic bedrock,
particularly in the Central North, East and Northwest Iceland, which is dominated by relative
homogenous Tertiary flood basalts and occasional extinct central volcanoes. The central volcanoes
cause regional disturbance and irregularities in the regular Icelandic flood basalt pile due to volcanic
and tectonic activity during their eruption time. They have also been the source of fine-grained acidic
tuffs and tephras in sedimentary horizons within the flood basalt pile. The acidic tuffs have been
chemically altered into material rich in clay minerals. Some of these minerals have the capabilities to
expanded and become slippery when in contact with water. During Quaternary glaciations these parts
of Iceland have been deeply eroded with high and steep valley sides, exposing relatively weak and
irregular bedrocks of extinct Tertiary central volcanos. Consequently, rock slope failures are by far
more widespread in these parts of Iceland, with e.g. several hundreds of them occurring in Central
North Iceland but also the largest landslides in Iceland, some of them measuring tens of millions m’.

Large rock slopes failures have yet only been briefly studied in Iceland, but in general the theory is
that many of these features have formed shortly after deglaciation and withdrawal of glacier
debuttressing of the slopes. Despite this assumption, morphology of landslides and their vegetation
cover varies greatly from from one landslide to another. Incomplete studies of soil formation and
tephrochronology suggest that most large rock slope failures are of Early Holocene age, while quite a
number of them are thought to be of Middle Holocene age. Some landslides, particularly the smaller
ones, are known to be of Late Holocene age.

Common for all previously glaciated parts of Iceland, is a combination of post-glacial debuttressing
and erosional undercutting which closely links the large rock slopes failures with the last deglaciation.
Furthermore, it is hypothesized that crustal deformation, related to glacio-isostatic adjustment, which
was particularly vigorous in Iceland at that time, may also have played an important role in triggering
these large rock slope failures, as well as the weak clay rich horizons in the bedrock. Ground thermal
conditions and changes in ground water conditions are also believed to be an important aspect of rock
slope stability in areas of Alpine settings. Thus, the degradation of permafrost during the Holocene
thermal optimum may also have contributed to a phase of widespread landslides in Iceland. It is
unknown how many of these slope failures can be classified a result of a deep seated gravitational
slope deformation. Additionally, seismic activity in some parts of Iceland may also have led to large
rock slope failure. A combination of all these aspects is likely to have played a role in triggering large
rock slope failures in Iceland. Improved chronology with more direct dating of these features is very
much needed for a better understanding of the mechanism behind their failure and age.
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Discontinuous permafrost is prevalent in most mountainous regions around the globe (e.g., Obu et al.,
2019). In periglacial territories, ice provides the “cement” that holds many mountain slopes in place.
In the context of the increase of global mean temperatures, permafrost environments are experiencing
unprecedented warming that is resulting in failures of mountain slopes (e.g., Draebing et al., 2014).
These failures often mobilise permafrost materials, which can manifest as frozen blocks of loose
debris or poorly lithified bedrock. These blocks come to rest within or proximal to the landslide
deposits and degrade into permafrost molards, which are conical mounds of loose debris (e.g., Morino
et al., 2019). In addition, such landslides can have unexpected complex behaviours and long runout
due to the inclusion of ice and water into the sliding mass (e.g., Morino et al., 2021; Roberti et al.,
2017). In a project funded by the French Scientific Research Council (ANR), we have been
investigating the formation of molards via field observation and analogue laboratory experiments
(Philippe et al., 2023) to gain insight into the range of materials that can produce molards and the
factors that control their final shape. In parallel, we have been using topographic data in combination
with temperature logger data (from field deployments) as inputs into a thermal model to understand
the permafrost conditions preceding such mass wasting events. This is giving us insights into the
conditioning factors that lead to such events. Using satellite data, we have compiled a database of 39
landslides with candidate permafrost molards from around the world, which is giving us insights into
the types of terrain, lithologies and permafrost conditions that favour these types of mass movement.
As a final strand to this project, we have begun to investigate how the distribution of molards in the
landslide deposits can provide additional information on the landslide dynamics, which in turn helps
us to better understand the role of ice and water in the mobility of these landslides. In this
presentation, we will summarise the key results of this project, showing examples from Nordic
countries and outline key avenues for future research.
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A comprehensive GIS-based slope processes inventory was conducted along the caldera rim of the
central volcano Torfajokull using aerial photographs ranging from 1958 to 2022. This volcanic
complex, situated at an elevation of 1200 m above sea level, is the largest silicic formation in Iceland,
spanning an approximate area of 450 km?. Given the absence of prior landslides investigations in this
Icelandic region, this study has crucial significance. The context of changing climate conditions and
the resultant extreme weather patterns in Iceland have been increasingly instigating slope failures.
Addressing this concern, the study documents landslides events around Torfajokull, a region of
ecological significance and a tourist destination featuring the Laugavegur hiking route and other
visitor facilities. This study examines the distinct slope processes categories as delineated by Varnes
(1978), and later by Hungr et al. (2014), alongside the exploration of Torfajokull's geological and
seismic dynamics. The thesis presents an exhaustive analysis of sixteen slope deformations within the
caldera vicinity where the diverse failure types, their triggering mechanisms, and intriguing patterns
are presented within the context of geological dynamics. The observed slope processes encompass
nine slow-moving slides, three retrogressive slides, five rock avalanches, one rockslide, five rotational
slides, four block slides, and three slump patterns. The analysis suggests that two events were
triggered in 1958, one in 1973, seven in 1979, three in 1999, two in 2013 and one in 2020. The failures
progressed over time from 7 to 62 years, but none seem to be ongoing since 2020. This inventory aims
to discover pattern in the development of landslides which could help for future studies around similar
volcanic regions.
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Shorelines in steep glaciated terrain are focal points for development and can provide important
natural corridors for transport (e.g., road, rail). However, the steep subaqueous slopes at nearshore
sites present challenging ground conditions, and it is only in recent decades that acquisition of
continuous high-resolution bathymetric datasets has become available to inform investigations. This
work investigates a site in Loch Lomond, Scotland, where a reported displacement of 15,000 m?® of
rock fill occurred during the construction of a shoreline embankment as part of improvement work on
a strategic road in the 1980s. We revisit the area using recently collected multibeam swath
bathymetry, shallow sub-bottom seismic data and geomorphological mapping, as well borehole logs
from the original ground investigation. These data suggest that the displacement of rockfill initiated a
sequence of subaqueous landslides incorporating a total volume of up to 95,000m>. The bathymetric
and seismic data also provide strong evidence for older subaqueous landslide activity across the area,
suggesting a pre-existing susceptibility. The research demonstrates the value of nearshore geophysical
datasets in steep glaciated terrain, both for understanding geomorphological response to past shoreline
modifications and as part of investigations where future developments (e.g., transport, energy
infrastructure) are planned.
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In general, landslides show various characteristics of spatio-temporal distribution of movement.
Episodic movements are often connected to seasonal changes in precipitation. The
Tungnakvislarjokull landslide is located above the Tungnakvislarjokull outlet glacier on the west flank
of the Katla Volcano, which again is overlain by the Myrdalsjokull ice cap in South Iceland. The
landslide is a deep-seated gravitational slope deformation with a rotational movement. It has an
approximately 1.5 km long head scarp. The downward deformation has been approximately 200 m in
the past 70 years. The landslide is buttressed by the Tungnakvislarjokull outlet glacier, which retreat
promotes failure of the hillslope. Active volcanic structures, such as a growing cryptodome, have also
been proposed to affect the landslide movement. The landslide subsided fastest in the early 2000s.
Here we constrain further the temporal history of landslide motion using Synthetic Aperture Radar
(SAR) data pixel tracking. The SAR pixel tracking shows a clear slow-down in 2011, coinciding with
a decrease in seismicity. Two continuously recording GNSS instruments were installed in 2019 and
2020 in the landslide. The GNSS stations show movements of several decimeters per year, with most
movement confined to late summer and fall each year. The lower GNSS station of the two has
recorded several distinct instantaneous offsets of 5-15 cm each time. These "jerk-like" offsets are
sometimes accompanied by regionally located seismic events occurring within seconds of the offsets.
The upper station, however, moves more continuously. The landslide region experiences heavy rain in
the fall season, however, there are also periods of intense rainfall in the spring when little movement is
observed. One possibility explaining the lack of motion in the spring time that frozen surface layers in
spring to mid-summer may hinder precipitation from entering the landslide mass. The continuous low-
cost GNSS observations complement spatially dense deformation techniques, such as using InSAR,
differential DEM, and feature/SAR pixel tracking.
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A combined morphological and sedimentological study of the Alta area reveals a fjord-valley
landscape affected by several landslide events and a possible tsunami. The investigations presented
here are part of an ongoing Quaternary mapping project, combined with a research project on acid
sulfate soils. The work involves the study of landforms from fieldwork and LiDAR data, and of
sediments through logging of sections and cores, and the collection of samples for radiocarbon dating.
Subsurface structures are studied through geophysical techniques, including GPR and marine seismics
(TOPAS). Large landslide pits in fjord-marine clays (possibly up to more than 25 million m*) and
associated landslide deposits testify to dramatic, pre-historic failures along the Altaelva and Tverrelva
rivers. Radiocarbon dating of organic material from one major pit at Alta prestegérd gave a minimum
age for the landslide event of around 2000 cal. years BP. A landslide scar in fjord-marine deposits
with a backscarp up to 15 m high and a volume of at least 250.000 m?is also present along the
shoreline at the UNESCO World Heritage rock art site at Hiemmeluft. In addition, a few landslide-like
pits with smooth and gently curved backscarps facing Altafjorden have been identified at Bossekop.
The associated debris have been mapped on the adjacent sea floor at both locations. Considering the
widespread landslide activity and estimated ages of the landslide events, they must have affected
people living in the area during the Holocene. In addition, sedimentological and morphological
evidence of a possible Mid Holocene tsunami has been discovered. Radiocarbon dating of wood
fragments in sandy deposits suggest that the event occurred close to 5 ka cal. years BP.
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The unstable rock slope Skutshorn is a slow-moving rockslide with a volume of at least 7 million m?.
It is situated above lake Vangsmjese in Innlandet county, Norway. The lithology of the rockslide is
characterised by arkose and quartzite of the Valdres sparagmite nappe. The rockslide is positioned at
the lower limit of this nappe. In the lower part of the mountain are these competent rocks underlain by
more ductile phyllite rocks of the Vangs nappe. The back scarp is well developed along subvertical
joint sets with very high persistence. This back scarp limits the slide to the top but also to much less
defined rocks to the NW. The SW lateral flank is free as it is truncated by a tributary valley to the
main valley that hosts lake Vangsmjese. The upper sliding surface coincides with the schistosity that
is in this part of the slope less folded and acts as a planar sliding surface or it can act in combination
with several joint sets as one of the surfaces of a wedge slide. The foliation is folded towards the front
of the slide body where average dip angles of the foliation are on average steeper than in the upper
part of the rockslide. The foliation is vertical at the foot of the slide body. Here the basal sliding
surface is interpreted to be the thrust separating the Valdres sparagmite nappe from the Vangs nappe,
however outcrops of a daylighting structure or the thrust fold do not exist on that slope section that is
covered in scree.

We have dGNSS data of installed measurement bolts (installed in 2018 and 2020 and last measured in
2022), satellite based InSAR for the past 8 years and GB-InSAR deformation data (collected in 2019
and 2020) for this slope. While the dGNSS data, and satellite based InSAR data are from the upper
rockslide body that are accessible by helicopter or are in line of sight from the satellite do the GB-
InSAR data better cover the frontal part. The deformation rates vary between 1 and 4 cm/yr and data
mimic the structural conditions; in the upper parts of the rockslide, the movement vector is parallel to
the dip of the foliation plane, while in the folded lower parts, the movement vector is steeper,
corresponding to the dip of the foliation. The velocities are in general highest in the upper parts,
decreasing down slope. In areas where the sliding surface in the upper part of the rockslide is exposed
by rock fall do the GB InSAR data suggest that indeed no deformation takes place below that surface.

The underlying phyllites along lake Vangsmjese also show deformation. This is slower than in the
rockslide body and more diffusive, however also more difficult to measure as the foot is covered by
extensive scree deposits. It is possible that this deformation is part of the upper rockslide, however
electric resistivity tomography analysis in the lower part did not reveal any sliding surface within the
phyllite. This is supported by the lack of geomorphological features showing deformation below the
lake level on the newly collected bathymetric. Thus, we favour the interpretation that the deformation
in the phyllite is local and detached from the main rockslide body.

The scree deposit at the foot of the instability is morphologically connected to a pronounced niche
within the slide body at its SE flank exposing the basal slide surface parallel to schistosity. Today,
most rock falls source from that niche; it stretches up in the slide body towards the upper part with the
highest deformation rates. Be-10 surface exposure ages from multiple boulders from the scree vary
strongly laterally and in time, suggesting that the scree was build up by continuous rock fall activity
over a long time span rather than as one sudden failure from the niche. Rock fall activity is thus
battling against rock strength in the foot of the instability to “eat up” the unstable rock slope.

The unstable rock slope has a high likelihood of failure following the Norwegian hazard and risk
classification (Hermanns et al. 2012) and the population exposed to a displacement wave in lake

86  36th Nordic Geological Winter Meeting & Goéteborg 2024



SESSION 4 e SLOPE STABILITY, LANDSLIDES/AVALNCHES AND THEIR SECONDARY EFFECTS

Rock slope instability along the Isfjorden coastline and the impact of
climate warming

Dirk Kuhn?, Reginald L. HermannsP, Michael Fuchs?, Nick Schiler2, Jewgenij Torizin2, Juditha Aga®,
Jacob BendleP, Marie BredalP and Dirk Balzer2

aSub-Department 4.4 Geo-Hazard Assessment, Remote Sensing, Federal Institute for Geosciences and Natural Resources
(BGR), Hannover, Germany, dirk.kuhn@bgr.de; °Geological Survey of Norway, Trondheim, Norway,
reginald.hermanns@ngu.no; “Department of Geosciences, University of Oslo (UiO), Oslo, Norway, juditha.aga@geo.uio.no

The archipelago of Svalbard is one of the fastest warming arctic regions. The mean annual temperature
at Svalbard Airport increased by 3.7 °C during the last 118 years, which is about three times the
estimated global warming during the same period. This rapid rise in temperature, combined with
negligible human influence, makes Svalbard an ideal laboratory to study the relationship between
mass movements and climate warming.

For this purpose, two study areas, the west-facing Forkastningsfjellet and the east-facing slopes of
Garmaksla were selected, both characterized by postglacial landslide activity but differing in terms of
litho-structural setting, deformation history and slope exposition.

Field mapping, GPS- and temperature measurements and bathymetrical surveys were performed to
reveal the controlling factors and deformation mechanisms that drive the rock slope instabilities.
Successive UAV surveys acquired between 2019 and 2023 document the spatio-temporal development
of the landscape.

A 175.000 m* rockslide affected the coastal cliff of Forkastningsfjellet in August 2016 and concluded
an 80-year period of relative stability along this coastline. A back-analysis of the rock slide revealed
that slope instability initiated along a pre-existing listric block fault that was inherited from the
postglacial Forkastningsfjellet rock slide. Slope failure was attributed to a strength decrease of weak
Jurassic shales, permafrost degradation and increasing water pressures. Since then, rapid surface
alterations could be documented.

Thermokarst settlements, sinkhole and subsurface channel formation in combination with redirection
of surface water runoff finally lead to a second rock slide event (volume ~500.000 m?) in November
2022. dGPS data revealed the highest displacement velocities on the block that failed and acceleration
was detected on that block the year before. Drone-based visual observation of the main scarp
documents the cryogenic-structural setting and evidences thermo-erosional gullying and permafrost
thaw governing rock mass dilation and slope failure.

The east-facing slope of Garmaksla at the western margin of Billefjorden is also characterized by a
huge postglacial rock mass instability, which affected a strong sandstone/mudstone and overlying
limestone/dolomite sequence of Devonian-Permian age.

The rock slide is delimited to the west by the Balliolbreen Fault, an important pre-existing fault that
accommodated multi-phase deformation since Devonian time and served as the main rupture surface.
It is explained by a compound rock slide model in which displacement is governed along shallow out-
of-slope dipping bedding planes and weakness zones.

During the observation period, the area showed no signs of reactivation processes of large slide
blocks, surface runoff or seepage spilling out of the coastal cliff was not observed. However,
thermokarst structures and ALDs were first noticed on the water-saturated northern slopes of the
rockslide area in summer 2023, demonstrating permafrost thaw and an increase in the active layer
thickness as well.

The findings in both landslide areas show that unfavourable litho-structural settings and climate
warming correlated permafrost thaw and increasing water availability are likely first order controls on
the stability of the rock slopes. With regard to Forkastningsfjellet, it can be predicted that the coastal
blocks will be affected by accelerating rock slide activity.

For future research and to better understand the effects of climate warming on landslide activity, it
would be helpful to initiate a long-term monitoring project that collects and evaluates future landslide

activity along the Isfjorden.
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Catastrophic rock slope failures pose great threats to life and property, but remain difficult to predict.
Over the past decades, great efforts have been devoted to develop and deploy high-precision
monitoring technologies to observe unstable rock slope movements. However, only a limited number
of large rock slope failures have been so far successfully mitigated. Here, we present a novel
predictive framework that can quantitatively assess the slope failure potential in real time (Lei et al.
2023). Our method builds upon the physics of extreme events in natural systems: the extremes so-
called “dragon-kings” (e.g. slope tertiary creeps prior to failure) exhibit statistically different
properties than other less intense deformations (e.g. slope secondary creeps) (Lei & Sornette 2023).
We develop robust statistical tools to detect the emergence of dragon-kings during rockslide evolution,
with the secondary-to-tertiary creep transition quantitatively captured. We also construct a phase
diagram characterising the detectability of dragon-kings against “black-swans” and informing on
whether the slope evolves towards a catastrophic or slow landslide. We test our method on real
datasets, demonstrating how it might have been used to forecast the catastrophic rockslide events at
Preonzo (Switzerland) and Veslemannen (Norway). Our method, superior to the conventional velocity
threshold approach, can considerably reduce the number of false alarms and identify with high
confidence the presence of true hazards of catastrophic rock slope failures. Our work adds a new
conceptual framework and operational methodology with a significant potential to reduce landslide
risks and support existing early warning systems.
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The Stenungsund Clay Landslide north of Gothenburg: When the main
artery between Oslo and continental Europe (E6) was torn apart
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At 1:45 AM on 23 September 2023, alarm reports broadcast that European Route 6 (E6) had
disappeared and cars driving over a new scarp in the road and into the dark. When the rescue operation
was called off the following morning, it was fortunately concluded that no one was killed or severely
injured. Three cars had gone over the edge, a bus and several cars had accidents or had became
stranded on broken off segments of the highway. The entire E6 had slid over 50 horizontal meters, a
fast-food restaurant was collapsed, a gas station had moved and its buildings deformed, a hardware
store was affected, a few other roads were torn apart, a stream rich in fish and other biological values
was dammed up, district-heating pipes were broken, and more.

This region in western Sweden is known for instable clays deposited initially in marine water, but
following deglaciation were later isostatically uplifted. The terrestrial position of these clays makes
them favorable for leaching of salt from the clay, transforming it to ‘quick clay’. Additionally, post-
glacial transgressions may cause the clay to have more organic rich layers which can contribute to its
instability.

In this presentation, geologic setting, stratigraphy, and recent landscape changes of the Stenungsund
landslide is discussed. Recent human activity at the site (blasting, fill material, buildings) may have
played an important role in the slide event. Some historical and paleo clay landslides from the region
are also compared. In order to optimize the prevention of slides in the future we need to increase our
knowledge and understanding of how landslide hazards can vary in space and time from a geologic
perspective.
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Landslides are worldwide geohazards that are likely to increase in the future. Landslide occurrences
have been prone in nearshore slopes of high latitude areas of Alaska, Canada, Norway, Greenland,
Iceland and the Faroe Islands. Alone in Greenland, over 560 landslides have been mapped based on
observations from remotely sensed imagery, and geological maps. The nearshore sedimentary record
preserves the deposits of historical and paleo-landslides from coastal slopes in the form of mass
transport deposits (MTDs). A unique archive of geophysical and geological data was obtained in the
nearshore of Karrat Fjord and Vaigat Strait during 2019 and 2021 GEUS expeditions, which aimed to
image and sample MTDs related to past occurrences of landslides under the broader Fjeldskreds
project. Hence, morpho-structural and seismic-stratigraphic analyses have been performed on >4000
km of high resolution seismic, sub-bottom, and bathymetry data resulting in detailed mapping of the
MTDs embedded in the sedimentary records of Karrat Fjord and Vaigat Strait. Besides, ~80 m of
sediments recovered in 30 cores have been scanned providing information about the lithology and
composition of the uppermost sediments (~6 m), i.e., the last ~10 ka based on sparse *C dating.
Preliminary results of these analyses show spatial and temporal variability in the occurrence of
landslides. The distribution and recurrence of MTDs across the stratigraphic succession infers that
landslides have occurred in Karrat Fjord and Vaigat Strait in the recent geological past, since at least
the last glacial maximum. The estimated sediment volumes of buried paleo-landslides (1-8 km®) are in
an order of magnitude larger than those of historical landslides documented along the slopes (43-50
million m?®). However, further investigation is required to assess the preconditioning factors and
triggers of these mega-landslides.
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Recent surficial deposits mapping in west central Sweden conducted by the Geological Survey of
Sweden has identified traces of debris flows in the landscape both in the Are area and the surrounding
mountainous region. The assumption is that debris flows have been an efficient geologic agent
throughout the time that has passed since deglaciation (e.g., the Holocene).

Debris flows are a mixture of water, sediment, and debris that is mobilized and flows downhill, with
considerable damage to infrastructure in their way. The trigger is often high precipitation on
susceptible slopes and deposits. Increased precipitation in a changing climate is assumed to, if all other
parameters are steady, produce more frequent debris flow events.

Over the last 30 years, the village of Are has been affected by debris flows at least five times. The
mountains in west-central Sweden have been classified as an area of increased risk in a changing
climate by the Swedish Civil Contingencies Agency (MSB). The township of Are has over the years
constructed two sediment dams along the most frequently affected stream as well as strengthened the
channel walls through the village.

A severe storm, called Hans, affected large parts of Scandinavia during August 2023. The storm
delivered large amounts of precipitation across much of Sweden. In Are, this was particularly true, and
after many days of rainy weather a debris flow occurred on the seventh of August.

In the days following the debris flow, the channel of Mérviksan was investigated, and areas with
erosion and deposition of sediment were noted. By studying the location where these processes were
active as well as aerial photographs to discriminate older scars and detailed elevation models it was
possible to reconstruct the debris flow event (Peterson Becher, 2023).

The village of Are lies on a fan composed of Holocene aged debris flow sediments, which is dissected
by Mérsviksén, a stream. Morviksan drains a 4.5 km? catchment, with a relief of around 1000 meters.
The catchment’s upper parts are primarily above treeline and mainly consist of bedrock and thin or
discontinuous layers of till or peat. The lower part of the catchment, however, is covered by thick
deposits of silty or clayey till, susceptible to mobilization in a debris flow.

The catchment, with its large upper area, funneled the precipitation into the pre-existing ravines
eroded into till. In the upper stretches of the ravines, erosion was common, but as the slope of the
channel decreased erosion ceased. Nevertheless, the debris flow had already formed. Two sediment
dams exist along the channel of Mdrsviksén. The upper dam stopped boulders and tree trunks, but
much of the debris flow continued. This led to further erosion and filling of the lower dam with
sediment. Once the lower dam was filled, the debris flow diverged into a new channel, which led to
subsequent erosion. Although the energy of the debris flow was most likely reduced by the dams, the
debris flow continued into the village and clogged a bridge with debris, consequently leading to
flooding of the central parts of the village until a new channel formed.

Understanding the geological processes involved, and the precipitation thresholds needed, is crucial to
inform us of the susceptibility and risks connected to infrastructure, buildings, and community.
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With a change of conditions for rock slopes following a changing climate, understanding the past
behavior of big rock slope failures is essential to predict potential future events. An understanding of
how and when rock slopes failed in the past is therefore of great importance. The most widespread
method to date rock slope failure deposits is the cosmogenic nuclide exposure age method. However,
this method is both time consuming and expensive. Therefore, alternative methods of dating rock
slope failures have been developed. One of these includes the use of a Schmidt hammer to create a
local and relative calibration curve based on local reference deposits of a known age. The Schmidt
hammer was originally created to test the quality and hardness of concrete. It was discovered that it
also had the potential to determine the hardness and thereby the degree of weathering of rocks. To
determine the age of rock slope failures the hammer will be used on their deposits. The hardness of the
rock will give an indication of how long it has been exposed and by assuming a linear weathering rate,
their age can be estimated.

The method contains large uncertainties as there are a lot of factors that may affect rebound value
obtained from the hammer. This includes variance in lithology, uneven surfaces, temperature
variations etc. The aim of this project is to test the Schmidt hammer dating method with a large
amount of data to determine the precision of the method. Some of the tested deposits will be already
dated surfaces to see the difference compared to cosmogenic nuclide dating. Further on, the results
will be used for a time/frequency analysis supported by a kinematic analysis based on remote sensing
data to see if a possible change in post glacial rockslide volumes and timing is accompanied by a
change in failure mechanisms. Early results in the study are expected by November 2023 and will be
presented.
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Since the Siglufjardarvegur road, in the Almenningar area in central North Iceland, was constructed in
1968 extensive damages have occurred on and along the road, often causing hazardous conditions.
The road crosses three landslides on a 6 km along the coastal area on the eastern side of the
Trollaskagi Peninsula. All of these landslides show clear indications of movement. In 1977 the
Icelandic Road and Coastal Administration began to monitor the deformation. In the beginning the
measurements were achieved with several years interval, but over the last decades yearly
measurements have been performed. In the year 2022, nine GNSS stations were installed along the
road and a rain gauge was also installed in the area. This installation gives us for the first time the
possibility of 24/7 monitoring on the displacements and a direct connection to weather variations,
such as temperature variation and precipitation. The dataset, which spans now over 45 years, gives us
a unique opportunity to correlate the displacements to external factors. Written source of deformation
in the area dates back to 1916 and since then more than 50 movement events have been registered
affecting the road.

Recent studies of the movement of the whole landslides masses, both using “feature tracking” and
InSAR shows clearly that the whole landslide areas show signs of movement, but of different rate and
the movement occurs on different parts of the landslides masses between years.

Our studies show that the highest movement rate takes place along the frontal parts of the landslide
masses and that the movement is strongly related to both weather variations, e.g. precipitation and
snowmelt and also to coastal erosion.

Extensive damages occur on this part of Siglufjorour road every year, often causing hazardous
condition, which makes the prospect for the road not bright.
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In early July 2023, a rock section named Block4A failed catastrophically from the unstable rock slope
Stampa in Western Norway. In this contribution, we present continuous multi-sensor monitoring data
since 2019, provide a timeline of the event chain, and share our experiences with early warning and
the handling of the situation by responsible authorities.

Block4A was part of a near vertical cliff situated ca. 725-825 m above the European route E16, which
runs along Aurlandsfjord. It consisted of a ca. 5,000 m?* large rock column resting on a highly
fractured base, adding to a total volume of up to 50,000 m*. The Norwegian Water Resources and
Energy Directorate (NVE) identified relatively high deformation rates at Block4A during their InNSAR
monitoring program in the area. From 2019 onwards, we supplemented the existing monitoring system
by several different sensors which made Block 4A probably one of the best monitored unstable rock
sections in Norway.

Movement at Block4A from 2019 t02022 was characterized by acceleration phases during late
springs/early summers and autumns, relatively low and stable displacement rates during summers and
very low to zero displacement during winter. This displacement pattern was clearly influenced by
meteorological factors. Rising temperatures combined with thawing ice in rock fractures and enhanced
water infiltration due to snowmelt in spring/early summer caused acceleration, whereas drainage
combined with reduced water infiltration led to slowing down of the movement. Similarly, high-water
infiltration by increased precipitation in addition to high ground temperatures in autumn caused
acceleration, whereas winter conditions with temperatures below 0°C had a stabilizing effect. In
autumn 2022, Block4A accelerated exponentially until cold air temperatures from the beginning of
September completely stabilized the system. End of May 2023, Block 4A started moving again,
accellerated and reached velocities of up to 0,1 m h'! by June 30", Between July 1" and July 3rd,
Block4A disintegrated and failed in two main stages: (1) After two days of exponentially increasing
movement rates and enhanced rockfall activity, ca. 9,000 m* detached from the fractured lower base
on July 1%, While most of the debris was deposited high up on the slope, one large boulder with a
diameter of ca. 10 m travelled all the way down to the fjord, damaging a power line and the road E16.
By this time, guards of the Norwegian Public Roads Administration (SVV) followed the situation
closely on either side of the affected road section and immediately closed the road. As a consequence,
five houses situated at the toe of the slope, though more than 500 m away from the runout zone, were
evacuated. (2) On July 3rd, most of the remaining unstable rock volume of ca. 30,000 m? including the
rest of the base and the rock column of Block4A collapsed. The debris was deposited in the upper part
of the slope despite the larger volume and the much larger drop height, compared to stage 1.
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On September 17", 2023 GEUS received notice from the police in Greenland that a tsunami had been
observed in the national park in Northeast Greenland. A seismic signal was identified indicating a rock
avalanche had taken place on the 16™ and mapping of tsunami runup in satellite images from after the
event traced the source of the tsunami to Dickson Fjord. The Arctic Command of the Danish Military
sent a surveillance flight and boat to examine the site and their photos in addition to satellite images
allowed us to make a preliminary reconstruction of the event: A mountain peak had collapsed into a
narrow gully with a glacier in it. The combined mass of bedrock and glacier ice had continued down
the gully into the fjord as a rock and ice avalanche producing the tsunami. The work was undertaken
in a large and rapidly assembled international multidisciplinary scientific working group. The event
raises many questions about this type of threat to Arctic coastal areas.
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Arctic regions are warming at more than double the global average rate, causing significant glacier
retreat and changing hydrologic patterns. Much of this meltwater is stored in proglacial lakes at outlet
glaciers, which can drain in outburst floods if a mass movement event such as a rockfall or landslide
enters the lake. Many of these lakes form in overdeepened basins, which can store large volumes of
meltwater and contain steep valley walls that may be prone to paraglacial slope failures. Moreover,
many lakes are upstream of infrastructure, communities, and tourism sites, resulting in a high potential
societal impact in the event of a flood. This process is a well-documented trigger of floods in glacial
regions across the world, but it remains understudied in Iceland. However, several large rockfalls have
fallen onto Icelandic glaciers in the past decades and may enter lakes in future as ice retreat and lake
expansion continue.

We investigate this emerging hazard by mapping proglacial lake evolution and evaluating outburst
flood risk in southeast Iceland. This presentation focuses on the proglacial lake at Fjallsjokull, an
outlet glacier of the Vatnajokull ice cap, which features many of these risk factors. First, we present
results of a multibeam sonar bathymetric survey and report lake volume changes from 1945 to 2021.
We then estimate future lake extent and volume based on basin topography and glacier dynamics.
Finally, we identify potential source areas of slope failures and postulate scenarios of mass movement-
triggered outburst floods in the lake. These results lay the foundation for future work on flood
modeling and hazard planning to mitigate impacts on communities, infrastructure, and tourism at
Fjallsjokull. This project also serves as an excellent pilot study for this emerging hazard in Iceland and
has significant potential for application to proglacial lakes in other Arctic and alpine regions.
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Fluvial and glaciofluvial deposits are common in Norwegian valleys and hold the country’s most
important sand and gravel resources. These deposits are relatively large in volume and are often suitable
for aggregate excavation and for groundwater extraction. Increased understanding of the spatial
distribution of sediments (and bedrock) and groundwater within an area can give a foundation for use
of local resources as part of sustainable development. Bemoen Plus Village is a holistic and
comprehensive research project focused on the development of a new village, consisting of residential
and industrial areas. The aim is to achieve self-sufficiency in energy, water, and aggregates using the
local geological resources. The study site, Bemoen (~2 km?) and Bjerkemoen (~1 km?) in Voss, Western
Norway, is a glaciofluvial deposit divided by the river Raundalselvi.

A key aspect for the project is resource mapping and development of the area based on geological
understanding. The initial phase of the investigation involved a comprehensive study of the area's
geology and hydrogeology. This included Quaternary mapping, GPR subsurface profiling (145 profiles
using antennas of varying frequencies), and Odex drilling (15 wells with 90mm and 115mm casings,
along with information from 37 previously drilled wells in the area). Groundwater wells were installed
in all boreholes. Quaternary mapping revealed predominantly glaciofluvial deposits across the area, with
fluvial deposits near Raundalselvi. The investigations reveal a high content of boulders in the top layer,
deposited during high-energy flows. Some areas displayed horizontal layers typical of layered sand and
gravel in a Sandur, while others exhibited more homogeneous sandy sediments. In some areas these
were divided by an erosional surface possibly representing river flow paths carving into the Sandur
deposits. Odex drilling showed sand and gravel layers down to 25-35m. Fine sand and silt were typically
found below the sand and gravel, with till observed above bedrock in some boreholes. Based on the
collected data and interpretations, a 3D model was constructed to represent different geological units,
assessing their quantities and distribution. These units encompassed till, marine sediments, deltaic
foresets, and glacial outwash deposits, aligning with the common stratigraphic sequence found in valley
deposits partially submerged below the marine limit.

The availability of sand and gravel plays a pivotal role in sustainable development by facilitating the
extraction of significant groundwater volumes. Meanwhile, the dry sand and gravel content of the
geological deposit holds immense importance for aggregate materials. The modelled total volume of
sand and gravel within the project area is ~55 mill m*. The average groundwater level is 9,5 m below
the terrain, thus leaving 37 mill m*® dry sand and gravel and 18 mill m® saturated sand and gravel
resources. The current water abstraction rate for the municipality's reserve water supply in Bemoen
stands at 90 1/s, suggesting that the extraction potential for the remainder of Bemoen exceeds this rate
due to its larger size and similar geology. Surrounding catchment area connected to Bemoen by valleys
and major rivers is more than 500 km?, while the average precipitation is ~1330 mm/yr. Groundwater
temperature measurements in Bamoen show an average of 6°C, with higher fluctuations observed near
the river Raundalselvi. Given water’s specific heat capacity of 1,17 kWh/(m?°C), a lowering of the water
temperature by 4°C through a heat exchanger, coupled with an abstraction rate of 10 I/s per well, yields
an effect of 167 kW/well. A seasonally regulated usage of the groundwater through an Aquifer Thermal
Energy Storage (ATES) system is planned, possibly coupled with excess heat. Since the hydraulic
gradients are high, careful investigations are necessary for optimal localisation of the production and
the injection wells.

Boamoen Plus Village will benefit from a coordinated utilization of sand and gravel resources as excellent
foundation for buildings, a source for excavated aggregates and as aquifers for extraction of groundwater
for drinking water, and for heating and cooling of the buildings.
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Conquering the sub-surface: Taking on the Oslo Rift lava pile and
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The Oslo region is the most densely populated area in Norway, with a growing population and a
constant need for expansion of infrastructure. Geologically, the Oslo region consists of a basement
overlain by folded Cambrian to Silurian sedimentary rocks, unconformably covered by Permian lavas
and intrusions, e.g., Larsen et al. (2008). The lava pile is dominated by rhomb-porphyry and
subordinate basalt flows; more evolved rocks are preserved in and around caldera structures. The
Permian igneous rocks formed in an active rift setting, which also caused extensive faulting and
fracturing.

Fault zones and layers which act as aquifers have been the reason for several incidents and has led to
delays and cost overruns during infrastructure projects in the Oslo region. Improved understanding of
the geology and in particular the relationship between the lava rocks and ground water flow may
mitigate some of these issues in future development. In this project we study drill cores, borehole data,
and outcrops from three large ongoing infrastructure projects which cut through the lava pile west of
Oslo; a railroad tunnel, a water supply tunnel, and a new highway. Parts of the lava rocks in the area
have previously been inaccessible for detailed studies, and this is a unique opportunity to describe
them and their behaviour. The project combines drone imaging, field mapping and sampling of
outcrops with logging of drill cores, wireline log interpretation and fluid flow measurements. Access
to the outcrops before potentially problematic sections (such as fractured zones, faults, dykes, and
altered tuff layers) are sprayed with concrete is a key feature in this project. In addition to data from
the ongoing infrastructure projects, we will also build a database of incidents (e.g. rock falls, issues
related to ground water) along existing roads and tunnels, and identify the geologic cause for the
incident. An increasing population in the Oslo region leads to a continuous demand for more
infrastructure, and more knowledge on how the fracture patterns, dykes and different lava flow units
affect rock strength and control ground water flow can help to make future projects less expensive and
more sustainable. We find that more collaboration and exchange of data and hands-on experience
between industry, infrastructure providers and academia is essential for better decision-making and
more sustainable development.
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For the last 150 years our planet has been dependent on fossil fuels as the primary energy source. This
has led to a huge environmental debt for which conventional solutions fall short in addressing.
Incineration of oil-based pollutions lead to additional CO,-emissions to the atmosphere, and land-fills
are just a way to postpone the problems to future generations. Hydrocarbon-based pollutants that
linger in the environment pose immediate threats to human health and disrupt fragile ecosystems in the
long term. Urban areas, in particular, are exposed to these issues and cities and municipalities
worldwide are forced to find alternative and sustainable solutions.

Bioremediation is a research area in steady progress (Quintella et al. 2019). Microorganisms are
nature's versatile tools, having evolved to thrive in extreme and toxic environments. By harnessing
these adaptive skills to enhance bioremediation, microbe efficiency and the remediation processes are
optimized and accelerated. Fungi is a group of microorganisms with great remediation potential, in
particular hydrocarbon-based pollutions (Gadd, 2010). We develop sustainable mycoremediation
systems that utilizes fungi to decompose hydrocarbons, transforming them into non-toxic fungal
biomass - a natural and eco-friendly end-product that can be composted and thus recycled back to the
natural carbon cycle. The pilot system is also portable, allowing in-situ treatment at polluted sites
instead of the traditional approach of transporting the pollutions to the treatment plant. Thus the goal is
the reduce CO,-emissions from both incineration and transportations.

The results from our pilot system at the Ytterby mine at Resard, Stockholm, show 99.9% degradation
of hydrocarbons and a water quality after processing in line with the levels for drinking water. This
show the great and untapped potential of mycoremediation and opens up new avenues for use, in
particular in urban areas. Both when it comes to old environmental debts in the form of polluted soil
and water but also for active industrial production in which hydrocarbon-based substances is involved
in the production. Biologically mediated remediation is the way forward to a green and sustainable
future for cities and urban areas.
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The subsurface is an important constituent of the physical environment. It provides physical space,
water, energy, materials, habitats for ecosystems and acts as a repository for cultural heritage and
geological history (e.g., van Ree & van Beukering, 2016). As such, the subsurface constitutes a
multifunctional natural resource. However, awareness of the multifunctionally of the subsurface is
generally low and is not a daily concern for decision-makers (e.g., van der Meulen et al., 2016). This
often results in that decisions on access to subsurface resources are instead guided by a ‘first come,
first served principle’, that can jeopardize sustainable development.

Though not fully developed, the concept of geosystem services (GS) has been put forward as a tool to
make subsurface resources more visible and acknowledged in decision-making (e.g., van Ree & van
Beukering, 2016). Currently there are two prominent definitions: (A) geosystem services are abiotic
services that are the direct result of the planet’s geodiversity (Fox et al., 2020), independent of the
interactions with biotic nature — there is no differentiation between suprasurface and subsurface
features, and (B) geosystem services provide benefits specifically resulting from the subsurface (van
Ree & van Beukering, 2016). Geosystem services as a concept has the potential to support the
systematic inclusion of geosystem services in planning processes and contribute to improved
subsurface planning (Lundin Frisk et al., 2022).

Creating thematic maps that show the distribution and potential conflicts of geosystem services can
improve the knowledge of planners about the subsurface conditions and resources. Which, in turn, can
increase the consideration of these aspects in early planning processes. As part of an ongoing
exploratory study, we are developing (1) indicators for mapping of geosystem services in Sweden and
(2) subsequent thematic information (e.g., maps) of different geosystem services. The thematic
information will be tested in two municipalities with stakeholders (e.g., physical planners) to
investigate what type of information is useful in spatial (2D and 3D) planning and in what format it
should be presented to ensure that it is easy to read and interpret for stakeholders without prior
expertise.
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The Urban Geology Expert Group (UGEGQ) is a part of the Geological Surveys of Europe (EGS) and
specialises in geological disciplines related to urban challenges. The UGEG undertakes collaborative
geoscience projects to inform European Union (EU) policy, as well as provide urban geoscience data,
information and expertise to national and local authorities throughout Europe. The UGEG has more
than 60 participating members across 26 European countries.

Urban subsurface space provides a valuable resource often forgotten in city planning — out of sight,
out of mind. However, if we are to deliver sustainable cities (SDG 11), subsurface use must be
planned, integrated, and managed as part of the urban planning process. We present three specific
areas where the UGEG is embedding geological information in the urban planning and development
life-cycle:

e 3D surface-subsurface digital twins: providing relevant and easily accessible geological data-
models to the users at sufficient scale, to support planning, development, for resource
extraction and to mitigate geological hazards.

¢ In the context of the geo-environmental setting, UGEG proposes a catchment-based approach
for the urban environment to holistically understand the impacts of geology and climate on
the anthropogenic pressure. This includes identifying priorities and nature-based solutions,
e.g. to mitigate water related natural hazards including drought, flooding, landslides,
sinkholes, saltwater intrusion, sea level rise and storm surges, seismic and volcanic hazards,
etc. to underpin urban resilience. Moreover, in order to help city-to-city comparison and best
practices exchange, and to cluster cities by a geological point of view, the so called “Urban
Geo-climate Footprint” is evaluated for several European cities through a tool developed by
the expert group members.

e Interdisciplinary collaboration and communication: The UGEG aims to bridge the knowledge
gap between subsurface experts and city practitioners (urban planners, architects, and
decision-makers) through the generation of mixed-media communication tools such as videos,
webinars and fact sheets.
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The purpose of SGU's 3D models for urban areas is to better provide society with geological data and
a better geological understanding for improving the planning of infrastructure projects, especially
underground.

Herein, we present a geological 3D model from southwest Scania, comprising an area from Malmo to
southern Lund. The visualization and modelling strategy has been adapted to the regional geological
conditions and available data. It is based on the collection, digitalization, harmonization and
interpretation of external data which, together with SGU's existing data, is integrated into a 3D model.
The external data has been collected from Trafikverket, the Citytunnel project, Malmé GeoAtlas
(through Tyréns), Statens geotekniska institut (SGI) and VA Syd.

Existing data from SGU includes geological map databases, geological logs (bedrock and soil) from
the well archive, airborne TEM measurements and SGU’s national soil depth model. Borehole
geophysics and seismics have also been an integral part of the bedrock model interpretation.

The 3D model includes both the quaternary soil cover and the bedrock to a depth of approximately
—170 m asl. The model is interpolated using 25 interpreted geological cross sections that are based on
a conceptual regional geological model of the area and verified based on borehole information 150—
100 m from the cross section.

The geological 3D model shows that the soil depth varies from a few meters in central Malmo to up to
100 m in the so called Alnarpsdalen. The soil cover is dominated by tills and clayey tills with
interbedded layers of sand and silt. Glaciofluvial deposits are sparse at the ground surface and are
often composed of sand. In parts of Malmd, several meters of landfills occur on top of the quarternary
soil layers. Allochthonous nappes of Cretaceous limestone within the till occur to the east of Malmo.
In Alnarpsdalen, there are thick layers of sand and gravel that constitutes important groundwater
IeServoirs.

The bedrock in the model area is divided by the Romeledsen deformation zone. Southwest of the
deformation zone, the bedrock is dominated by Palaeocene and Cretaceaous limestones (Copenhagen
member, Limhamn member and Kruseberg member) with a few areas of Palacocene sandstone
(Lellinge greensand) in the southwest. Two deformation zones in the Malmo area are associated with a
minor uplift. The Copenhagen member is missing in certain areas in Malmo.

Northeast of the Romeldsen deformation zone, the bedrock is more complex with fault related tilted
blocks of Cretaceous, Jurassic and Triassic strata. Ordovician and Silurian shales, penetrated by
Permian dolerite dykes, dominate in the most northeastern part of the of the model area.

The model and accompanying report will be available via the 3D viewer on the SGU website
(apps.sgu.se/sgu3d).
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Lithium-caesium-tantalum pegmatites in the Varutrask area:
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The Varutrdsk pegmatite is the most extensively studied pegmatite in the Fennoscandian shield (e.g.
Quensel 1956) but the broader mineralized system in the Varutrésk area (source-transport-trap) remain
unresolved. The Varutrask pegmatite has been suggested to belong to the c. 1.8 Ga S-type Skellefte
granite suite (Kathol & Weihed 2005) but geochronological data (c.f. Romer & Wright 1992, Weihed
et al. 2002) indicate a potential need for a more nuanced understanding regarding the direct genetic
relationship between the Skellefte-suite and the LCT-pegmatites of the area. As part of the Horizon
Europe project Exploration Information System (Grant agreement n°1010557357 — HORIZON-CL4-
2021-RESILIENCE-01), we present lithogeochemistry data from various granitoid rock types to
explore potential sources of the LCT pegmatites in the region, and we employ structural-lithological
mapping and uniaxial compressive strengths (UCS) data of host rocks to probe their transport and
controls on entrapment style.

Lithogeochemistry results indicate a continuum between small and elongated bodies of texturally
intensely varying pegmatitic-aplitic to equigranular variants of the Skellefte suite and the LCT
pegmatites. However, equigranular to porphyritic variants of the Skellefte suite that form plutons and
have a higher biotite and lower silica content tend to plot separately on both major- and immobile
trace element plots. This indicates that some parts of the Skellefte suite were more fertile than others
and possibly derived from slightly different sedimentary protoliths at different stages of the
convergent margin evolution, but we stress the need for modern geochronological data to better
constrain the granitoids and the pegmatites in time. Nevertheless, a revaluation of the Skellefte suite
concept might be necessary to understand the details of the LCT pegmatite mineralized system in this
part of the Bothnian Basin.

Mapping data indicate fluid-melt transport mainly occurred along pre-existing structures as veins and
dykes of several generations increase in the vicinity of the structures. In general, anatectic veins are
folded or boudinaged along the main fabric and these veins are crosscut by undeformed quartz veins at
an angle to the fabric, thus indicating early migmatization progressing to hydrothermal processes
through lowered P-T conditions with time.

Entrapment styles are always brittle in character and pegmatites are bounded by fracture planes. UCS
data on host rocks to pegmatites indicate the competence of host rocks as one key parameter
controlling the dip of the pegmatite emplacement. Higher Mpa values favour shallower pegmatite
orientations and interestingly, shallow orientations are also restricted to the Varutrisk (and Akerberg
included for comparison) pegmatites that are the most evolved examples in this study. The mechanics
of pegmatite emplacement should not be overlooked when mineral system approaches are applied
since shallow geometries may allow for more time for vertical pegmatite differentiation and most
world class LCT pegmatite deposits show shallow or sub-horizontal dips (Groves et al. 2022).

References

Groves, D.I., Zhang, L., Groves, .M., & Sener, A.K., 2022. Spdumene: The key lithium mineral in giant lithium-cesium-
tantalum pegmatites. Acta Petrologica Sinica, 38, 1-8.

Romer, R.L. & Wright, J.E., 1992. U-Pb dating of columbites: A geochronological tool to date magmatism and ore deposits.
Geochemica et Cosmochemica Acta, 56, 2137-2142.

Quensel, P., 1956: The paragenesis of the Varutrdsk pegmatite, including a review of its mineral assemblage. Arkiv for
Mineralogi och Geologi, 2, 9-125.

Weihed, P., Billstrom, K., Persson, P-O., & Bergman Weihed, J., 2002. Relationship between 1.90-1.85 Ga accretionary
processes and 1.82-1.80 Ga oblique subduction at the Karelian craton margin, Fennoscandian Shield. GFF, 124, 163-
180.

106 36th Nordic Geological Winter Meeting & Goéteborg 2024



SESSION 6 ¢ GRANITE AND PEGMATITE MINERAL SYSTEMS...

Petrography and paragenetic implications for the Jarkvissle Li-Sn-Ta
pegmatite prospect, Vasternorrland, Sweden

Irma Becelyté?, Edward P. Lynch®-<, Ulf Séderlund@ and Martiya Sadeghic

aDepartment of Geology, Lund University, Lund, Sweden, irmabec@gmail.com, ulf.soderlund@geol.lu.se; °Division of
Geosciences & Environmental Engineering, Lulea University of Technology, Lulea, Sweden, edward.lynch@ltu.se; “Department
of Mineral Resources, Geological Survey of Sweden, Uppsala, Sweden, martiya.sadeghi@sgu.se

In the Jéarkvissle area, Vésternorrland, north-central Sweden, several mineralized LCT-type (lithium-
caesium-tantalum) pegmatites occur within a 4x7 km area (Romer & Smeds 1997). The pegmatites (c.
1.8 Ga) are hosted by Paleoproterozoic (c. 1.9 Ga) siliciclastic metasedimentary and intercalated mafic
volcanic rocks. Alongside pegmatites, two granitoid suites occur within the metasedimentary-
metavolcanic package: a foliated biotite-muscovite granodiorite — granite, and a foliated and locally
pegmatitic garnet-bearing granite. About five km to the E and SE of the deposit, migmatitic
metasedimentary rocks and granitoids of migmatitic character (diatexite) occur.

At the Jarkvissle prospect, pegmatite dykes are subvertical, subparallel, and mostly N-S-trending.
Historical exploration reports and work by Romer & Smeds (1997) describe two types of pegmatites
occurring in the area: spodumene-bearing pegmatites (> 4 m in thickness) and barren (spodumene-free)
pegmatites (< 1 m in thickness). Reported minerals of potential economic interest at Jarkvissle include
spodumene, petalite, cassiterite, and columbite-group minerals (Tuuri 1985).

Using drill cores from historical exploration drilling, this study provides a detailed petrographical
description of the pegmatites and investigates the geochemical features and paragenetic sequence of the
ore minerals. The results provide a better understanding of Li-Sn-Ta mineralization at Jarkvissle and
broader insights for similar Li pegmatite prospects in Fennoscandia and other locations.
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With the increasing need for lithium to fuel the green transition, new approaches to mineral
exploration are needed to identify where the unique factors that lead to the formation of lithium-
cesium-tantalum (LCT) pegmatites exist. As part of the Exploration Information Systems

project (Horizon Europe grant no. 1010557357; eis-he.eu), a tool is being created to give the end user
access to an open-source software for mineral prospectivity mapping (MPM). In preparation for the
release of this tool, project partner SGU has investigated formational factors that support the
occurrence of LCT pegmatites in Vésternorrland (VNL), Sweden to create a model to test MPM using
fuzzy logic methods in ArcGIS.

LCT pegmatites in VNL have been dated to 1.8 Ga (Romer & Smeds 1997) and are likely related to
the occurrence of approximately 1.84-1.85 Ga S-type granites which may have provided a fertile
source. The pegmatites occur within the metasedimentary supracrustal sequences, typically within less
migmatized meta-greywackes. A spatial relationship between the pegmatites and 1.91-1.88 Ga
extrusive meta-mafic rock indicates a potential trap for the flow of the pegmatite forming fluids. The
pegmatites typically strike to the NNE and dip steeply.

Three formational datasets were combined to build a prospectivity map for the VNL pegmatites within
ArcGIS: source, pathway and deposition. Evidentiary layers for source were proximity to 1.84-1.85
Ga S-type granites, as well as proximity to 1.91-1.88 Ga meta-mafic rock. These factors were sourced
from the SGU 1:1000000 bedrock map and SGU aeromagnetic data. Aeromagnetic data aided in
identifying non-exposed meta-mafic rock, as well as areas of low magnetic anomaly and high K/U
radiometric values, indicating possible granitic bodies at depth. These layers were overlain using a
fuzzy AND operator.

Pathway factors used were proximity to deformation zones and contact between 1.84-1.85 Ga granites
and the less migmatized meta-greywacke as well as density of these features. These features were then
overlayed using fuzzy OR operations. Depositional factors considered were the location of strong Li
and K anomalies in till data, well as negative loadings on the 3rd principle component obtained
through multivariate analysis which represent strong influence of Li, Be and Zn. These factors were
combined using a fuzzy AND operator. The resulting fuzzified data rasters for each formational factor
were then overlain using a fuzzy GAMMA operator.

The final results of the prospectivity model show the most prospective regions are strongly controlled
by proximity to the less migmatized wacke and the density of contacts between the wacke and
granites. One region identified in this model as highly prospective is located to the southwest of
Héarnosand. This area has no known LCT pegmatites, however sampling of the local bedrock has
identified the granites in the area as showing strong fertility indicators for LCT pegmatite formation
(Tat+Li+Cs/Cat+Mn). This area showing high prospectivity in the MPM produced from the VNL
dataset points to the potential viability of this model for predicting LCT pegmatite occurrences based
on the evidentiary model used in this study, and points to Harndsand as an area for potential further
exploration. Application of knowledge driven fuzzy weights of evidence methodology (Zhang et al.
2014) may provide further refinement of prospectivity models in VNL.
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The large stability fields and the ubiquity of quartz and tourmaline in S-type granitic systems, make
these minerals potential petrological monitors of the magmatic-hydrothermal transition. The contrast
in chemical complexity between the two minerals cause them recorders of different parameters. The
ability of tourmaline to incorporate a range of major, minor and trace elements will record variations
of melt/fluid composition. Contrary, the main trace element composition of quartz is dominated by Al
and Ti, which combined with the growth textures can provide information of temperature, pressure
and physical state of the crystallizing medium. In this study we have analyzed quartz-tourmaline pairs
in order to decipher the magmatic-hydrothermal transition in the Land’s End Granite, SW England.

Throughout the Land’s End granite, a range of quartz-tourmaline textures and structures can be
observed: disseminated in the granite matrix, pegmatitic pockets, quartz-tourmaline aggregations in
the form of orbicules, sheets, and larger bodies +/- K-feldspar phenocrysts (massive quartz-tourmaline
(-K-feldspar) rocks — MQT/MQTK), veins, and replacement of the granites on a variable scale. The
distinct color variation of tourmaline is a first indication of the crystallization mode. Brown-orange
tourmaline with major element composition plotting in the middle of the schorl field occur as
interstitial matrix mineral in the granites, and cores in quartz-tourmaline sheets. Grains with euhedral
terminations growing into miarolitic cavities are typically pale brown/blue oscillatory zoned with
composition closer to endmember schorl, and with slightly higher Sr and Sn content compared to
granite matrix tourmaline. This type is similar to more erratically zoned pale blue/brown/greenish
tourmaline replacing feldspar in the granite. The final main group of tourmaline is typically strongly
zoned, from green, colorless and deep blue, associated with veins or extensive replacement of the
granite.

Quartz in the different granites and quartz-tourmaline structures has a large range of Ti and Al content.
Early-forming quartz in the fine-grained granite has a distinctly higher Al/Ti ratio (~10) compared to
phenocrysts and central zones of the matrix quartz of the coarse-grained granite (~5), likely reflecting
the more evolved chemical character of the fine-grained granite. Quartz zones coexisting with
interstitial tourmaline in the fine-grained granite has 30-60 ug/g Ti, and 300-500 pg/g Al. In a
miarolitic cavity formed in a tourmaline-rich part of the fine-grained granite, quartz overgrowing the
euhedral brown tourmaline has no apparent cathodoluminescence zoning, and 20-30 pg/g Ti and 500-
600 pg/g Al. This zone may be the coexisting quartz generation of the weakly oscillatory tourmaline
generation, representing the transitional stage where the crystallization goes form melt dominated to
fluid dominated. Overgrowing this zone is a strongly zoned quartz generation with <5 pg/g Ti and 50-
150 pg/g Al, likely corresponding to the metasomatic tourmaline generation, representing the
hydrothermal quartz-tourmaline crystallization.
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The Permo-Carboniferous Larvik Plutonic Complex (LPC) is part of the Permian Oslo Rift in the
Southeastern part of Norway. The LPC consist of concentric ring plutons of different ages, commonly
referred to as ring sections (RS). Broadly speaking, the age of the complex increases from east (302.0
Ma) to west (287.0 Ma), while the composition changes from quartz-bearing monzonite to felspathoid-
bearing to the most evolved nepheline syenites in RS 9 and 10. The complex hosts numerous miaskitic
to agpaitic pegmatites which origin and source is still uncertain. Alkaline pegmatites are intraplutonic
and an important part of understanding the evolution of the complex as a whole. Sulphur isotope
geochemistry can help unlock new aspects of pegmatite formation. Sulphur isotope methods have
never been utilized on alkaline pegmatites, despite its mineralogy being suitable for it. Traditionally
only sulphides and sulphates have been used for sulphur isotopes, however mineral groups such the
helvine-group contains S as one of its main components and potentially enables the use of S-isotope
geochemistry. Helvine-group minerals (BesM4(Si04)3S), where M = Fe, Mn or Zn, is a relative
common mineral in the pegmatites of the LPC, and rarely occurs together with other S-bearing
minerals. This is of major importance as being able to utilize a new mineral for S-isotope
geochemistry would unluck previously unknown parameters for paragenesis where traditional sulphur
minerals are absent. It is worth mentioning that although the helvine-group might be considered
uncommon, it is actually occurring in various geological settings and not just alkaline pegmatites. As
such this study provides a new set of tools for exploring pegmatites and other rocks.

The sulphides from the central pegmatites of the LPC (292.4 Ma) show primary magmatic source with
galenas ranging from -0.65 to -0.23 §**S and sphalerites ranging from 0.46 to 1.57 &**S.
Comparatively, the helvines from the central pegmatites has a §**S of 0.30 to 0.89, correlating well
with the recorded sulphide **S values. Helvine from a pegmatite on the western boarder of the LPC
(293.0 Ma) record a 5*S value of 16.45. Just outside the western boarder of the LPC there are
Proterozoic sediments which might have influenced the high §**S through crustal contamination. This
is not unlike what we generally see from sulphides, indicating that helvine might record external
influences on the source, similar to traditional sulphides. The first temperature calculations of the
pegmatites of the LPC are given using geothermometry with well-known fractionation coefficients
between coexisting sulphides (galena-sphalerite). With the utilization of S-isotope geochemistry on
helvine-group minerals, a traditional analytical method can now be applied to completely different
minerals from a varied range of parageneses, and thereby open for S-isotope studies in geological
settings devoid of sulphides or sulphates.
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Geochronology of pegmatites have historically been plagued by numerous disadvantages, many of the
traditional phases targeted for U-Pb or Pb-Pb (such as zircon or columbite group minerals) are usually
unsuitable for geochronology due to the volatile-rich environment found in granitic pegmatites. These
phases could have inherited ages, usually exhibit complex zonation, and are as a rule, subject to
metamictization which in turn leads to that they are frequently altered with secondary U or Pb
minerals. All these factors contribute to difficulties retrieving reliable geochronological information of
the pegmatite intrusion.

However the in situ Rb-Sr method is a quick, easy, inexpensive and powerful method that can be
applied to a large variety of rock-types (Zack & Hogmalm 2016; Hogmalm et al., 2017). This now
established approach poses significant advantages over conventional methods, in that inclusions and
alterations can be avoided. The high spatial resolution can not only resolve cooling ages, or reheating
events but also help us understand recrystallization during deformation. Applied to minerals with a
high Rb/Sr ratio such as many pegmatite mineral, there is no need for a coeval Sr-bearing phase
(Rosel & Zack 2022). This allows for single spot ages to be calculated, which highlights this method
as an attractive tool for pegmatite geochronology.

These new advancements have opened up a whole new range of exotic minerals commonly occuring
in evolved grantic pegmatites as a target for in-situ Rb-Sr dating. The Li-bearing micas polylihtionite
K(Li2A1)(Si4010)(F,OH); and trilithionite K(Li; sAl; 5)(AlSi3O10)(F,OH) (usually in older litterature
denoted as “lepidolite™) are usually indicators for such evolved pegmatites (LCT, lithium-cesium-
tantalum) and more fractionated pegmatites can host the uncommon zeolite pollucite
(Cs,Na)2(Al:Si4O12) - 2H,0. Premilinary investigations show that these mineral readily incorporate Rb
and are almost devoid of intial Sr, making these minerals ideal candidates for this method. This new
methodology was applied to pollucite and Li-bearing micas from a vast range of evolved pegmatites
from all over the world, ranging in age from Elba (~7 Ma) to Tanco (~2630 Ma). Additionally the rare
mineral rhodizte (K,Cs)AlsBes(B,Be)1202s from Ambositra, Madagascar was also analyzed and gave
favourable results.

This approach could be a valuable tool in mineral exploration, in particular for the critical elements
such as Li, Cs and Ta. Additionally retrieving age information from these minerals advances our
understanding of the post-magmatic processes affecting pegmatites.
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The NYF-type REE pegmatites of the Evje-Iveland granitic pegmatite field are part of the Setesdalen
pegmatite district in the Telemark lithotectonic domain and formed at Ma 900-930. Generally, it is
assumed that they were emplaced at 4-5 kbar and 550-600 °C, i.e. at very high pressures compared to
most other fertile pegmatite fields. In this study we aim at better constraining P and T based on a
combination of fluid inclusion isochores and Ti in quartz geothermometry.

Primary fluid inclusions are common in both the Intermediate Zone (IZ) and the quartz dominated
Core Zone (CZ) of the pegmatites. Here, we studied the CZ only, given that it is a well constrained
part of the pegmatites enabling easy comparison of different pegmatite localities throughout the
district. Thousands of FI data were obtained from 16 localities consistently showing H>O-CO,-NaCl
fluids. Salinities varies from 6 to 14 wt% NaCl equivalents for most pegmatites and Xco2 of 0.030.09.
Two localities demonstrated phase separation into CO»-rich and H,O rich fluids, respectively.

The newest revision (Osborne et al., 2022) of the TitaniQ geothermometer was used to calculate T’s
assuming a Ti activity aTiO; at 1 given the common observation of rutile in the pegmatites. Ti in
quartz data are from Larsen et al., (2004). Fluid inclusion isochores were calculated with the
computer packages developed by R. Bakker (https://fluids.unileoben.ac.at/Home.html).

Combining isochores and TitaniQ data yielded a cluster of 10 localities forming at 3.8-5.5 kb’s
essentially confirming earlier P estimates. T s were 400-520 °C i.e. lower than previous estimates.
However, this is as expected given that the CZ quartz is expected to solidify later than the IZ and at
lower T’s. At the two localities showing phase separation of the fluids, we calculated P’s at 2.8 and
4.1 kbar, respectively, with the latter overlapping with the TitaniQ/isochore P’s.

We also observe a cluster of 3 localities forming at 1.1-1.5 kb, 415-450 °C demonstrating that some
pegmatites are much more shallow. Perhaps they are belonging to a younger pegmatite forming event
emplaced after a period of uplift of the Telemark domain. This is supported by significantly higher
salinities of ¢. 23 wt% compared to most pegmatites emplaced at higher P’s.
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Introduction

Two main geological processes are thought to produce volatile-rich melts that crystallize rare element-
bearing granitic pegmatites. The classic scenario envisages such melts as late-stage, residual
differentiates of crystallizing fertile granites (e.g., London 2016). Alternatively, pegmatitic melts may
develop directly during low-degree partial melting of fertile supracrustal = plutonic rocks, thus
bypassing the need for a progenitor granite stage (e.g., Miiller et al. 2017). While assessing controls on
melt formation at the time of pegmatite emplacement is critical to understanding these mineral
systems, constraining tectonothermal factors active during earlier stages in the evolution of
host/source rocks may help identify processes that indirectly facilitate pegmatite formation. As part of
the EIS project (Horizon Europe grant no. 1010557357; https://eis-he.eu), we present a case study
from the Jarkvissle LCT pegmatite system in central Sweden to highlight the role stepwise,
superimposed magmatism, metamorphism and deformation plays in the formation of LCT pegmatites.

The Jarkvissle Li-Sn-Ta pegmatite field, central Sweden

The Paleoproterozoic (c. 2.0 — 1.8 Ga) Bothnian Basin in central Sweden contains several LCT
(lithium-caesium-tantalum)-type granitic pegmatite prospects. The best example is the c. 1.8 Ga
Jarkvissle Li-Sn-Ta prospect which comprises a c¢. 2 x 7 km field of c. N-S-oriented, subvertical
pegmatite dykes intruding a polydeformed package of metasedimentary and intercalated mafic
metavolcanic rocks. Important ore minerals at Jarkvissle include spodumene, petalite, cassiterite and
columbite group minerals, while accessory tourmaline, apatite, beryl and uraninite also occur.

Stepwise tectonothermalism, structural reactivation, and late-stage pegmatite formation

Metasupracrustal rocks and meta-granitoids in the Jarkvissle area have been affected by at least two
stages of ductile deformation. An early event (D)) is evidenced by bedding parallel So.; foliations with
variable orientations. A second event (D) is characterized by major and parasitic, moderate to tight, c.
NNW-aligned F; folds, and axial planar cleavages (S>) that affect So.; planar fabrics. The eastern limb
of a major F, fold shows evidence of high-strain, syn-D, dextral shearing, and hosts the Jarkvissle
pegmatite field. Southwest and east of the Li prospect, foliated leucogranites with local migmatitic
features (diatexite) represent a phase of high-grade metamorphism - possibly linked to D, deformation.

Small volume, weakly deformed to massive pegmatitic granite and pegmatite bodies crosscut
metasedimentary rocks and migmatitic leucogranites, and tend to intrude along steep, pre-existing
structures. At the Jarkvissle prospect, internally massive spodumene-bearing dykes have wavy and
sometimes folded forms, and locally deflect S, planar fabrics or crosscut tightly folded syn-D,
quartz-feldspar veins. These observations indicate a late phase of structural reactivation (Ds at c. 1.8
Ga?) along the earlier formed F, fold limb was exploited by evolved melts, leading to syn-tectonic
pegmatite emplacement and Li-Sn-Ta mineralization. Thus, stepwise tectonothermal overprinting and
late-orogenic structural reactivation are important pre-conditions for LCT pegmatite formation.
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GREENPEG, a European innovation project financed by the European HORIZON 2020 programme,
has developed an exploration approach for the discovery of buried pegmatite ores in the form of an
integrated, multi-method, sustainable and economically viable toolset. The toolset consists of a
complementary suite of adjusted conventional and newly invented methodologies and new data
processing approaches optimised for the target size, surface environment, depth, geological setting,
mineralogy, chemistry and petrophysics of pegmatite ore deposits. Its development is based on a
modified genetic model for European pegmatite-type ore deposits by Miiller et al. (2022) and a multi-
scale (province, district and prospect) and multidisciplinary approach. By improving the targeting of
pegmatite deposits, and thus the effectiveness of exploration, the delivered toolset will reduce
exploration time and costs, the level of environmental disturbance from the use of relatively invasive
techniques, and social impacts such as noise. The toolset developed has been adjusted, optimised and
tested for commercialisation under Technical-Readiness-Level-7 conditions in three European
demonstration and exploration brown field sites: Wolfsberg in Austria, Leinster in Ireland, and
Tysfjord in Norway. The toolset encompass a wide array of technologies, including satellite image
processing and both airborne and ground-based geophysics and geochemical approaches and three
new instrumental demonstrations to effectively identify buried (up to 100 m depth), small (10,000 -
1,000,000 m?®) and clustered pegmatite ore bodies. The toolset includes three instrumental
demonstrations comprising the first European EASA certified helicopter-compatible nose stinger
magnetometer which will allow lower altitude airborne surveys down to about 50 m above ground, a
drone-borne hyperspectral imagery system and a piezoelectric spectrometer for rapid and efficient
detection of buried pegmatites. The toolset comprises as well two freely available databases, a
petrophysical database for pegmatite ores and host rocks to adjust parameters of geophysical
exploration methods (Haase & Pohl 2022) and a spectral reflectance database of pegmatite minerals
and ores for satellite image processing (Cardoso-Fernandes et al. 2022). The toolset will be easily
deployable by small and medium sized enterprises and accessible to exploration and mining
companies in “strategic knowledge-based consultancy services”, offered by GREENPEG partners and
as publication during 2024.
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During an ongoing investigation of potential arsenic-bearing lithologies in the Arlanda area different
rocks including granitic pegmatites have been recorded. Granitic pegmatite swarms varying from
simple ceramic to highly fractionated and mineralogically complex types occur at the western margin
of the Vallentuna granitic massif close to Arlanda airport (Nysten & Jonsson 1998). These dikes
belong to the LCT-family of the rare-element class of Cerny (1991). Here a moderately fractionated
dyke containing grey microcline, white plagioclase (cleavelandite), muscovite, apatite, beryl, garnet,
Mn-(Fe)-Al phosphate, and columbite — tantalite is described.

Geological setting

Thin pegmatite swarms intruding epiclastic Precambrian rocks parallel to their foliation planes occur
close to Starrmossen. A local concentration of pale green phosphate pods up to 20 mm in size with a
blue alteration rim has been identified using pXRD at Museum of Natural History in Stockholm as
triphylite. These pods are set in a matrix of albitic plagioclase, dark grey to black quartz and white
muscovite (SWEREF 6612622/665685). No clear zonation has been recorded but bands rich in red
garnet are present. Accessory white beryl and dark green to blue apatite also occur. A prominent
feature is the presence of light blue vivianite at the triphylite rims. Traces of other phosphates form
small euhedral brownish-yellow crystals in vuggy parts of phosphate pods. Columbite sensu latu
associated with bituminous U-oxides up to a few mm in size is relatively common. Arsenic phases
(arsenopyrite/161lingite) occur sporadically in analogous dikes to the south of the pegmatite described
above and schorl is a common mineral in many of these rocks.

Mineral chemistry

Manganiferous apatite (Cas41Mng27Fe€0.02Nag.01P2.92F0.99Clo.01012) has been recorded as well as a
hydrated MnAl-phosphate which is sensitive to the electron beam and showing a low total. A several
mm large euhedral platy columbite — tantalite overgrowing cleavelanditic albite shows intricate
oscillatory rhythmic growth zonation with Mn/(Mn+Fe) = 0.44 and Nb>Ta for both light and dark
BSE zones. This pattern is cut by a late interfingering columbite phase with minor Ti and
Mn/(Mn+Fe) = 0.29. Small euhedral columbite — tantalite shows Nb-rich cores (ferrocolumbite) and
Ta-rich rims (ferrotantalite/ferrotapiolite) suggesting a crystal fractionation trend. The columbites
occur both disseminated in the pegmatite matrix as well as inclusions within garnet. A Fe-rich chlorite
+ quartz form rims on the columbite crystals. Garnet composition varies from core—mantle—rim as
Alm 52.2 — 53.7 - 61.4 Sps 47.0 — 45.5 — 37.4 with minor pyrope and grossular components. The
increase in almandine towards the rim is probably a metamorphic feature.

Genetical considerations
Fractional crystallization from a fertile granitic source such as the Vallentuna granite (Nysten 2022) is

suggested, which would fit into a regional distribution pattern of earlier recorded dikes at Arlanda.
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Granitic plutons are formed by the successive emplacement and amalgamation of single magma
batches (Annen et al., 2015). The emplacement rate, shape and volume of the batches influence the
internal architecture of plutons and magma transport in the Earth’s crust. Understanding the internal
structure of igneous intrusions not only improves our understanding of magma emplacement
mechanisms (Mattsson et al., 2020), the emplacement of single magma batches has also fundamental
implications for the transport of hydrothermal fluids, elements and heat during and after the lifetime of
the larger-scale magmatic system (Bartley et al., 2021). The intrusion of magma batches into plutons
has mostly been analyzed by numerical modelling, but must be further constrained by field studies.

We focus on the Slaufrudalur pluton in Southeast Iceland to investigate magma batch emplacement
and incremental growth of igneous intrusions. The Slaufrudalur pluton shows a bulk volume of 8-10
km® and is the largest exposed granitic intrusion in Iceland (Burchardt et al., 2012). The pluton is
internally layered and was assembled by cauldron subsidence with magma batches being episodically
injected from an underlying reservoir.

We carried out field and GIS mapping, AMS sampling (anisotropy of magnetic susceptibility) and
photogrammetry. The pluton as a whole is horizontally layered, except near the margins. The magma
batches are distinguishable lithological units that may be quantified in terms of average magnetic
fabric with implications for magma flow kinematics. We distinguished eight lithological units from
the horizontally layered interior to the non-layered margins. The contact relationships between the
units are characterized by magma mingling, mixing and syn-magmatic deformation. Zones of intense
mingling between granitic magmas generally occur at the transition from layered interior to non-
layered margins. Moreover, we identified hydrothermal alteration and faulting along the wall rock
contact and wall-roof transition in the northern part of the study area.

We conclude that: (1) the magma batches spread from the margins to the horizontally layered interior
of the pluton, (2) magma mingling and mixing is more pronounced near the margins, (3) roof-wall
deformation reflects the interplay between buildup of internal overpressure and magma batch
emplacement, and lastly (4) wall contacts served as feeders and accommodated vertical pluton growth
during cauldron subsidence. The Slaufrudalur pluton offers prime examples of features associated with
magma batch emplacement and fluid transport in and around cooling intrusions.
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Geochemical tracers for LCT Li-rich pegmatites: from granite to
apatite composition as indicators of Li-mineralization in the Central
Iberian Zone

Encarnacion Roda-Robles?, Alfonso Pesquera?, Pedro-Pablo Gil-Crespo?, Idoia Garate-Olave? and
Jon Errandonea-Martin?

2Department of Geology, University of the Basque Country UPV/EHU, Leioa, Spain, e-mail; encar.roda@ehu.es

Introduction

Lithium-enriched aplite-pegmatites are relatively common in the Central Iberian Zone (CIZ) (Spain
and Portugal), in a ~75,000 km?, NNW-SSE striking belt. These aplite-pegmatite bodies are usually
dyke-like and appear grouped in pegmatite fields, sometimes spatially zoned around a granite
intrusion (Roda-Robles et al. 2018). Their main Li-bearing minerals are spodumene, petalite and
lepidolite, with minor amblygonite-montebrasite. Field, geochemical, structural and geochronological
data indicate that the origin of this Li-mineralization is related to the major Variscan granitic
magmatism occurring between 320 and 290Ma. However, not all the Variscan granitic series
distinguished in this region are petrogenetically related to the Li-bearing pegmatitic fields. Detailed
studies, including bulk-rock chemistry of granitic and pegmatitic rocks as well as major and trace
elements analyses of apatite have allowed the determination of the linkage between this Li-
mineralization and the different granitic series in the CIZ.

Granitic rocks from the CIZ may be classified into five geochemically distinct series (Roda-Robles et
al. 2018): (S1) two-mica highly peraluminous leucogranites; (S2) P-rich highly peraluminous granites;
(S3) P-poor moderately peraluminous granites; (S4) moderately to low peraluminous granites; and (1)
low peraluminous I-type granites. S1 and S2 have a dominant metasedimentary derivation, whereas
the other three granitic series come mainly from metaigneous sources. Chemically, S3, S4 and I series
show long, quite continuous trends of decreasing Al,Os, Fe,O3, CaO, MgO, TiO,, P,Os and Sr
contents as SiO; increases. In contrast, S1 and S2 series present shorter compositional trends with
higher P,Os and lower CaO concentrations. Contents in the incompatible elements F, Li, Ta, Cs, Rb
and Sn are higher in the S1 and S2 than in the other granites, with continuous trends from these
granitic series through the simple pegmatites, up to the Li-richest ones. It is remarkable that in the S1
and S2 granitic series there is an inflexion point in the Sr content, with an increase in this element
from the most fractionated leucogranitic units up to the Li-rich pegmatites. The observed chemical
trends, together with other geological data, clearly suggest that the P & F-rich, Ca-poor, strongly
peraluminous granites of the S1 and S2 suites are most probably the parental granites of the Li-rich
pegmatites in the CIZ.

Main chemical variations observed in apatite associated with the different facies of S1 and S2 granites
and with the simple, P-rich (intermediate) and Li-rich pegmatites correspond to Mn, Sr, Y and REE. In
general, apatite from the Li-rich pegmatites and from the granites related to them are the Mn- and Sr-
richest and the Y- and REE-poorest ones (Roda-Robles et al. 2022).

Therefore, the characterization of the chemical signature of the granites combined with the mineral
chemistry of apatite may help exploration for Li in the CIZ. Moreover, these geochemical indicators
may likely be used in other pegmatitic belts.
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The increasing demand for lithium driven by the “green transition” is leading to the application of new
and innovative exploration methods to numerous mineral systems, including lithium- cesium-tantalum
(LCT) pegmatites. Sweden hosts numerous LCT pegmatite mineralisations in the Visternorrland
(VNL) region, and as part of the Exploration Information Systems project (Horizon Europe grant

no. 1010557357, eis-he.eu), which aims to create an open sourced QGIS toolkit for mineral
prospectivity mapping, the Geological Survey of Sweden (SGU) has undertaken preliminary data
preparation for MPM using principle component (PC) analysis and k-means clustering to applied to
geochemical analysis of till to identify potential prospective areas for further Li exploration.

The Geological Survey of Sweden and Namnden for Svenska gruvor (NSG) (Lax and Selinus 2005)
collected till samples for analysis in the VNL region during the 1980s with a total sample density of
around 1 sample per 7km? and the samples were analyzed for major and trace elements using ICP-
AES and XRF (Al Ca, Fe, K, Mg, Mn, Ba, Be, Co, Cu, La, Li, Ni, Pb, Sr, Zn (SGU) + Sc, As, V, Y,
Ti, P, Na, - Be (NSG)). NSG data were levelled to the SGU data.

Robust PC-analysis and K-means clustering were applied to the till data, both major and trace element
data together and trace element data only. PC results from all element data displayed positive scores
along PC1 associated with Cu-Co-Mg, and negative PC1 Scores associated with La-Sr-Ca. This result
indicated that the first principle component can be used to distinguish till with a mafic component with
that of a more felsic origin. The second PC of the all-element analysis provides a further delineation of
till samples with mafic, potentially doleritic origin along the negative axis, and more fractionated
granites with strong positive PC2 scores associated with Li and Ba.

Examination of the PC scores for only trace elements shows similar discrimination of the mafic and
felsic components along the first principle component axis, with similar loading scores to the all-
element data. The 3™ principle component shows strong negative scores associated with Be, Li and
Zn. The correlation of Be and Li on the negative axis is an indication that negative score can be
associated with highly fractionated granites or mineralized LCT pegmatites due to the enrichment in
Be in VNL pegmatites. K-means clustering identified six clusters, with the 6™ cluster being best
associated to potential Li mineralization.

In summary, both PCA and K-means clustering seem likely to be useful in the interpretation and
classification of samples into different groups which can be correlated to the existing interpretations of
the regional geology and known Li pegmatite mineralization. Outputs of this statistical approach with
geological interpretation and knowledge may provide promising information on sites that may
represent previously unknown occurrences of mineralization and can therefore be directly used in the
selection of possible future additional study. Detailed geological mapping and lithogeochemical
study, higher-density sampling and geochemical re-analysis of till samples with modern ICP-MS
combined with novel and experimental approaches to indicator element selection may be a way
forward in this and other previously glaciated regions with regards to LCT-type granitic pegmatites of
this character.
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Detailed petrographic and geochemical mapping (using handheld XRF) on Donsd, Styrsé and Vrango
of more than 50 pegmatite bodies revealed the full transition from barren to rare element pegmatites
(beryl and chrysoberyl-bearing). Together with LA-ICP-MS trace element analysis, the degree of frac-
tionation can be seen in parameters such as Ba/Rb, Rb/Sr and trace element concentrations of Li, Ta
and Cs in muscovites and feldspars, with the larger fractionated pegmatites containing garnet and the
most fractionated beryl and chrysoberyl. Of particular significance is the age of the pegmatites of be-
tween 1.52 and 1.56 Ga. Such an Gothian age within the Idefjorden terrane distinguishes them from
otherwise similar pegmatites from the mainland that are clearly associated with the Sveconorwegian
orogeny (for example the well-known 1.03 Ga old berylbearing Hogsbo pegmatite is <10 km away
from Donsd). The new ages can be linked to the late deformation event that occurred 1.56-1.54 Ga in
this part of the Idefjorden terrane. At this time, widespread migmatisation was associated with high
grade metamorphism. However, a clear link between migmatisation and pegmatite origin cannot be
made, as this time frame overlaps with the last intrusive stage of the Hisingen suite. This study also
reveals that the dating technique employed, in-situ Rb-Sr dating of micas, has great potential easily
delineating pegmatite provinces, even in areas with polymetamorphism. While biotites give Sveconor-
wegian ages (938 to 973 Ma; interpreted as thermally activated resetting, with the youngest potentially
indicating a cooling age at ca 350°C), muscovites Rb-Sr ages are exclusively Gothian in age, demon-
strating that they are not affected by the apparent thermal overprint.
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Structures and textures of liquid immiscibility at Kiirunavaara, Sweden
UIf B. Andersson
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The mode of formation of iron oxide-apatite ores is an enigmatic issue that has intrigued the scientific
community for more than a century. Theories revolve around two main schools: i) the magmatic,
where ore is considered formed from Fe-enriched melts (fluid-rich), or ii) the hydrothermal, where ore
is formed directly from hydrothermal, Fe-enriched fluids (e.g., Reich et al. 2022). The present
contribution argues for the first school, specifically the case of Fe ore magma origin by separation of
an immiscible Fe oxide liquid from a Fe-rich intermediate silicate magma, based on structures and
textures observed in Kiirunavaara foot wall (FW) (Fig. 1, and more examples on the poster).
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fig. 1. From Kiirunavaara. ‘. Fine-grained Fe-rich parts of FW porphyry grade into Fe-oxide-dominated nodules and pods.
B. Pods and nodules grade into veins. C. Veins grade into Fe-oxide dykes. D, E. Photomicrographs of textures corresponding
to A and B. Drill cores 7024 (D) and 6481 (E). F. Excerpt of underground map from level 503 Y45-47. Abundant Fe oxide

nodules and pods (blue markings) are reported in the FW (yellow) near to the ore (blue). A-C from level 275 Y45-46.

Iron-rich intermediate rocks are common in close association with the ore in Kiirunavaara (and other
IOA deposits in Norrbotten). In these rocks you observe fine-grained sections ‘dusted’ with
microscopic magnetite, transitioning into rocks where Fe-oxide has concentrated into nodules or larger
pods with Fe-depleted surroundings (Fig. 1). The latter can be seen to connect to networks of thin
veins that merge into dykes. These features can readily be interpreted as a separation of Fe-oxide- and
silicate-rich liquids, where the former has lower viscosity forming flow channels in the latter.

Liquid immiscibility in Fe-rich silicate systems is experimentally confirmed (e.g., Lester et al. 2013)
and documented in natural cases, including IOA systems (e.g.,Velasco et al. 2016). One problem
correlating experiments with IOA ores is that the Fe-rich liquid obtained in experiments has been too
low in Fe and too high in Si. However, recent experiments on volatile-rich systems indicate that nearly
pure Fe-P oxide melts can be separated (Lledo et al. 2020). This combined evidence and the structures
observed (Fig. 1) strongly suggests that liquid immiscibility is an ore-forming process in Kiirunavaara.
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Dyke porphyries in Kiirunavaara: feeders of the hanging wall volcanism
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Kiirunavaara in northernmost Sweden hosts the largest so far known iron oxide-apatite (IOA) ore
body worldwide (>2000 Mt of pre-mining ore). It was also the first IOA deposit subjected to detailed
scientific study as to geological relations and origin (Geijer 1910). Here we concentrate on a group of
porphyry dykes (DPs) that penetrate the foot wall (FW) and ore before disappearing into the hanging
wall (HW) rocks and their role in the geological evolution.

y c;tting

Fig. 1.a. Example DP distribution in FW and ore. b. Greenish
d. Photomicrograph of glomerocryst and matrix in DP.
These DPs intrude in an irregular way, winding through, forming dykes of sizes from less than 1 m to
>10 m (Fig. 1a,b). The colour varies from dark to green to red (Fig. 1b,c), where the red is due to pm-
sized inclusions of Fe** oxides, while the green is related to abundant groundmass clinopyroxenes
(Cpx). Phenocrysts (glomerocrysts) consist of perthitic (antiperthitic) alkali feldspar and minor
plagioclase, typically associated with larger grains of Cpx and titanite (Fig. 1d). Texturally, they are
inseparable from the volcanic quartz- bearlng porphyries of the HW (QP), which they do not intrude.
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Fig. 2.a. The DPs overlap geochemically completely with the HW (QP) rocks, ranging from intermediate to rhyolitic
compositions in major element classifications. b. In contrast, they plot mainly in the rhyolitic field using ‘immobile’ trace
element diagrams. c. Strong sodic metasomatism has affected most rocks in Kiirunavaara, incl. the DPs.

Geochemically, the DPs and the HW rocks are inseparable, while the FW (SP) rocks generally have a
different composition (Fig. 2a,b). The primary chemistry of most silicate rocks in Kiirunavaara has
been altered by metasomatism, incl. the DPs, leading to dominantly strong enrichment in Na (Fig. 2c¢).
One sample of DP was subjected to LA-ICP-MS U-Pb zircon geochronology. The zircons typically
show oscillatory growth zoning, with little indication of older or younger zones. A concordia age of
1880+4 Ma (MSWD=0.79; n=26) was obtained, representing the intrusive age of the DP. This age
overlaps, within error, the ages of the ore and its host rocks (Westhues et al. 2016).

In conclusion, the characteristic DPs in Kiirunavaara crosscut the FW and ore and ‘merge’ with the
HW, with which they share textural and geochemical identity, as well as age. Thus, we suggest that
the Kiirunavaara DPs represent feeder channels for at least parts of the HW volcanism.
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The Norrbotten region in northern Sweden is one of the most active mining areas in Europe and the
hub of Europe’s iron production. The northern Norrbotten ore district hosts a rather unique cluster of
iron oxide-apatite (IOA) deposits, including the Kiruna and Malmberget iron mines as the most
prominent examples. Genetic models for Kiruna-type IOA deposits are controversial and range from a
magmatic origin to a purely hydrothermal origin. Martinsson et al. (2016) suggested a combination of
both models for Malmberget and Kiruna. IOA mineralization processes are assigned to a phase of
back-arc extension at the onset of the Svecokarelian orogeny (ca. 1.88 Ga; e.g. Andersson et al. 2022).
Despite the formation processes, a major question remains regarding the source of iron needed for the
formation of these large systems. Several potential sources have been suggested, ranging from
greenstone rocks to Svecofennian volcanic rocks to mafic intrusions.

A common feature that all IOA deposits in northern Norrbotten share is the existence of ultramafic and
coeval felsic intrusions close by. These intrusions are typically magnetite-rich and have a similar age
as the related IOA deposits. Drex project has recently acquired dense regional scale (~ 100x100km)
magnetotelluric (MT) data array consisting of more than 400 sites around in the area. Data were
inverted to obtain a full 3D conductivity model of entire crust. The 3D conductivity model contains
extensive enhanced conductivity structure in the upper, middle crust at depth range from about 10 to
30 km. The resolution of the 3D model is sufficient to map pipe-like features that partly reach the
surface in the close vicinity of known IOA deposits. Those deep feeders are also mapped in more
details with deposit scale MT arrays in Nautanen and Malmberget areas. Enhanced conductivities in
the crust can be explained by the presence of sulfides (grain boundary sulfides), iron oxides
(magnetite), graphite or iron-rich ultramafic rocks (e.g. Hill 2021). Based on a combination of MT 3D
model with field observations and potential fields 3D models we suggest that the crustal conductor
under northern Norrbotten represents a large volume of ultramafic rocks emplaced by underplating
during the back-arc extension. Tornos et al. (2023) recently showed that assimilation of crustal rocks
can promote separation of silicate magma from iron-rich ultramafic melts and is interpreted as the
formational process for IOA deposits. The data presented here suggests a comparable model where
ultramafic intrusions intrude into the upper crust sourcing from a larger volume of ultramafic rocks
caused by mafic underplating. Assimilation of crustal rocks during uprise of these intrusions can
subsequently trigger separation and formation of iron rich melts.
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The origin of Fe-Ti-P-rich rocks and nelsonites (Si0,<10 wt%), predominantly found in mafic layered
intrusions or anorthosites, has been debated. Fractional crystallization coupled with crystal sorting
and/or magma mixing are the most commonly accepted processes suggested for these enigmatic rock
types. Another process is silicate-liquid immiscibility. This mechanism has regained attention as a
viable process in dry mafic tholeiitic systems. However, little is known about the petrogenesis of Fe-
Ti-P-rich rocks found in monzonite and syenite. In this study we present unique occurrences of Fe-Ti-
P-(Zr)-rich rocks and nelsonites, associated with the monzonitic to syenitic Raftsund intrusion,
Northern Norway, that supports the silicate-liquid immiscibility formation model.

The Raftsund intrusion is a 35 x 70 km large batholith which belongs to the Lofoten-Vesteralen
anorthosite-mangerite-charnockite-granite suite and was emplaced around 1800 Ma in migmatitic
granulite facies gneisses. Conditions of emplacement, constrained by the QUILF equilibria (Markl et
al, 1998), indicate that the suite was emplaced at 4-5 kbar, magmas were hot (800-920 C) and dry
(ternary feldspar) at aSiO,=1 and fO02=-0.6 FMQ. In this study, we focus on the Fayalite-Augite (Fay-
Aug) monzonite which hosts cm-scale vein-like Fe-Ti-P-(Zr)-rich segregations and a 20 x 15 m large
nelsonite pod. Fay-Aug monzonite consists of clusters of Fe-rich minerals including fayalite, augite,
ilmenite, rare titanomagnetite and allanite, surrounded by a matrix of ternary feldspar. Locally the Fe-
rich mineral clusters are strongly enriched in zircon and apatite. Thin rims of plagioclase, enriched in
Fe, are present at the contact between the Fe-rich mineral clusters and the ternary feldspar. A previous
study showed that silicate-liquid immiscibility is the likely process explaining these features (Coint et
al., 2020). Segregations of Fe-Ti-P-(Zr)-rich rocks, displaying the same mineralogy as the Fe-rich
clusters, occur at the contact with monzonitic enclave in a mingling zone. The composition of ilmenite
and titanomagnetite in the segregation and the host Fay-Aug monzonite overlap, suggesting that the
segregation of Fe-Ti-P-(Zr)-rich rocks derive from accumulation of Fe-rich melt along rheological
boundaries. The origin of the nelsonite pod containing rounded enclaves of monzodiorite, is more
intricate as Fe-rich melt produced by silicate-liquid immiscibility usually contains a minimum of 20-
30 wt% SiO,. The nelsonite, hosted by the Fay-Aug monzonite, is composed of titanomagnetite,
ilmenite, apatite, mm-large skeletal zircon and sparse altered Fe-rich silicates. [lmenite and
titanomagnetite in the nelsonite are strongly enriched in elements such as Mg, Sc, Zr and Al,
compared to the same minerals in the Fay-Aug monzonite and monzodioritic enclaves. Enrichements
in elements that should behave both compatibly and incompatibly during fractional crystallization
suggest that the nelsonite was also formed by silicate-liquid immiscibility. Fractionation of the Fe-rich
melt is required to reach the composition of nelsonite and a Fe-silicate cumulate is expected. Such
rocks crop out further north in the Raftsund intrusion.

Silicate-liquid immiscibility is a viable process in evolved dry alkalic ferroan magmas which can lead
to local enrichment in accessory minerals such as zircon and apatite. Silicate-liquid immiscibility is
also responsible for the formation of nelsonite rocks but requires differentiation of the Fe-rich melt.
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The transition towards green technologies and decarbonization has rekindled interest in reopening
previously economically unviable mines to meet the growing demand for raw materials. This is the
case for iron-oxide deposits in the Blotberget mining area of Bergslagen mineral district in central
Sweden. The mining activity in Blotberget stopped in 1979 (Nordic Iron Ore, 2011). However, the
renewed interest in recent years has led to a series of studies aiming at delineating the geometry and
extent of the deposits at depth for optimized mine planning and resource estimations.

The ore in Blotberget primarily comprises high-quality iron-oxides in the form of magnetite and
hematite, enriched with apatite. These deposits occur in sheet-like horizons with a moderate eastward
dip along an NNE-trending zone (Nordic Iron Ore, 2011). The sheet-like mineralized horizons,
ranging from 10-50 meters in thickness, are inclined towards the southwest with a dip of
approximately 45° until 500 m depth, beyond which the dip becomes gentler. As of current
knowledge, the mineralization is expected to extend down to 1200 m depth, where a cross-cutting
reflection disrupts its continuity (Malehmir et al., 2021).

In June 2022, a novel seismic survey was conducted in Bltberget to assess the capability of
combining both broadband source and receivers. The data acquisition was conducted above a well-
known mineralization horizon. The survey incorporated a combination of collocated MEMs (micro-
electromechanical sensors), 3-component geophones, surface and borehole distributed acoustic
sensing (DAS), alongside a broadband seismic vibrator (2-200 Hz).

Expanding the bandwidth of recorded data offers several advantages, such as mitigating wavelet side-
lobes, reducing sensitivity to scattering and attenuation through lower frequencies, and achieving
sharper wavelets through higher frequencies. Broadband data thereby improve resolution and also
depth penetration (Ten Kroode et al., 2013).

Leveraging insights from previous seismic studies in Blotberget, the high-fold broadband data
facilitates improved imaging of known deposits compared to prior investigations, along with the
detection of potential additional resources beneath the mineralization. However, the most significant
enhancement lies in the broadband data's capacity to resolve the cross-cutting fault system, delineating
the depth extent of the mineralization. This case study underscores the potential of broadband data for
achieving high-resolution subsurface imaging in hardrock environments and its role in fostering a
more efficient approach to mineral resource assessment in the context of our rapidly evolving era of
green technologies and decarbonization.
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The Malmberget Iron Oxide Apatite (IOA) deposit in northernmost Sweden is the second largest
underground iron mine in the world. The Géllivare-Malmberget area is characterised by a complex
geological history including multiple phases of deformation, metamorphism, and alteration, resulting
in a geometrically and lithologically intricate ore deposit (Bauer et al. 2018, Yan et al. 2023). Fe-O
isotope signatures in the Malmberget [OA deposit are magmatic to magmatic-hydrothermal. Although,
primary ore textures and ore deposition structures have recrystalised at amphibolite facies conditions
resulting in medium- to coarse-grained granoblastic polygonal magnetite crystals (Lund 2013,
Henriksson et al. 2023).

Aside from Fe and O, magnetite can accommodate a wide range of trace elements into its
crystallographic structure (e.g., Dare et al. 2014). However, trace element redistribution in magnetite
ore during metamorphism is not well-studied, particularly for IOA deposits. Here we present the
results from pilot LA-ICP-MS element maps of a magnetite sample from the Malmberget IOA deposit.

Magnetite trace element maps (for Mg, ’Al, #Si, ©*Ca, **Sc, *Ti and *'V) were generated by LA-
ICP-MS using the Teledyne Photon Machines G2 laser coupled to a Bruker Aurora Elite quadrupole
ICP-MS and a HelEx 2-volume sample cell at Lund University. All trace element contents are
normalised to *'Fe.

The trace element maps of Mg and Al are characterised by irregular but relatively enriched magnetite
cores, depleted magnetite rims, and extremely enriched magnetite-magnetite grain boundaries. Ti also
shows elevated content in the irregular core, however no elevated Ti contents can be observed in the
magnetite-magnetite grain boundaries. Remarkably, the trace element map of V shows perfectly
homogeneous V-contents, regardless of core, rim, or magnetite-magnetite grain boundaries. For the Si,
Ca, and Sc trace element maps, no distinct pattern can be observed in the magnetite, instead elevated
contents are seemingly randomly distributed across the analysed magnetite crystals.

These observations have implications for the reliability of trace element studies of magnetite when
investigating metamorphosed iron deposits, especially when working with in situ methods.

Acknowledgments: Vetenskapsradet (grant number 2020-03789) and LKAB funded this project.
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The contentious debate on Iron-Oxide-Apatite (IOA) formation continues to this day (Reich et al.
2022, Tornos et al. 2023). The historically most investigated and debated IOA localities are the
Kiirunavaara deposit in northernmost Sweden and the El Laco deposit in northeastern Chile. However,
detailed ore deposition characteristics are still not well understood, and characterization of deposition
mechanisms are complicated to study due to the isometric crystal symmetry of magnetite. Advanced
analytical techniques such as electron back scattered diffraction (EBSD) analysis enables, among other
features, the study of crystal orientations and crystal alignments regardless of crystal symmetry and
can therefore be applied to understand formation kinetics in IOA deposits. Here, we report the first
EBSD analyses on massive magnetite samples from the Kiirunavaara and El Laco IOA deposits.

The applied rationale is based on fluid dynamic experiments of rigid bodies in flows (Zitoun & Sastry,
2004). For magnetite crystals in a flow environment, this suggests that the crystals align one of its
crystallographic axes {111} along the principal flow direction. On the contrary, magnetite crystals in a
stagnant environment will instead accumulate without any preferred alignment. By evaluating the
relative distribution of {001} and {111} we can better understand the different depositional
mechanisms and kinetics that form giant Kiruna-type deposits.

EBSD analysis was performed at the Swedish Museum of Natural History using an Oxford
Instruments Nordlys detector attached to a FEI Quanta FEG 650 SEM, based on the procedure in
Kenny et al. (2020), using magnetite match units from Wechsler et al. (1984). The Oxford Instruments
software’s Aztec and Channel 5 were used during data collection and post-acquisition processing.

Two clear trends are revealed in the EBSD data from the massive magnetite samples when comparing
the relative distribution of {001} and {111}. The magnetite samples from Kiirunavaara show no
preferred alignment and suggest a calm crystal settling environment, concordant with crystal settling
of magnetite crystals from crystal fractionation or within an immiscible melt (Troll et al. 2019; Zhang
et al. 2020). Opposingly, the magnetite samples from El Laco exhibits extreme crystal alignment along
{111}, consistent with previous interpretations of massive magnetite lava flows at El Laco.

Acknowledgements: Vetenskapsradet (grant number 2020-03789) funded this project.
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The Varena Iron Ore deposit (VIOD) in the SW East European Craton, SE Lithuania consists of
several ore bodies located within metamorphosed and hydrothermally reworked Paleoproterozoic
dolostones. The deposit is covered with 200-500 m thick sediments. Microstructural investigations
supplemented with mineral chemistry and geochronological investigations (LA-ICP-MS) were
performed to obtain age constraints on the ore-forming event(s) and improve the understanding of the
conditions during mineralization process, its extent and distribution.

Peak metamorphic and retrograde hydrothermal reworking were recognised. Skarn assemblages of
Mg-olivine, spinel, pyroxene, and calcite were formed during metamorphism at a temperature of 600 -
710° C in the presence of water- dominated fluid. During retrogression, chlorite, serpentine, secondary
dolomite and inclusion-rich magnetite (Mag-1) replaced the peak metamorphic assemblages.

Influx of an iron-rich, oxidised and water-rich fluid, occurred during the stage of decreasing pressure,
and resulted in dissolution of pre-existing metamorphic magnetite, formation of inclusion-rich
magnetite (Mag-1) and precipitation of a new, inclusion-free generation of magnetite (Mag-2). This
occurred at a temperature of 300-500° C and lead to intense secondary dolomitization, chloritization
and serpentinization. Accessory phases of monazite, baddeleyite and zircon have precipitated from the
water-rich fluid together with inclusion-poor magnetite (Mag-2). The approximate U-Pb age of the
accessory phases is 1.71 Ga, which can be considered as the age of major iron mineralization.

Origin of the mineralization are key factors for understanding of the extent, distribution and
economical value. The 1.71 Ga ore-forming event in SE Lithuania post-dates the 1.75- 1.81 Ga TIB-1
magmatism in Sweden (Salin et al. 2019). Similarly aged metamorphism and deformation at ca. 1.73-
1.70 Ga is widespread in the region (Bogdanova.et al. 2001). Iron and apatite ores in neighboring
Sweden are mostly of igneous origin and are older, Svecofennian in age, while in Poland they are
mostly igneous and Mesoproterozoic in age (1.52-1.50 Ga, Wiszniewska et al. 2002). The VOID
mineralization might have been triggered by the 1.67- 1.71 Ga magmas that represent an eastern
extension of the TIB-2 magmatism in south-central Sweden.
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Magnetite-(apatite) (MtAp) and iron oxide copper gold (IOCG) systems include a complex mélange of
ore deposits with diffuse limits and poorly known genetic relationships. At a worldwide scale, MtAp
districts are fairly abundant but only locally are spatially related with IOCG mineralization.
Conversely, major IOCG districts not always related spatially or temporally with MtAp
mineralization. Geology and geochemistry suggest that MtAp rocks are formed by crystallization of
ultrabasic iron-rich melts more akin to carbonatites and other silica-depleted alkaline melts, than to
silicate-rich magmas (Tornos et al., 2023). The unusual diopside/actinolite and apatite-rich but quartz-
depleted composition of these rocks is difficult to explain if they are related to magmatic-hydrothermal
systems formed during the crystallization of mafic to felsic water-rich intrusive rocks. More likely,
evolved MtAp systems behave as natural analogues of blast furnaces with separation of a deep and
dominant layer of massive magnetite capped by a complex assemblage of apatite and Ca-Mg silicates
that is chemically and physically similar to that of slag. Fractional crystallization of these late rocks
produces a wide variety of coexisting immiscible melts that are not fully understood. Local presence
of hematite and abundant anhydrite suggest that these melts were highly oxidized and transported little
reduced sulfur. The crystallization of large amounts of magnetite induced water supersaturation of
aqueous fluids and the release of vast amounts of aqueous fluids that form large aureoles of alkali-
calcic-iron alteration with local replacive magnetite mineralization (=skarn). In subaerial systems, the
formation of the magnetite-slag zonation is inhibited and the violent release of large amounts of
aqueous vapor produces large maar-diatreme complexes with crater lakes infilled with breccias. The
ultimate origin of these iron-rich melts seems to be related with the contamination of silicate melts by
continental to shallow marine sediments, many times evaporite-rich, that underlie most MtAp districts.
Melt contamination can be traced through radiogenic and stable isotopes and melt inclusion data.
87Sr/36Sr and triple oxygen isotope data (Peters et al. 2021) as well as by the abundance of melt
inclusions enriched in different salts, including, carbonates, sulfates and chlorides (Bain et al. 2020).
MtAp systems can be the host of, IOCG systems characterized by the hydrothermal precipitation of
magnetite and chalcopyrite associated with an actinolite-feldspar hydrothermal alteration. The most
likely reason of this association is that magnetite, whatever the origin, is an excellent trap due to its
brittle behavior and its capability of buffering both redox and pH at intermediate to low fluid/rock
ratios. This is observable in several deposits in northern Sweden where the “IOCG” mineralization
postdates and cross cuts earlier MtAp mineralization (e.g. Malmberget, Bauer et al, 2018). However,
IOCG-like systems can also form away from ironstones, as veins or stratabound replacements
(“periskarn”) of permeable volcanoclastic andesite. The ultimate origin of the ore forming aqueous
fluids is unknown but could be related with the crystallization of mafic silicate melts or fluids released
from an underlying MtAp system.

Study funded by the EIS project (Horizon Europe project 101057357)
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European iron ore production is primarily sourced from iron oxide-apatite deposits in the northern
Norrbotten ore province in northernmost Sweden. The Malmberget iron oxide-apatite deposit is the
largest underground iron ore resource in Europe and is an amphibolite grade analogue of the world-
famous Kiirunavaara iron oxide-apatite deposit. The Malmberget rock association is characterised by
multiple phases of deformation, metamorphism and alteration that resulted in a genetically ambiguous
and geometrically complex deposit. Primary ore textures and emplacement structures of the
Malmberget iron oxide-apatite deposit have largely been recrystallised during metamorphic overprint
and now comprises dominantly medium- to coarse-grained, granoblastic magnetite. In this
contribution, we combine magnetite trace element chemistry and stable Fe-O isotopes to characterise
the magnetite of the Fabian-Kapten and ViRi ore bodies and unravel the primary origin of the
Malmberget iron oxide-apatite deposit. Trace element and Fe-O isotope data from massive magnetite
samples from the Fabian-Kapten and the ViRi ore bodies indicate a high-temperature magmatic to
magmatic-hydrothermal origin of the Malmberget iron oxide-apatite ore deposit, regardless of
subsequent metamorphic modifications. Magnetite trace element contents and Fe-O isotope
equilibrium calculations reveal a temperature discrepancy between the Fabian-Kapten ore body and
the ViRi ore body, where the ViRi ore body has a more pronounced magmatic character than the
Fabian-Kapten ore body. We explain this difference by the respective ore body’s stratigraphic position
in the ore-forming, magmatic system.
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Easily accessible, near-surface deposit discoveries are declining, and exploration efforts tend to focus
more on deeper targets, where geological observations are limited. Subsurface mapping using
conventional exploration techniques is not suitable and new approaches are being developed, mainly
focusing on geophysical techniques. While geophysical survey results can help to look through the
cover and lower the costs for initial targeting, in complex geological settings direct geophysical
detection is unlikely. The success of mineral exploration in deeper terrains is limited to our
understanding of the three-dimensional architecture of the subsurface, and integrated geological-
geophysical investigations tend to achieve more realistic results. Data integration can ensure that
geophysical inversions consider realistic geometric relationships and structural variability of
lithological units, and their lithological and metasomatic characteristics. Merging geological
interpretations with geophysical models requires a good understanding of the physical property
distributions and their geological control. Extensive studies in the Kiruna mining district in northern
Sweden led to an improved geological understanding of the crustal architecture, which in combination
with the good preservation of the Orosirian rocks makes the area a good candidate for integrated
modeling. Several iron oxide-apatite (IOA) deposits are situated within the district, including the
Kiirunavaara ore that consists of a tabular magnetite-apatite body that stretches Skm in length, 100m
in width, and has a moderately steep dip (60°—70°), towards the east (Grip and Frietsch, 1973).
Structural studies indicated that E-W-oriented crustal shortening related to basin inversion created a
moderate to steep east-dipping stack of supracrustal rocks, with strong strain partitioning between
lithological contacts and individual units (Andersson et al., 2021). Hydrothermal alteration has been
characterized as epidotization, scapolitization, and albitization within the Kiruna Greenstone unit
situated at lower stratigraphic levels (Martinsson, 1997). Higher up in Orosirian volcanic rocks hosting
IOA deposits, ore proximal alteration has been described as albitization that transitions into sodic-
calcic then sodic-calcic-ferrous style, while towards the top of the stratigraphic pile, the Per Geijer
deposits are characterized by potassic style (Martinsson et al., 2016; Andersson et al., 2021; Lupoli et
al., 2022).Our study aims to explore the impact of geological processes on the petrophysical properties
from 32 outcrop samples. The physical property signatures of density, magnetic susceptibility, and p-
wave velocity are investigated in association with lithological variations, alteration, and rock fabric
within the Kiruna mining district. Results indicate that density, magnetic susceptibility, and p-wave
velocity are influenced by deformation events that alter the rock texture and favor the remobilization
of magnetic minerals, while metasomatic processes change the bulk mineralogical composition. These
findings provide a framework for the petrophysical footprint of the area and serve as a foundation for
future integrated geological-geophysical modeling.
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Character of syngenetic- and hydraulic breccias in the Kiskamavaara
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Iron-Oxide-Copper-Gold (IOCG) deposits are important deposits in the energy transition towards a
sustainable society because they host a plethora of elements that are used in technological applications
that replace fossil-fuel driven systems. However, criteria for the IOCG deposit-type have been vaguely
constrained and their formation processes remain enigmatic (Williams et al. 2005, Groves et al. 2010).
I0OCG’s are generally structurally controlled, affected by alkali hydrothermal alteration, brecciated, and
host paragenetically early low-Ti Fe-oxides and Fe- and Cu-sulfides. In the classification scheme of
Groves et al. (2010) the cobalt hosting, brecciated, shear zone situated and strongly K-feldspar altered,
Kiskamavaara IOCG-(Co) deposit belongs to the IOCG sensu stricto group. Kiskamavaara resides in
northern Norrbotten, approximately 40 km east of Kiruna in the crustal scale Nautanen deformation
zone and local reactivated brittle-ductile faults (Bauer and Andersson. 2021). In this study the
Kiskamavaara breccias are analyzed with micro-X-ray fluorescence (XRF), Computerized Tomography
(CT) and drill core observations to provide a detailed breccia description of a classic IOCG deposit.

Preliminary results show that the oldest breccias in Kiskamavaara are interlayered syngenetic volcanic
and volcano sedimentary breccias that constitute the host rocks for the overprinting mineralization. The
volcanic breccia is a monomict, K-feldspar altered, poorly sorted and matrix supported fragmented
andesite with flattened, sub-angular clasts. The matrix is fine grained and hosts both disseminated pyrite
and early Fe-oxides. Brecciation possibly occurred via autobrecciation of lava flows during deposition.
The interlayered volcano sedimentary breccia is polymict, sodic and potassic altered with andesitic,
tuffaceous and schistose clasts. Furthermore, the breccia is poorly sorted, matrix supported, vuggy and
often sheared. The sub-angular clasts are flattened and indicate short transport. Hydraulic breccias
overprint the syngenetic breccias introducing cobaltian pyrite that constitute the infill material together
with chalcopyrite and magnetite. The mineralized breccias are typically monomict, strongly K-feldspar
and Fe-oxide altered, poorly sorted, matrix supported carrying angular to sub-angular clasts.
Chalcopyrite carrying late carbonate veins overprint the hydraulic breccias. In drill core intervals up to
5 m, intense hydrothermal alteration overprints the host rocks and forms a poorly sorted, angular, jigsaw
fit breccia with red K-feldspar altered clasts and a matrix consisting of massive magnetite or hematite
overprinted by carbonate veining. In these intervals pyrite and chalcopyrite are completely absent.
Towards the rim of the deposit, albite replaces K-feldspar in the breccias causing the clasts to appear
more whitish-pink than reddish-pink within the pyrite matrix. In the same peripheral area, pyrite-veined
biotite-chlorite schists occur. The absence of brecciation and presence of pyrite veining is likely caused
by competence differences in the host rocks, but more analyses are needed for conclusive remarks.
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The Riddarhyttan and Norberg districts in the Bergslagen ore province host the most well-known
Bastnis-type Fe-REE deposits, comprising skarn-hosted, magnetite-rich iron oxide deposits associated
with localised REE-rich and polymetallic mineralisation (e.g., Cu, Co, Bi, Mo). The prevailing genetic
interpretation is that these deposits formed through the replacement of carbonate interlayers by hot Fe-
REE-rich magmatic fluids in a syn-volcanic, sub-seafloor setting at around 1.9 Ga. The volcano-
sedimentary wall rocks to the deposits underwent variable degrees of syn-volcanic hydrothermal
alteration and were subsequently affected by polyphase Svecokarelian metamorphism and
deformation. To evaluate the potential for REE mobilisation by the syn-volcanic hydrothermal fluids
in the districts, we have compared variably altered felsic metavolcanics and penecontemporaneous
metagranites with precursor rocks showing minimal to no alteration. We utilised the lithogeochemical
database of the Geological Survey of Sweden, supplemented by newly collected samples.

In the Norberg district, notable Bastniis-type REE deposits include the Malmkirra, Ostanmossa and
Johanna mines. The alteration of the metavolcanic rocks varies from pervasive to localised and show
K or Mg-Fe signatures. The Mg-Fe alteration is concentrated in the central parts of the district and in
proximity to different iron-oxide deposits, likely representing the footwalls to the mineralised skarn
horizons. Local zones with Na to Na-Mg alteration are also observed. Around the Malmkaérra deposit,
Mg-Fe-altered metavolcanic rocks show relative enrichment of Mg and Fe, and depletion of Na, Ca,
K, Ba, Sr and LREESs. Similarly, Mg-Fe-altered rocks closer to Norberg show a relative decrease in
the LREEs. Conversely, K-altered metavolcanic rocks show no to weak LREE depletion. Metagranites
east of the metavolcanic sequence exhibit distinct Na-Mg alteration, characterised by the relative
enrichment of Mg and Na, and depletion of Ca, Fe, K, Rb, Ba, Sr and typically the LREEs.

The Bastnés field, including the Nya and Gamla Bastnis deposits, is located in the Riddarhyttan
district. To the west of the field, likely representing the footwall, the metavolcanic rocks are weakly to
moderately Fe-Mg-altered, with relative enrichment of Fe and Mg, and depletion of Na, Ca, Li, Ba, Sr,
Pb, Zn, and variable LREE depletion. Proximal to the mineralised skarn horizon(s), the metavolcanic
rocks display strong Fe-Mg alteration, with variable REE and polymetallic mineralisation, and show
relative addition of Fe, Mg and locally also REE, S, Cu, Mo, Bi, Se and Te, as well as the depletion of
Na, K, Li, Rb, Ba and Sr. Local skarn alteration of a marble outside of the main REE-rich mineralised
zone shows relative enrichment of Si, Ba, Sr, LREEs, MREEs, Cu, Co, and Mo compared to an
unaltered marble. Metavolcanic rocks to the east of the skarn horizon(s) exhibit no to weak K
alteration and minimal LREE depletion, and likely corresponds the hanging wall. Further east of the
Riddarhyttan district, regional-scale Na, Na-Mg and Mg-Fe alteration of metavolcanic rocks have
resulted in variable LREE depletion. In contrast to the Norberg district, Na-Mg altered metagranites
typically display low degrees of LREE depletion.

Significant LREE depletion in both districts is related to Mg-Fe-altered metavolcanic rocks,
interpreted to be the footwall of the skarn-hosted REE deposits. Variable LREE depletion is also
associated with Na-(Mg) alteration of metagranites and metavolcanic rocks. This indicates that syn-
volcanic hydrothermal Mg-Fe and Na-(Mg) alteration were able to mobilise the LREESs and supports a
genetic relationship between alteration and primary REE mineralisation. However, textural evidence
for the remobilisation of REE during metamorphism is present in both districts, and it is difficult to
determine how that has affected the chemical composition of the altered rocks. Nonetheless, the
extensive zones of hydrothermally altered metavolcanic rocks and penecontemporaneous metagranites
found in the districts suggest that the altered rocks could be the primary sources of REE.
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programme for the project Exploration Information Systems under grant agreement No. 101057357.

136 36th Nordic Geological Winter Meeting & Goéteborg 2024



SESSION 8 ¢ ECONOMIC GEOLOGY - METALLOGENY OF THE NORDIC COUNTRIES AND BEYOND

In-situ petrographic description of banded iron formation and skarn-
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The island of Utd, situated east of Nyndshamn in the Bergslagen Lithotectonic Unit (BLU), has long
been studied by geologists for its remarkable representation of Bergslagen’s geology (Talbot 2008). It
is home for multiple ore types commonly seen in the BLU — Banded Iron Formations (BIF) and skarn-
hosted Fe-oxide and base metal sulphide ores (Allen et al. 1996). Ut is the type locality for multiple
minerals, including petalite, holmquistite, spodumene and Mn-tantalite, the first three of which are Li-
bearing. The Li-minerals were found in Li-pegmatite- and aplite dykes that crosscut the mines, and
from petalite, the element lithium was first isolated and discovered by Arfwedson in 1817. Modern
studies of the island’s ore deposits are lacking and much of the studied material has little textural
context as the samples come from mine waste.

We present petrographic descriptions of a series of drill cores sampling the Ut ore bodies from the
SGU archive. 60 polished thin sections were prepared from three drill cores, with special focus on
borehole U1737 that intersects the BIF. The thin sections were studied using the petrographic and
scanning electron microscopes in order to identify mineral assemblages, textural relationships,
establish the timing of growth of different minerals and characterize the stratigraphy. Of particular
interest is the Li-amphibole holmquistite, that is found in banded Fe-oxides (Fig. 1) and volcanic ash
siltstones, similar to that described by Pilava-Podgurski (1955).

Figure 1. Holmquistite in skarn-altered BIF from drill core U1737.
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New insights on the Agnmyrgruvan Pb-Zn deposit in central Sweden
from microscopy, UV-light imaging, and LA-ICP-MS
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Located on the Sollerdn island in the Siljan Lake (central Sweden), the carbonate-hosted Pb-Zn
(CHPZ) Agnmyrgruvan deposit is believed to be associated with the Siljan meteorite impact at around
377 Ma (Reimold et al. 2005). Along with the nearby Boda CHPZ deposits, the colloform sphalerite of
the Agnmyrgruvan deposit was previously studied by Welin (1959), who compared the deposits to the
Bleiberg deposit in Austria. Alpine-type CHPZ deposits (including Bleiberg, Mezica, and Raibl)
contain colloform sphalerite that has been shown to host high amounts of critical metals, in particular
Ge (Melcher et al. 2023; and references therein). With the rising interest in critical metals, the Nordic
CHPZ deposits should be revisited to better the understanding of the distribution of these critical
metals in sphalerite.

This study combines optical and electron beam microscopy, laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS), Raman spectrometry, and ultraviolet (UV) light imaging to
constrain formation processes of the Agnmyrgruvan deposit and investigate the distribution of critical
metals in the colloform sphalerite. Raman spectrometry was used to investigate the presence of
wurtzite, but the results were inconclusive. Individual bands of sphalerite show different luminescence
colors under UV-light, such as yellow and orange, but also black (no luminescence). Trace element
compositions vary significantly (e.g., Mn, Fe, Cu, Ga, Ge, As, Cd, Tl, and Pb) between the different
colored bands of the colloform sphalerite. Sphalerite trace element geothermometry indicates
formation temperatures between 130 — 190 °C, which is in accordance with the interpreted
temperature by Welin (1959) of <200 °C. Furthermore, the Agnmyrgruvan deposit’s unique
association with a meteorite impact will contribute to the currently ongoing international work on
CHPZ sphalerite trace element geochemistry, where such CHPZ deposits are lacking.
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Shales and mudstones are common sedimentary rocks forming in marine basins throughout Earth’s
history. Besides being important record holders of Earth’s paleoclimate, they are also a target for
mineral deposit exploration since they can hold economic resources of critical minerals such as
vanadium (V), which is an essential component of redox-flux batteries. Many Paleozoic shales are,
however, metamorphosed and deformed. This commonly obscures primary features including V-
bearing host phases and the original composition of organic material.

Here we present geochemical and mineralogical data on the Paleozoic Van prospect, Northwest
Territories, Canada, to show that V can be released from organic matter during metamorphism and
incorporated in clay phases such as illite. The siliceous argillites at the Van Property host up to 0.69%
V205 and are metamorphosed to (sub-)greenschist facies. Its mineralogy is dominated by quartz with
minor graphite, illite, muscovite, pyrite, sphalerite, rutile, and carbonates. Microprobe analyses show
that two inorganic phases, illite and rutile, host elevated V concentrations. Based on V content, two
illite sub-types are identified: (1) low-V illite that has on average 0.8 wt% V,0s, and is of illite
endmember composition, deformed (e.g., kinked) and occurs close to quartz and carbonaceous matter,
and (2) high-V illite that has on average 10.8 wt% V»03, and is of illite/smectite composition, shows
no deformation and occurs adjacent to carbonaceous matter. Rutile has up to 4.4 wt% V,03, shows no
deformation or alignment parallel to bedding, occurs with sphalerite and pyrite, and adjacent to
carbonaceous matter. However, the inorganic V hosts cannot account for the bulk rock V
concentration using simple bass balance calculations. The third V-host is here inferred to be
carbonaceous matter in which V was incorporated upon sedimentation and early diagenesis due to
metalation and formation of geoporphyrins. During metamorphism, maturated carbonaceous matter
degraded resulting in the demetallation of V-bearing geoporphyrins and release of vanadyl ion. Some
vanadyl ion was incorporated into high-V illite. Vanadium-enriched rutile also formed during
metamorphism. This process of V enrichment highlights the role of carbonaceous matter in
scavenging V and importance of metamorphism on subsequent V release and its incorporation into
inorganic phases. Furthermore, the geochemistry of siliceous, V-rich argillites at the Van Property is
compared to other V-enriched shale and mudstone deposits highlighting the diverse composition of
host-rocks in shale-hosted V deposits.
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Large volumes of monzonite and syenites including the Larvik Plutonic Complex (LPC), were
emplaced between 300 and 278 Ma (Ramo et al., 2023; Pedersen et al., 1995), as part of the Oslo rift.
Monzonite from the LPC hosts several occurrences of Fe-Ti-P-(Rare Earth Elements - REE)
mineralization (Ihlen et al., 2014), including the Kodal deposit. However, the mineral potential of
intrusions further north, which are Si-saturated, have never been studied in detail. We present here the
first results of an ongoing multidisciplinary project carried at the geological Survey of Norway. The
aim of the project is to assess the mineral potential of the monzonite and syenite for Fe-Ti-P-(REE)
mineralization and develop new mineral exploration tools that can be used at regional and local scales.

First, we employed available datasets within a supervised machine learning framework, resulting in a
predictive prospectivity map at a regional scale. The predictors include data from airborne magnetic
and radiometric surveys, in addition to topographical information. The training dataset consists of
whole-rock geochemical analysis categorized based on their P,Os concentration. Samples containing
more than 4 wt% P,Os are labeled as mineralized, while those falling below this threshold are
classified as barren. Our predictive model suggests that large magnetic anomalies and low potassium
on the radiometry, characteristics of mineralization rich in magnetite and poor in alkalis, control the
location of the predicted prospective areas. Field work confirmed that one area, basalt of Skien,
strongly magnetic and poor in K, gave a false positive. However, when the predicted prospective areas
are hosted within monzonite and syenite, Fe-Ti-P-(REE)-rich rocks were found cropping out at the
surface. According to the map, the prospective areas not only occur in the LPC but also in intrusions
further north, indicating that the potential for Fe-Ti-P-(REE) mineralization is not limited to the LPC.

In addition to the prospectivity map, we acquired new U-Pb geochronology and Hf isotope on zircon
indicates that unlike what was previously assumed, the Kodal deposit is not part of the LPC but is
younger (282 to 283 +/-2-Ma), has overall lower epsilon Hf (+2.5-+6) than the LPC (299-289 Ma,
EHT: +5.5-+8) and belongs to the group of intrusions north of the LPC. These results support that the
LPC is not the only mineralized intrusion in the area.

One of the largest prospective areas, located in the Siljan-Hvarnes intrusion, was selected for a drone
magnetic survey to better constrain the shape and size of the magnetic anomaly picked up by the
regional magnetic survey. A soil survey was carried out in this area, to test if the presence of an Fe-Ti-
P-(REE) ore body can be detected using portable XRF and magnetic susceptibility meter. Preliminary
results show that soil samples taken over the high magnetic anomaly measured by the drone,
registered higher magnetic susceptibility values and higher concentrations of Ca, Fe, P and REE.

This study provides a new set of exploration tools to assess the prospectivity of entire regions for Fe-
Ti-P-(REE) mineralization, however a good knowledge of geology is necessary to interpret the results.
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Surface outcrops in the Per Geijer area: macro-scale observations in
limited drilling areas
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The continued exploration of the Per Geijer deposit by LKAB in Norrbotten, northern Sweden, has
identified new targets in the form of apatite-bearing magnetite, hematite, and mixed ores. Often, drill
core data only provides a snapshot of the stratigraphy and can limit the large-scale geological context.
For this reason, the historical workings at the Nukutus pit in the Per Geijer area, were mapped and
sampled to visualise the various units and textures in three-dimensional- space. Previous geological
maps have suggested that the Nukutus pit is the northern—most expression of iron-apatite
mineralisation in the area (Martinsson et al., 2013). Our mapping focuses on understanding the
relationship between the wall-rock and mineralisation, and the various textures seen within the
mineralisation itself.

The macro-scale observations suggest multiple apatite pulses both syn- and post- iron ore formation,
which were sampled for microscopy. We identified both banded compositional layers of iron and
apatite, and spotty apatite within a groundmass of mixed hematite-magnetite mineralisation, that
appear syn-formation with iron. Whereas, iron brecciated by apatite veins, rip-up clasts of iron in an
apatite groundmass, and folded veins containing coarse-grained apatite in hematite, suggest various
post-iron formation apatite-rich fluids (Miles et al., 2023). The collected samples were confirmed for
their composition by a portable handheld XRF. Ongoing microscopic observations will determine
textures and mineral relationships at a thin-section scale.

As LKAB continues to explore at Per Geijer, we aim to compare the textures observed here with those
found in drill core to understand the lateral continuity of the stratigraphy and provide further insight
into the formation of iron-apatite deposits.
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The Bergslagen district in central Sweden hosts iron oxide, base metal sulphide deposits as well as less
common ore types including Bastnés-type REE-deposits. Most of the deposits are hosted by a bi-
modal (dominantly felsic) volcanic succession and with interbedded limestone units. Many of the
deposits are surrounded by strong, regional hydrothermal alteration in the country rock. It is believed
that these hydrothermal alteration zones are genetically related to the ores and that they have served as
source for metal-rich fluids, leaching certain elements from the country rocks, at least in some of the
deposits (De Groot and Baker 1983; Lagerblad and Gorbatschev 1985; Jansson and Liu 2020).
Investigations into mass change during hydrothermal alteration commonly use mass balance
calculations comparing altered rocks with least altered equivalents to quantify metal depletion during
hydrothermal alteration. Critical to this is the identification of least altered samples from the same area
and rock-type. However, in many areas where hydrothermal alteration is intense, unaltered, or even
“least altered” samples are difficult to find and furthermore, different definitions of least-altered rocks
are used in the literature which causes a problem for reproducibility and comparison of the alteration
styles in different areas.

This study presents a regional least altered sample database with 134 high quality, low detection limit
major and trace element geochemical analyses of metavolcanic and granitic samples which were
selected based on a clear set of criteria. The dataset includes samples from western Bergslagen
(Hjulsjo area), Uto, the Riddarhyttan area Falun (Kampmann et al., 2017), Garpenberg (Jansson et al.,
2013) and Sala (Jansson, 2022). The Hjulsjo area is particularly well suited due to good exposure of
relatively low metamorphic grade (greenschist) felsic volcanic rocks, and variable degrees of Na-, K-
and Mg-style hydrothermal alteration. It has been the location for a number of previous studies of
hydrothermal alteration (i.e., De Groot & Baker 1983; Hallberg, 2003). The area also highlights the
relationship between felsic volcanic rocks and co-magmatic granites that can help approximate a least
altered felsic volcanic compositions in areas where least altered equivalents of the felsic volcanics are
lacking (Hallberg, 2003; Kampmann et al., 2017).

The geochemical compositions of the least altered dataset reveals a consistent magmatic
differentiation trend across all studied areas, supporting the notion of a magmatic source of similar
composition across the Bergslagen district. A comparison of background metal concentrations in the
different regions shows geographical variations. Interestingly western Bergslagen where relatively few
and small polymetallic sulphide deposits have been found stands out with particularly low background
base metal concentrations. This may suggest that differences in primary fertility of different volcanic
centers in Bergslagen presented a first order control on the composition and abundance of ore deposits
in the region.
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The Bastnés deposit in Bergslagen is the place where Ce, the first
rare earth element (REE) was discovered, and it was the world’s
first hard rock REE mine. Despite its historical importance the
processes of ore formation are not understood well. Previous
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The Bastnés deposit is one of several REE-enriched magnetite e

skarn deposits which occur in central Sweden. All of them are 2 ‘:Wv o
hosted in Paleoproterozoic felsic metavolcanic rocks with Motavolcanicrock withskams [ e »
interbedded marble units. While previous studies mostly focused  [7gure I Geological map showing the
on the spatially confined but economically interesting cerite location of the studied drill cores.
mineralization, this study focusses on two drill cores not directly

associated with the cerite mineralization. The cores show that REE-enrichment occurs over large areas
and throughout the stratigraphy. The first hole was drilled under the old Bastnds mines ca. 400 m
south of Ceritgruvan and the second drill hole is located 1km west (Figure 1) in a place where REE

mineralization hasn’t been described previously.

Geochemical data collected along the drill core by EMX Royalty Corp. reveal a close association of
the REE enrichment with magnetite skarns. Within these magnetite skarns, REE concentrations peak
at the contact to the felsic metavolcanic rocks. This suggests preferential flow of the mineralizing
fluids along lithological contacts as described by Meinert et al. (1997). The mineralogically is
dominated by epidote supergroup minerals (ESM), primarily ferriallanite-(Ce), dollaseite-(Ce) and
dissakissite-(Ce). Notably, REE mineralization also occurs along faults, showing a slightly different
mineralogy. While the ESM of the magnetite skarn associated mineralization contains inclusions of
more REE-rich silicates such as britholite-(Ce) and gadolinite-(Ce), they are absent in the fault-related
massive ESM. This is tentatively interpreted as indicating that allanite is a secondary mineral in this
system and formed by recrystallisation of primary, more REE-rich silicates and phosphates which are
products of earlier intense alteration of the stratigraphic succession. The fact that the mineralization
along faults lacks inclusions of primary REE phases suggests that it is a result of late REE
remobilization rather than the pathway of the fluids originally causing the REE mineralization.

Work on the characterization of the source of the ore-forming fluids is ongoing, with an emphasis on
evaluating the potential contribution of hydrothermal fluids leaching the volcanic host rocks. This
aspect is particularly relevant, given that the deposits are situated within metamorphosed, strongly
Mg-altered felsic volcanic rocks, and since previous studies (cf. De Groot and Baker, 1983, Dunst et
al. in prep) have demonstrated that the fluids causing this alteration type can leach REE from country
rocks in Bergslagen and form REE-enriched hydrothermal fluids.
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Bedrock of Fennoscandia and Greenland has a well-established mining and mineral exploration
history focusing mainly on base and ferrous metals. Today, we see the region with a significant
potential of a very large set of metals and minerals. Especially, nearly all included into the to the latest
EU set of critical and strategic raw materials (Grohol et al. 2023) could be sourced from Finland,
Greenland, Norway and/or Sweden. This is essentially grounded in that: 1) the bedrock is similar to
major mineral-rich terrains globally but uniquely for Europe, 2) the Nordic countries comprising a
land area comparable in size to the most mineral-rich parts of Canada, USA, Australia, South Africa,
or Brazil, 3) there is a continuous presence of modern mining, and 4) locally developed leading-edge
mineral exploration, mining, and mineral-processing technology (e.g., Eilu 2012, Boyd et al. 2016,
Kolb et al. 2016, Jonsson et al. 2022).

Nordic metallogeny rather directly relates to supercontinent evolution of the region. From early
Archaean protocontinent formation, through formation, rifting, and disintegration of Kenorland,
Columbia, Rodinia, and Pangaea, to the current continental-margin processes, we see formation of
major Au, Cr, Cu, Fe, graphite, Nb, Ni, PGE, phosphate, REE, talc, Ta, Ti, V, and Zn deposits. Mafic-
ultramafic magmatic processes have produced Ni-Cu-Co-PGE, PGE-only, Cr, and Ti-V(-P) deposits,
submarine hydrothermal systems Cu-Zn-Ag-Au, active margins porphyry Cu-Au and Mo, rifting-
related carbonatite and peralkaline magmatism REE-P-Zr-Hf-Nb-Ta-fluorite, somewhat enigmatic
processes Kiruna-type FexP+REE and IOCG, metamorphic processes Au, graphite, high-purity quartz,
and talc-magnesite, passive-margins mineral-sand Ti(-REE-Zr-Hf), and euxinic passive margin
settings produced black shale-hosted Ni-Co-Cu-Zn and V-U-Mo deposits.

What is not so well established, or even not much thought about, but where there may well be
significant critical metal potential, relate, at least, to 1) large-scale rifting and the recently proven
presence of evaporites in the Palacoproterozoic of the northern Fennoscandia (e.g., sediment-hosted Ni
and Au-CoxPGE, and copperbelt-type sensu lato), 2) Co, Sc, and V resources in IOCG, and IOA
deposits, 3) Be, REE and Li in granitoids (excluding pegmatites), 4) Li in metamorphosed Thacker
Pass type deposits, 5) Ga and Sc resources in Ti-V-Fe deposits. Serious work should be aimed on all
these. Do we have such deposits, and if yes — where? Also, reasons why there aren’t certain globally
significant deposit types here (e.g., Carlin gold, evaporite potassium, sediment-hosted Li, red-bed Cu)
should be investigated — perhaps the of view non-existence (of economic ores) is not true, after all?
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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 (Corfu & Heim, 2019) or on the processes related to the genesis of the
mineral deposits (Mansur et al., 2023). The mineralisation displays typical magmatic textural and
compositional features, however, these have been overprinted by deformation. Yet, the extent and
origin of the deformation 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. Based on U-Pb zircon dating
by Corfu & Heim, (2019) of the host rocks of the mineralisation 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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The Bergby LCT-type granitic pegmatite field is located in the Hamrange area in the southeastern part
of the Ljusdal lithotectonic unit. It is the most recently discovered lithium-rich granitic pegmatite field
in Sweden. It was identified in situ in outcrops and by core drilling in 2016-17, some 10 years after the
first find of a spodumene pegmatite boulder in the area, and nearly 200 years after the discovery of the
element Li in the new mineral petalite from the island of Ut in the Stockholm archipelago. Since
2021, extensive boulder mapping and drilling by United Lithium, the current license holder, led to the
discovery of several additional LCT-pegmatite swarms in the area.

The Bergby LCT-pegmatites are hosted in a metasupracrustal unit comprising mica schists, 1.89 Ga
felsic to mafic metavolcanic rocks and quartzites with provenance ages between 2.7 and 1.85 Ga
(Bergman et al. 2008). The metasupracrustal rocks were metamorphosed at c. 1.83 Ga in LP
amphibolite facies, grading from the stability fields of andalusite in the east, to sillimanite in the west.
These rocks have experienced several episodes of ductile deformation including early asymmetric
folds and associated thrusts, which are in turn refolded to an easterly plunging synform (the Hamrange
synform) and sheared along wide, c. 1.81 Ga steeply dipping deformation zones (Hogdahl et al. 2009),
established at the limb of the latter. Granitic pegmatites, including LCT-type ones, within these late-
Svecokarelian shear zones were variously affected by this deformation phase, which thus gives a
minimum age of their emplacement. Other intrusions in the Hamrange syncline that post-date peak
metamorphism and folding are small granite, quartzmonzodiorite and gabbro intrusions.

Simple and barren granitic pegmatites are common in the western part of the area, whereas the LCT-
pegmatites have this far only been identified in the most competent lithologies, represented by the
mafic and intermediate metavolcanic rocks and the quartzite in the central part of the synform, overall
covering an area of more than 50 km?. They occur as swarms with individual dykes ranging in width
from a few decimeters to more than 10 meters. The Li-ore mineralogy in the different dykes varies;
some dykes host both spodumene and petalite, whereas others are seemingly only spodumene-bearing.
In some dykes primary petalite is replaced by massive intergrowths of fine-grained spodumene and
quartz, so called SQUI. With the present data at hand the LCT-pegmatite field appears to be zoned
with dykes rich in petalite and with high Cs-Ta contents in the central part while low Cs-Ta and
petalite-poor dykes occur at its margin. In addition to the main ore minerals petalite and spodumene,
Li is also hosted by phyllosilicates including cookeite, amblygonite-montebrasite series minerals,
tourmalines, and Mn-Fe£Li phosphates. Other minerals characteristic of highly fractionated LCT
systems like pollucite and tantalite minerals have also been identified, but the Cs and Ta-Nb contents
vary greatly in and between different dykes. Within the framework of the recently started ULiBS
project based at Uppsala University, drill cores from Bergby are analysed by the Orexplore GeoCore
X10 that conducts simultaneous XCT-XRF scans. Results from a spodumene-bearing pegmatite shows
that the measured concentrations of this phase in the core and the calculated Li-contents correlate well
(R?>=0.967-0.974) with ore assay data conducted on half-cores.
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Polymetallic sulphide deposits of Bergslagen in the Fennoscandian shield belong to the globally
significant c. 1.9 Ga event of orogenic activity, crustal growth and metallogenesis. Recent secondary
ion mass spectrometry (SIMS) U-Pb dating zircon dating by Jansson et al. (2023) indicate that age
differences exist between the two principal types of Bergslagen sulphide deposits, namely 1)
syngenetic Zn-Pb-Ag and Cu deposits such as Zinkgruvan (formed c. 1.90-1.89 Ga) and 2) carbonate-
replacement/skarn-type Zn-Pb-Ag-(Cu-Au) deposits such as Garpenberg (formed somewhat later at c.
1.89 Ga). In this contribution, we present new geochronological data from key igneous units at the
Sala Zn-Pb-Ag deposit, one of the most important members of the 2™ type.

Concordant zircon analyses (N=17, in situ secondary ion mass spectrometry, SIMS) from a
metavolcanic interbed with relict accretionary lapilli in the marble host to the Sala deposit provided an
average 7*"°Pb age of 1889+4 Ma. This age overlaps within error but is slightly younger than a
previously reported age of 189442 Ma for the same unit (multigrain discordia age, Stephens et al.,
2009). The new age is a more accurate age constraint for the deposition of the limestone precursor to
the marble host and sets a maximum age of the carbonate-replacement and skarn Zn-Pb-Ag
mineralization hosted by it.

The marble host is intruded by subvolcanic feldspartquartz-porphyritic dacite and granodiorite. A
porphyritic granodiorite dyke intrudes and truncates the ore zone and hydrothermally altered carbonate
wall rock at the Bronéds Zn-Pb-Ag deposit. Concordant zircon analyses (N=13, SIMS) from the Bronés
granodiorite define an average **’Pb”*Pb age of 1887+6 Ma for igneous crystallization of the dyke.
Stephens et al. (2009) calculated a discordia age of 1892+5/-4 Ma for another subvolcanic intrusion
north of Sala (Strabruken porphyry). Mapping by Jansson et al. (2021) shows that it crosscuts both the
contact of the alteration envelope in the marble host, and its contact to overlying felsic pyroclastic
metavolcanic rocks in the stratigraphic hangingwall. Again, concordant zircon analyses (N=22) from
the Strabruken porphyry define a slightly younger average **’Pb?*°Pb age of 1889+3 Ma and provide a
minimum age of the hydrothermal Zn-Pb-Ag mineralization in the marble.

The new results are consistent with other geological evidence suggesting an early, pre-D; (c. 1.87 Ga)
age for sulphide deposits at Sala (Jansson et al. 2021). A transition from volcanism and plutonism
combined with intense magmatism, regional extension, and local caldera subsidence at c. 1.89 Ga is
inferred as critical for the formation of replacement-style Zn-Pb-Ag-(Cu-Au) deposits, not just at Sala
but also at Garpenberg and Falun. In contrast, geochronological constraints for syngenetic Zn-Pb-Ag
deposits such as Zinkgruvan indicate that these deposits formed distal to active volcanic centers or
during pauses in volcanism during the build-up of the stratigraphic succession.
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An over-arching project aim, of which the present study forms a part, is to bridge and expand existing
observations and datasets from noble and critical metal-rich polymetallic vein deposits in SW Sweden,
using new ore mineralogy and petrography and light stable isotope and fluid inclusion data. Earlier
stable isotope studies of the polymetallic Dalsland-Varmland veins in SW Sweden are mainly those of
Johansson (1985) and Alm et al. (2003, and references therein). While Johansson’s work was focused
on sulphur isotopes, the latter group reported oxygen isotope compositions of vein quartz from the
Harnis and Intakan vein deposits in Varmland. Their quartz 8'30 data from Harnés exhibited a
relatively narrow range, between +10.9 and +12.8 per mil (SMOW), with two analyses yielding
slightly lighter compositions, at +7.2 and +9.7 per mil. Notably, the latter two were from a cross-
cutting veinlet. The quartz samples from the Intakan vein at +11.5 and +11.6 per mil, basically overlap
with the Harnds data. Our new dataset include 8'80q;, (all reported as per mil values relative to
SMOW) from vein deposits at Knollen (+12.5-12.9), Vassvik (+12.6-12.7), Kilane (+14.5), N6ton
(+7.2), Varmlands Nyséter (+7.2-8.5), Vegerbol (+10-11.4), Karlsbol (+11.9) and Glava (+9.9-14.5).
Based on the quartz-H,O fractionation data of Matsuhisa et al. (1979), Alm and co-workers calculated
the oxygen isotopic compositions of a fluid in equilibrium with precipitated quartz at an average
temperature of 200 °C (from fluid inclusion data) for the early stage of vein formation at Harnés and
Intakan; these fluid composition (8'*0) ranges were -0.7 to +1.2, and -0.1 to 0.0 per mil, respectively,
whereas the later vein yielded fluid compositions (based on a temperature of 75 °C) of -14.6 and -17.0
per mil. The calculated fluid 5'*0 values for the early vein stage cluster closely around zero per mil,
i.e., well correlated with a seawater source. Yet, as argued by Alm et al. (2003), the known geological
setting of the vein systems and their host rocks clearly speaks against this interpretation. They further
noted that the fluid 8'%0 (range) is seemingly too light for a metasedimentary source, while a
(primary) magmatic source was deemed unlikely because of the lack of known coeval magmatic
activity in the area, and hence assumed that a metamorphic fluid with some input from meteoric water
is the most likely interpretation. Utilising additional new fluid inclusion data from various Dalsland-
Virmland veins (preliminarily reported by Jonsson & Broman 2020), we find that a significant part of
our new 8'®0q; data fit in a similar fluid model. Combining all analytical data and observations from
these vein deposits, including the character and nature of evolution of fluids and mineralisations, their
regional extent, the lack of correlation with known penecontemporaneous intrusive rocks in most areas
as well as the direct links to active brittle tectonism, suggest a vein formation scenario featuring a
singular type of successively cooled, upwards migrating, originally deep metamorphic fluid, that
variably mixed with meteoric water in a more shallow crustal setting. The noted metal tenor variability
between veins and vein fields is proposed to mainly depend on locally dominant (deep) host
lithologies and specific depth of vein formation.
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Among the waste products from historical to near-recent mining and processing, pyrometallurgical
slag is one of the materials that has largest potential with regards to new production of different metals
(e.g., Lottermoser 2011, and references therein). The present work is focused on historical slags
produced during the smelting of iron and copper ores from the early 17" to late 19" century in the
Riddarhyttan district in the west-central part of the Bergslagen ore province, south central Sweden. A
part of the study was performed, together with similar work on Cu slags from the Falun area (Jonsson
et al. 2023), within a project on secondary resources in mining-associated waste in Sweden in the form
of an assignment to the Geological survey of Sweden (SGU) from the Swedish government (see also
Lewerentz et al. 2023).

Different types of slags from the processing of locally mined Cu sulphide and Fe oxide ores were
sampled at four different sites in the Riddarhyttan district: Gamla Kopparhyttan, Nya Kopparhyttan,
Lienshyttan and Ovre Skilé hytta. The samples were subjected to bulk geochemical analysis (by ALS
Minerals) and based on the results, a selection was chosen for additional in-depth study, featuring
preparation of polished thin sections, polarised light microscopy, powder X-ray diffraction analysis
and scanning electron microscopy with back-scattered electron imaging and energy-dispersive
chemical analysis. The highlights of the bulk geochemistry results are high to very high contents of the
critical metals cobalt (Co) and rare earth elements (REE) in the Cu smelter slags; up to >5500 ppm Co
and >23000 ppm total REE+Y, and fairly high to high contents of REE in the Fe smelter slags; up to
>4000 ppm total REE+Y. Additionally, the Cu slags — unsurprisingly - have quite significant Cu
grades (average at around 2 wt%), and notable contents of Bi, In, W as well as some Au and Ag. The
presence of high REE contents in both types of slag was deemed likely as the ores in the district are
well known for their locally rich REE mineralisation (including additional metals; cf. Jonsson et al.
2019, and references therein). As to the contents of minerals or, primarily, anthropogenic mineral
equivalents and glass and their respective roles as hosts to relevant metals in the slags, more in-depth
studies with additional methods are required. For major metals, the applied mineral-chemical methods
were functional, but not so for lower or “trace” content metals. The crystalline compounds in the Cu
slags are typically dominated by euhedral to subhedral fayalitic olivine-type phases and often dendritic
Fe oxides near magnetite-wiistite (characteristically non-stoichiometric), in addition to variable
contents of metals and often non-stoichiometric metal sulphides. The latter exhibit textures indicative
of rapid cooling as well as unmixing of metal and metal-sulphide melts, including skeletal to dendritic
forms and symplectites on diverse scales. Co is indicated to be mainly hosted by the Cu sulphides. The
Al-Si-Fe-Ca-K-rich glass component also contains minor Na, S, and indicated Ce (LREE) and Cu. The
Fe slags are very glass-rich and also contain calcic silicate mineral equivalents, such as pyroxene and
akermanite-melilite-like phases and their REE may be residing in both glass and silicates.
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Objectives

FUTURAM is a HORIZON EUROPE, Research and Innovation 4-year project which started in June
2022. The project has 29 partners from 11 countries, encompassing geological surveys, universities,
NGOs and research institutes as well as industrial partners.

Access to raw materials drives the global economy. It thus determines the competitive position of
industry, and our ability to transition toward a decarbonised world in which Critical Raw Materials
(CRM) are economically and strategically important for the European economy but have a high-risk
associated with their supply. CRM’s global primary extraction is limited and monopolised, mainly by
China, recycling is not well developed and there are no viable substitutes for these materials with
current technologies.

Futuram’s objective is to map the supply of CRMs obtained from recycling of six waste streams:
batteries, electrical and electronic equipment, vehicles, mining waste, slag and ash, and construction
and demolition waste. Much of the data required to understand effective management of raw material
supply and demand is available, but scattered amongst a variety of institutions, including government
agencies, universities, think tanks, and industry, and need to be harmonised to be fit for use in
Secondary Raw Materials (SRM) availability assessment.

FutuRaM aims to build state-of-the-art methodologies and harmonised datasets for mining waste
initiated by the ProSUM and ORAMA projects. Furthermore, improvements in reporting practices can
be identified and developed specifications to communicate the viability of SRM recovery projects
based on the United Nations Framework Classification for Resources (UNFC). FutuRaM has an
ambition to integrate SRM and CRM data to model their current stocks and flows, and consider
economic, technological, geopolitical, regulatory, social and environmental factors to further develop,
demonstrate and align SRM recovery projects.

Case studies in mining waste characterisation

The mining waste case studies of tailings and waste piles have been chosen in Sweden, Finland, Serbia
and France. Case studies of mining waste characterization have been designed to provide
methodologies for stock and flow assessments, such as exploration techniques, waste characterization,
recoverability processes, stakeholder interactions and even policy legislation. Site-specific case studies
are also used to test the applicability of the UNFC methodology approach. In Sweden, tailings in
Laisvall, Adak and Kristineberg mines were drilled in the autumn 2022. The waste piles in
Hakansboda historical cobalt mine were sampled in the spring 2023. The chemical and mineralogical
analyses are ongoing and will be followed by beneficiation tests at Geological Survey of Finland.

Preliminary results from tailings indicate that very high primary commodity contents (e.g., Cu, Pb and
Zn) in tailings do not guarantee high amounts of associated trace metals identified as CRMs, e.g., In,
Ge or Ga. This implies that pre-requisite knowledge about the primary ore characterization (if such
exists) may help to target the right waste sites for recovery projects.
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The objective of exploration, for all natural georesources including uranium, is the discovery of a
mineral resource that is a concentration or occurrence of solid material of economic interest in or on
the Earth’s crust in such form, grade or quality and quantity that there are reasonable prospects for
eventual economic extraction. The evaluation of uranium resources is a question that raises regularly
according to the expected development of the nuclear energy in the energy mix. Like other
commodities considered as critical, uranium is also linked to changes in political situations and
possible threads on the supply chain. From a scientific and technical point of view, the knowledge of
the uranium mineral system and return of experience from recent discoveries and mining innovation
have also major implications on possible assessment of potential resources at the regional scale.

Mineralization processes leading to the formation of economic deposits require the assessment of the
main components defining uranium mineral systems (Wyborn et al. 1994). Translating the mineral
systems approach into an effective exploration targeting system can be a challenge (McCuaig et al
2010). At the regional and district scale, project generation addresses some critical aspects related to
geodynamic setting and major metals enrichment within the different lithological horizons that may
correspond to specific structural pathways or chemical fronts. Based on this analysis, a deposit type
among the 15 ones defined by the IAEA (2022) can be targeted and used to build up an exploration
program including geophysical, geological and geochemical surveys. Presently, Proterozoic
unconformity and sandstone deposits are considered as the most promising targets to be explored in
terms of tonnage and economy. At the camp scale, proxies and footprints corresponding to each type
of deposit, like alteration haloes, syn sedimentary features or redox front, can be identified and used to
refine targeting and definition of the drilling program. At the prospect scale, qualification of the
metallogenic model and quantification of the mineable resources will be the priority to prepare a
scoping study.

Nordic countries have experienced uranium exploration and assessed reasonably assured resources in
particular in Finland (Pohjolainen 2015) and Greenland/Denmark (Thrane and Steenfelt 2018) that
have recently published an evaluation of the potential for uranium deposits. In Sweden, large resources
of uranium are identified as by-products of molybdenum and vanadium hosted in the Lower Paleozoic
Alum Shale of Scandinavia.

While uranium exploration and mining are banned since 2018 in Sweden and 2021 in Greenland,
strategies to face global warming and greenhouse gas emission may lead to a the launching of a new
generation of nuclear plants, implying a new assessment of uranium resources. A parallel can be done
with the rare earth supply chain in Europe, transition to CO2 free energy requiring a significant
amount of critical metals that implied new exploration projects and new discoveries.
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Historical mining activities have left a legacy of sulfidic mine tailings that pose significant
environmental and human health challenges due to their elevated sulfide content and the use of
inadequate disposal methods in the past. Understanding the chemical and mineralogical composition
of these tailings is imperative for evaluating their environmental impact and developing effective
remediation strategies, thereby turning what was once considered waste into a resource (Lottermoser,
2010).

This study presents a comprehensive mineralogical characterization of the historical Joma mine
tailings using automated mineralogy based on Scanning Electron Microscopy — Energy Dispersive
Spectroscopy (SEM-EDS) and Electron Probe Microanalyzer (EPMA). Joma mine tailings originate
from flotation of sulfide ore from the Joma VMS deposit — one of the largest base metal mines in
Norway. The Joma orebody was mined primarily for copper and zinc during 1972-1998 producing
over 11 million tonnes of ore (Eilu, 2012). XRF and ICP-MS analyses show significant concentrations
of copper and zinc (0.5 - 1 wt%) along with critical raw materials such as cobalt (300 ppm). Their
distribution varies with particle size, with most of the zinc occurring in <38 pm size fraction, while
copper is more evenly distributed as a consequence of the employed flotation circuit and the original
ore textures. Mineralogy is dominated by pyrite and pyrrhotite, in predominantly unweathered state,
indicating that the submerged disposal of tailings preserved sulfides from oxidation. Chalcopyrite and
sphalerite are the main ore minerals with a considerable fraction occurring in potentially recoverable
liberation state. Electron Microprobe analyses on sulfide phases indicate the distribution of critical
metals such as cobalt, silver within pyrite, as well as gold within sphalerite, which has important
implications for their reprocessing.

The results of this study show that the historical Joma mine tailings have a substantial potential for
environmental impact due to their high content of unweathered sulfides and at the same time contain
potentially recoverable amounts of copper, zinc, cobalt and silver. The results can be used to design a
more comprehensive sampling campaign of the Joma tailings and evaluate reprocessing strategies.
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Iron-Ti oxide and apatite-dominated rocks (i.e., nelsonites) are typically associated with anorthosite—
mangerite—charnockite—granite (AMCG) and mafic layered intrusions in magmatic systems (Dymek &
Owens 2001; Charlier et al. 2008; Coint et al. 2020; Kieffer et al. 2023). The origin of these non-
cotectic rocks in magmatic systems has been widely debated and several petrogenetic models such as
liquid-liquid immiscibility, fractional crystallization or mineral accumulation have been proposed, but
the subject is still debated (Philpotts 1967; Emslie 1975; Charlier et al. 2011; Namur et al. 2012).

The Kodal deposit, located in the Permian Oslo rift, South Norway, is the largest occurrence of Fe-Ti
oxide and apatite mineralization hosted within alkaline monzonitic rock, differing from known
magmatic occurrences hosted within AMCG suites and mafic layered intrusions. The orebody consists
of an approximately 2 km long, and 100 meters thick, tabular, E-W trending, steeply dipping (70-80
degrees) towards the south. The mineralization is hosted within a medium-grained monzonite and
consists of disseminated and massive ore, comprising different proportions of titanomagnetite,
ilmenite, apatite and augite and minor amphibole and biotite. Trace element concentrations in
titanomagnetite, ilmenite and apatite in the monzonite host rock, disseminated and massive ore were
measured to assess which petrogenetic processes contributed to the formation of Fe-Ti oxide and
apatite mineralization at Kodal.

Trace element results show that the concentration of compatible elements in titanomagnetite (Cr and
Ni), ilmenite (Hf and Zr) and apatite (Sr) is higher in the massive ore relative to the monzonitic host
rock. Additionally, field relations and recent zircon U-Pb geochronology from surrounding rocks and
mineralization show that the Fe-Ti oxide and apatite mineralization is spatially and temporally
associated with syenitic intrusions emplaced within the unsolidified monzonitic host rock of the
deposit. The results suggest that the mixing between syenitic and monzonitic intrusions might have
triggered liquid-liquid immiscibility, which led to the formation of silicate-rich (Si-rich) and iron-rich
(Fe-rich) liquids. Once the liquid-liquid immiscibility onset is attained, elements such as Cr, Ni, Hf, Zr
and Sr partition into the Fe-rich liquid relative to the Si-rich liquid (Veksel et al., 2006), explaining
their enrichment in titanomagnetite, ilmenite and apatite crystallized from the Fe-rich liquid.
Moreover, our results indicate that the most massive (i.e., nelsonite) portions of the deposit result from
the fractional crystallization of the immiscible Fe-rich liquid. We present one of the first contributions
using trace elements in Fe-oxide and apatite as petrogenetic indicators for the understanding of Fe-Ti
oxide and apatite mineralization associated with alkaline systems.
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Although the Fennoscandian shield extends beneath Estonia's Neoproterozoic and Paleozoic
sediments, deep ore deposits are not known. Moreover, there is a remarkable archive of crystalline
basement drill cores, last systematically studied for mineralization decades ago. The Geological
Survey of Estonia has started a project to explore the mineral potential in crystalline basement starting
with re-investigation of preserved drill cores employing an automated drill core workstation equipped
with VNIR spectrometer, XRF and Magnetic susceptibility sensors to collect geochemical,
mineralogical and petrophysical data.

Our primary focus is on the Alutaguse metasedimentary rocks and Johvi iron ore occurrence in
Northeastern Estonia. These structural zones have previously been correlated with the Svecofennian
Bothnian basin (Sundblad et al. 2021) and the Falun subunit in Bergslagen (Sundblad & Kivisilla,
1991), respectively. Preliminary findings from the Johvi drill cores showed that in addition to
previously documented pyrite, pyrrhotite and chalcopyrite, associations of loellingite and arsenopyrite
occur within the magnetite-garnet-pyroxene gneisses. Moreover, fire assay results of mineralized
sections showed up to 200 ppb of Au. Further studies with scanning-electron-microscopy (SEM)
studies revealed up to 30 pm inclusions of Pb-Bi-Te-Ag and Ag-Au element associations spread in
hairline veins in magnetite gneisses. Notably, a similar vein system and mineral association was
described in graphite bearing biotite-cordierite gneisses in the Uljaste drill cores, located 45 km west
of Johvi (Kont, 2022). These findings suggest that such mineralisation occurrences are part of a larger
system and connected with a tectonic evolution of the whole Northeastern Estonian part of the
Fennoscandian shield.
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The Bergslagen ore field contains over 6000 mineral deposits the majority of which are dominated by
Fe-oxide mineralisation of variable styles including banded iron formation (BIF), magnetite-skarn and
apatite bearing iron ore. The Fe-oxide deposits are generally considered to have formed from
sedimentary processes in the case of the banded iron formations, metamorphosed sedimentary and /or
metasomatic processes in the case of the magnetite-skarn deposits and magmatic intrusive processes in
the case of the apatite iron ores (Allen et al. 1996).

Trace element contents of Fe oxides have been used to investigate the formation of many types of
mineral deposit through for example, determination of the provenance of host rocks, hydrothermal
conditions of precipitation and the sources of metals in the minerals (Dupuis & Beaudoin 2011, Dare
et al. 2014). In the case of BIF where Fe-oxides precipitate from the water column, their composition
has been shown to preserve characteristics of the chemistry of the water body from which they
precipitate at the time of their formation. The rare earth element (REE) chemistry of BIF has been
used to provide insights into the marine depositional environments (Lawrence et al., 2006). In-situ
trace element analyses of magnetite was recently applied to the Stollberg deposit in Bergslagen to
show that the magnetite classifies as “skarn” type rather than that from volcanogenic massive sulfide
deposits (Frank et al. 2022). The Stollberg study also showed host rock control on the trace element
content of magnetite, particularly when the particular BIF layer is sulfide bearing which could be a
possible pathfinder for sulfide mineralisation (Frank et al. 2022).

We report the in-situ trace element contents of magnetite and hematite from selected Fe-oxide deposits
in Bergslagen with specific focus on the Fe-oxide mineralisation on Utd and in the Riddarhyttan area.
The island of Utd in eastern Bergslagen hosts an excellent example of banded magnetite and hematite
mineralisation within interbedded limestone and fine-grained felsic volcanogenic sedimentary rock.
The study aims to provide insight into the classification and depositional environment of the Fe-oxide
mineralisation. We also aim to test the findings reported in Frank et al. (2022) where it was shown
that sulfide bearing host rock exerts a specific control on the trace element composition of the
magnetite.
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The Sulitjelma historical mining district in northern Norway shows classic examples of Cu-(Zn)
volcanogenic massive sulfide (VMS) deposits, containing more than 20 known ore bodies. The Cu-
(Zn) mineralization formed in a marginal back-arc basin setting during Ordovician westward
subduction at the Laurentia margin. The basin experienced closure, with ophiolite obduction, as a
result of the Scandian phase of the Caledonian Orogeny at 430-420 Ma (Roberts & Sturt 1980). The
observed greenschist to amphibolite facies metamorphism is related mostly to Scandian phase
deformation and subsequent exhumation.

Deformation and metamorphism can play a significant role in modification of primary deposits and
(re)mobilization of metals and elements in sulfide minerals, however the role of crystal plastic
deformation in mobilization is not often investigated and therefore poorly understood. Dubosq et al.
(2018) showed that several trace elements are introduced or remobilized into deformation-induced
substructures within pyrite during deformation. Metamorphic reactions are commonly accompanied by
generation of fluids of various compositions which can influence the nature and extent of deformation
mechanisms and element remobilization. Our work investigates the interplay between deformation,
element remobilization and fluids during greenschist- to amphibolite-facies metamorphism on the
VMS deposits at Sulitjelma using both geochemical and microstructural mapping methods to
characterize multiphase mobilization of sulfides.

Samples were collected from the Ny-Sulitjelma, Hankabakken, Giken, Jakobsbakken and Sagmo ore
deposits and were studied by optical light microscopy, SEM, EBSD, Raman spectroscopy, trace
element mapping by LA-ICP-MS, and fluid inclusion microthermometry. We will present preliminary
results combining EBSD and trace element data on pyrite grains, showing a complex history of the
ores in the area. Numerous fluid inclusion assemblages (FIA) were found with variable compositions
(salinity ranging from 0.9+0.3 wt% NaClequiv to 44.3=1 wt% NaClequiv; presence of different volatiles
including CO», N> and CH4) and homogenization temperatures (between 138+7°C and 363+5°C)
reflecting the evolution of metamorphic fluids that contributed to remobilization of metals during the
metamorphic phase of the Sulitjelma deposits.
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Mass balance calculations of mobile elements in hydrothermally altered zones is a powerful means for
understanding alteration processes and vectoring in on mineral deposits (MacLean & Barrett

1993). However, its successful application is subject to uncertainties and several sources of error, such
as, 1) sampling errors, 2) analytical errors, 3) choice of least-altered samples, 4) the robustness of

the fractionation line, and 5) the certainty in the determination of precursor compositions. This study
aims to gauge the effects of these errors on calculated mass changes, using the 1.9 Ga Réavliden North
volcanic massive sulphide (VMS) deposit in the Skellefte district, Northern Sweden, as a case study.

The Révliden North VMS deposit is a recent Zn-Pb-Ag-Cu discovery in the Palacoproterozoic
Skellefte district. A regional lithostratigraphic contact between the metavolcanic Skellefte group (SG)
rocks and metasiliciclastic Vargfors group (VG, Allen et al. 1996) rocks is recognised at Révliden
North. Regionally, VMS deposits occur at this contact, hence it is crucial for mineral exploration.
However, the contact is complex due to polyphase deformation and recognising lithofacies is difficult
due to alteration and amphibolite facies metamorphism.

Stratigraphically, the Ravliden North deposit is located in the lower portion of the Ravliden formation
in the top of the SG. The host rocks are Qz-Ser schists and locally graphitic phyllite, where the former
has a rhyolitic precursor. Lithogeochemistry suggest that these are calc-alkaline rhyolites with
volcanic arc signatures. However, significantly, the footwall and hanging wall rhyolites show
differences (Rhy III and Rhy I), and both are different from stratigraphically deeper undifferentiated
SG rhyolites (Rhy II). Rhy III has higher Al,O3/TiO; ratio than Rhy I, and Rhy II has lower Z1r/Al,Os3
and Z1/TiO; than both Rhy I and Rhy III. The upper portion of the Révliden formation comprises a
complex volcanosedimentary succession with different facies of metaandesite, metadacite and
metarhyolite overlain by breccia-conglomerates with clast populations originating from underlaying
lithologies.

The alteration envelope to the deposit is zoned with an inner strong to intense Chl+Tlc alteration and
calc-silicate assemblages, and an outer moderate to intense Qz-Ser alteration. To gauge the effects of
the aforementioned errors, this study tests different scenarios for parameter 3) and quantifies the
confidence of mass balance calculations that is a function of errors 1), 2), 4) and 5).

Selecting least-altered samples is commonly done qualitatively and with arbitrary lithogeochemical
criteria, leading to variation in what is considered least-altered. This study defines key alteration
minerals (Qz, Ser, Cal, Chl and Tlc) and assesses their abundance on a five-grade scale. For different
scenarios, more or less tolerance on this scale can be permitted. As for lithogeochemical criteria, the
tolerance for Na depletion and loss on ignition is adjusted.

By testing different scenarios for least-altered sample choice and following error propagation with
confidence intervals at each stage in mass balance calculation, the different mass changes in the
Révliden North stratigraphy can be mapped. In doing so, these error sources can be managed to
improve ore vectoring.
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The green shift and the electrification of society have triggered discussions on metal supply adequacy,
environmental concerns surrounding land-based mining, and geopolitical implications tied to mineral
extraction. Marine minerals, within the Norwegian jurisdiction, offer a potential solution to these
challenges. As Norway contemplates opening up its waters for mineral exploration, it must glean
insights from prior endeavors, bridge the gap between environmental and geological research, and
adopt a holistic approach to the marine minerals' value chain. Green Minerals, in pursuit of a
commercially viable venture, has embarked on a comprehensive metallurgical study of SMS samples,
demonstrating a commitment to sustainable and efficient marine mineral exploration and production.

In the downstream part of the value chain, mineral processing is a very significant investment and an
important factor in the generation of revenues. Mineral processing must therefore be considered at an
early stage. In 2022 Green Minerals initiated a metallurgical study of SMS samples from the Mid-
Atlantic ridge (TAG area). The samples were provided by the University of Southampton (UoS). The
study, performed by the Finnish Geological Survey (GTK), was divided into two phases. The results
from the first phase showed that the re-crystallized SMS sample exhibits a simple mineralogy where
pyrite, chalcopyrite, and chalcocite are the main minerals representing 99.8 wt% in content.

In the second phase of the study initiated this year, flotation tests of two SMS ores in addition to a
VMS ore were performed. The flotation tests were performed by varying the grinding size, pH, and
reagent type and dosage.

The following samples were studied for the initial SMS flotation test:
- one low-grade sample that was analysed in the first phase,
- and one high-grade sample additionally provided by the University of Southampton

Further flotation test work was performed to test the combined floatation of the SMS samples with
samples of a Volcanogenic Massive Sulphide (VMS) onshore analog ore. The VMS ore used in the
test was a low-grade copper-nickel ore from the Kevitsa mine in Finland. These floatation tests at
various ratios were performed to understand the possibility of integrating SMS ore in the VMS
processing flowsheet. Such a blending strategy may enable the use of existing mineral processing
facilities which would significantly decrease the CAPEX of deep-sea mining operations and prove
itself as a key enabler for this new industry. As for the onshore activity, blending in high-grade SMS
ore into existing conventional, land-based operations with decreasing ore grade, has the potential to
significantly extend the life-of-mine for the onshore mine.
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Recent technological advancements now permit in-situ Rb/Sr geochronology of mica in addition to the
more established **Ar/*’Ar geochronology. Consequently, Rb/Sr and *°Ar/*?Ar geochronology can be
directly compared in the context of mica grain size, structural positions, and chemistry to elucidate the
behaviour of Sr and “°Ar in white mica in response to fluid-interaction and deformation in rocks with
different intrinsic properties (i.e., permeability, bulk chemistry). For this purpose, a schist (bulk Sr: 19
ug/g) and a marble (bulk Sr: 518 pg/g) were obtained from the base of an allochthon-bounding shear
zone in the northern Scandinavian Caledonides. The shear zone superposed rocks of the Kdli Nappe
Complex (Upper Allochthon) over continental-ocean transition rocks of the Seve Nappe Complex
(Middle Allochthon). The schist and the marble are representative of the Seve Nappe Complex that
experienced eclogite-facies metamorphism (2.4-2.6 GPa and 590-660°C) at c. 486-481 Ma. The two
rocks were overprinted by high-strain fabrics associated with emplacement of the Ko6li Nappe
Complex, generally occurring in lower amphibolite/greenschist facies conditions at c. 430-420 Ma
throughout the Caledonides. In the schist, high-pressure metamorphism is primarily preserved by
garnet, high-celadonite white mica (Xce: 0.22), and apatite. The high-strain overprint and
retrogression is reflected by S-C’ fabrics, recrystallized plagioclase, low-celadonite white mica (Xcer:
0.09), and chlorite replacement of garnet and crystallization within C’ shear planes. Specifically, the
low-celadonite mica envelopes the high-celadonite mica within single grains, exhibiting irregular and
diffuse boundaries between the two chemical generations. The low celadonite mica are also enriched
in V, Sr, Nb, Ba and depleted in Li, Ti, Co, Zn relative to the high-celadonite mica. Single-spot dates
from high-celadonite mica, calculated with initial 8’Sr/*Sr (0.7281) obtained from apatite, yielded a
weighted average of 485 £ 8 Ma (MSWD: 1.3; n: 27). The low-celadonite mica are likely not in
chemical equilibrium with apatite and yield a large scatter c. 440 Ma (n: 18). White mica “°Ar/*°Ar
dates are dispersed from 491 + 4 Ma to 427 + 4 Ma (n: 19) with the youngest dates yielded by low
celadonite mica. The marble comprises calcite with white mica and minor quartz, plagioclase, titanite,
and opaques. High-pressure metamorphism is recorded by high-celadonite white mica (Xce: 0.28).
The high-strain overprint is reflected by the shape preferred orientation of calcite and white mica that
defines the foliation, and a grain size distribution of the latter, found as bundles of coarse- to fine-
grains and isolated fine-grains within the calcite-dominated matrix. White mica chemistry is
homogeneous regardless of grain size and position; a low celadonite generation is not present. Single-
spot Rb/Sr dates for all white mica, calculated using initial #’Sr/**Sr (0.7122) obtained from titanite,
provide a weighted average of 481 = 4 Ma (MSWD: 0.8; n: 41). The *°Ar/*’Ar dates are dispersed
from 486 + 4 Ma to 428 + 4 Ma (n: 22) with the youngest dates obtained from the finer grained white
mica. Altogether, the schist demonstrates that high-strain deformation and fluid-mediated chemical
modification of white mica enabled open-system Sr exchange and *’Ar loss in mica, resetting the high-
pressure mica record. The white mica in the marble also exhibits *“°Ar loss during deformation, but
mica was closed to Sr diffusion. The greater Sr content of the marble and its impermeability relative to
the schist likely impeded mica-bulk rock Sr exchange, allowing the high-pressure record of white mica
to be preserved. These results demonstrate how bulk rock properties control coupled or decoupled
behaviour of Sr and *“°Ar in white mica during deformation.

Research funded by NCN grant no. UMO-2021/40/C/ST10/00264 (C.J. Barnes), and “Juan de la
Cierva” Fellowship JFJC2021-047505-1 by MCIN/AEI/10.13039/501100011033 and CSIC (M.
Bukata)
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Volcanogenic massive sulphide (VMS) deposits are commonly metamorphosed to greenschist or
amphibolite facies conditions after their formation and can exhibit mm to cm thick pyrite-sphalerite
banding within the (semi-)massive sulphide lens. The origin of this banding is commonly assumed to
be epigenetic, forming as a result of metamorphic remobilization and recrystallization. However,
detailed investigations constraining the chemical and physical processes forming this banding have not
been investigated yet. Here we present detailed textural (ore microscopy, scanned electron
microscopy), microstructural (electron back-scattered diffraction) and compositional (electron
microprobe, laser inductively coupled plasma mass spectrometry) results from pyrite-sphalerite bands
in massive sulphide lenses from six VMS deposits metamorphosed to greenschist to lower amphibolite
facies. The investigated deposits are from oldest to youngest: Kidd Creek, Canada, Flin Flon, Canada,
Kristineberg, Sweden, LaRonde-Penna, Canada, Ming, Canada, and Mount Morgan, Australia. All of
these deposits are or have been economic relevant producers of Cu, Zn, and/or Au.

Textural observations show that pyrite occurs in two main textures in these massive sulphide lenses
including: (1) as disseminated, subhedral, recrystallized grains with concave grain boundaries within
massive sphalerite (i.e., caries texture), and (2) as annealed aggregates of several mm to cm thickness
forming triple junctions with neighboring pyrite grains. The microstructure of pyrite in these textures
was analyzed using electron-back scattered diffraction. Results show that the deformation textures
observed in pyrite are both a function of grain size and neighboring phases (i.e., surrounded by
sphalerite or pyrite). Abundant intra-grain misorientation angles of <5° show subgrain development
between pyrite grains in annealed aggregates (texture 2) in particular with pyrite grains of 35um size.
In pyrite aggregates with >100pum grain size, intra-grain misorientation angles are less abundant
indicating that subgrain development and hence dynamic crystallization via dislocation creep is a
minor process compared to smaller grains at similar P-T conditions. In contrast, larger pyrite grains in
annealed aggregates are recrystallized in the brittle-ductile transition and show both pressure solution
and ductile flow deformation.

Chemical remobilization in pyrite-sphalerite bands was tested using both EPMA and LA-ICP-MS
analyses. Electron microprobe analyses on pyrite and sphalerite from textures (1) and (2) show a wide
range of FeS content in sphalerite (LaRonde and Ming: < Smol% FeS; Flin Flon and La Ronde: 5.50 —
7.5 mol% FeS; Kid Creek: > 10 mol% FeS) displaying original redox fluid compositions. Rim-core
analyses of neighboring pyrite and sphalerite grains in both textures show, however, increasing
concentrations of Zn and Fe towards the rim of pyrite and sphalerite, respectively. This cannot be
explained by syngenetic dissolution-precipitation since no concentric zoning is observed under SEM.
Trace element behavior shows that Co and Ni enriches in low-strain domains within recrystallized
pyrite of both textures, whereas low melting chalcophile elements (LCMEs) Bi and Sb and precious
element Ag will enrich in cataclastic cracks in pyrite formed under brittle deformation textures.
Element behavior in recrystallized sphalerite is more complex.

Microtextural, microstructural and compositional results indicate that pyrite-sphalerite bands formed
as result of greenschist to amphibolite facies metamorphism in which pyrite recrystallized and aligned
within a preferred direction in anhedral sphalerite. Dynamic recrystallization resulted in subgrain
development especially with small grains in annealed pyrite. Chemical remobilization resulted in the
enrichment of Fe on pyrite-sphalerite rims and concentration of Co and Ni in low strain domains in
recrystallized pyrite. Later brittle deformation formed cataclastic cracks in which LCMEs and Ag
enriched.
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LA-ICP-MS mapping produces spatially resolved, quantitative trace element and isotopic analyses in
geo-materials at the ppm level across nearly the entire mass range of the periodic table. Dating calcite
by the U-Pb method is challenging as it contains very low U and/or high amounts of initial Pb, but opens
up many exciting avenues in geochronology, including dating calcite veins in orogens, fossil-free
ancient limestones in the geological record and ore-bearing vein systems. A U-Pb image mapping
approach (Drost et al. 2018) can circumvent limitations of the U-Pb calcite system, as pixels on a U-Pb
age map can be pooled into “analyses” based on elemental or isotopic ratio distributions to produce a
spread in #**U/?*Pb ratio (n) on concordia. Simultaneous imaging of diagnostic trace elements allows
identification and exclusion of zones representing chemically different generations of carbonate or
detrital components. Rapid data acquisition is possible using a combination of high-repetition rates
(>100Hz) and low-dispersion LA cells.

Our image mapping approach to U-Pb carbonate dating is illustrated with a case study from the Variscan
Orogen in Ireland (Monchal et al. 2023). The field locality (Carboniferous North Dublin Basin) exhibits
spectacular tight chevron folds and kinematically-linked en-échelon vein sets and bedding-parallel veins
with slickenfibers clearly associated with N-S compression (flexural slip). Deformation is
conventionally assumed to be Varsican, despite lying ¢. 150 km north of the Variscan ‘front’. LA-ICP-
MS U-Pb dating of these calcite vein samples shows relict Variscan U-Pb ages are very poorly
preserved. Instead, many calcite veins yield late Eocene ages, including fold-hinge breccias and
bedding-parallel slickenfiber veins. U-Pb ages from one bedding-parallel vein indicate protracted (5
myr) late Eocene flexural slip. Detecting several age-homogenous growth domains within this vein was
facilitated by integrating spatial U-Pb isotopic information with maps of petrogenetically-diagnostic
major and trace elements. The late Eocene folding phase is hitherto undetected on the Irish mainland
due to the lack of post-Variscan markers (dykes or Mesozoic-Cenozoic cover sequences), which we link
to far-field Pyrenean or Alpine compression (Monchal et al. 2023). Carbonate U-Pb geochronology is
often the only feasible approach to detecting compressional reactivation of basement units when younger
markers are absent.
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Dating of minerals such as monazite, zircon, apatite, etc. by microbeam techniques (LA-ICP-MS,
SIMS, EPMA), where it is required that the grains remain in-sifu within their host rock, presents
challenges for locating such very small objects and finding a sufficiently large grain population. /n-
situ analysis may be necessary to preserve the textural context of the grains or if the sample is small
and/or precious a minimally destructive analytical approach is demanded. Manual searching is
laborious, time-consuming and expensive. Fine-grained rocks such as argillaceous sediments or low-
grade metapelites are particularly challenging. We were confronted with such issues during dating of
monazite in mudrocks and slatey metapelites in core samples from the ICDP project COSC-2 in the
Swedish Caledonides (Lorenz et al. 2022), for which we used the electron microprobe chemical U-Th-
Pb method. Monazite grains were mostly very small (up to a few microns) and a non-destructive
approach was preferred due to the high value and rarity of the samples and the need to preserve
textural relationships to depositional, authigenic, metamorphic or vein fabrics. Our method was based
on the Oxford Instruments AztecFeature™ software. Polished thin sections were scanned in the
Quanta FEG 650 SEM at Heriot-Watt University, Edinburgh using back-scattered electron (BSE)
mode generating an array of tiles, which were then stitched to make a high-resolution image of the
whole sample area. Sub-areas of the image were inspected under high contrast to identify grains of
possible interest for dating (monazite, zircon, apatite, rutile, allanite, titanite) from their EDX spectra.
A grey-scale intensity range for each was established for each mineral species, which was used to set
threshold values to as a basis for grain classification. This was applied to detect grains of the selected
types across the entire image and establish their co-ordinate positions. For each identified grain its size
and shape were determined and an EDX spectrum was taken to determine its chemical composition.
The workflow is automated but can be interactive, for example, if the system discovers a new grain
type it can be added to the search. The output from an automated run can be presented as a spreadsheet
that can be sorted and filtered. For the COSC-2 samples we filtered to select grains of suitable size for
EMP analysis. Further filtering could, for example, select for composition such as EDX-derived Th or
U concentration. After an automated run of 3 days length, a scan of a typical COSC-2 polished section
detected 2358 zircons, 3884 monazites, 1475 Ti-oxides, 1048 ilmenites, 2196 apatites and 23 titanites.
For monazites 1066 grains had sizes judged to be suitable for EMP analysis (length >10um). An X-Y
graph can be plotted to produce a map with the locations of all these grains. With a little trial and error
such maps can be superimposed upon the base image used in the electron probe micro-analyser.
Grains can then be located to acquire detailed BSE images and more precise and accurate wavelength
dispersive WDX mapping and analysis as a basis for final age data acquisition by EPMA, LA-ICP-MS
or SIMS.

While the protocol described here is relatively expensive in terms of SEM machine time, this can be
balanced against time saved in locating grains for analysis and the more representative grain
populations yielded by the automated, rapid and systematic feature analysis method. Challenges that
remain are that some lithologies with abundant non-datable grains exhibiting bright BSE intensity
(e.g., pyrite in pelites) yield large numbers of failed grain classifications; also, a more robust and
precise method of matching the grain map to base images would be beneficial.
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Fractures and fracture zones are important conduits for advective fluid flow in the crust. Certain
processes and environmental conditions, such mixture of fluids of different kinds, redox transitions
and microbial activity may invoke supersaturation and hence precipitation of various fracture coating
minerals. If this mineral record withstands alteration in the form of dissolution, re-crystallization or
diffusion driven modifications, the composition will retain important paleofluid information, essential
to understand pieces of low temperature history that are not left in the country rock record. In the last
years, significant analytical improvements, particularly in the field of in situ micro-analyses and -
mapping facilitate fine-scaled determinations of stable isotopes, trace elements, radioisotopes and
preserved organic molecules, enabling detection of past episodes of microbial activity and fluid
chemistry fluctuations at an unprecedented level of detail. The toolbox is further expanding in the
form of fine-tuned clumped isotope measurements and synchrotron based imaging/in situ analysis. As
an example, when applied to single crystals of calcite and pyrite, SIMS ion imaging for 5**S and
transects of spot analyses of §'°C and &**S through crystals with intense growth zonation, from a
fracture sampled in an abandoned mine in Sweden, showed bacterial sulfate reduction (BSR)-related
fine-scaled isotope variability of almost 130%o for 8°*Syit. and an evolution from strongly "*C-
enriched calcite reflecting methanogenesis that predate the BSR, to '*C-depleted values reflecting
organotrophic BSR (Drake et al., 2021). In situ U-Pb dating using LA-ICP-MS of the same calcite
crystals and growth zones targeted using SIMS showed that methanogenesis occurred at 50-30 Ma,
whereas BSR occurred at 19-13 Ma when more sulfate rich water infiltrated. This shows that it is
possible to distinguish and date shifts in microbial metabolisms and fluid chemistry in a single
bedrock fracture. This opens up for widespread exploration of bedrock fractures for discrete periods of
fluid flow, and particularly for tiny traces of a significantly understudied “ancient deep biosphere” that
may shed light on the evolution of extremophilic microbial life on Earth, such as recent works in
Archaean rocks in South Africa (Nisson et al., 2022), as well as serving as important astrobiological
analogues (Onstott et al., 2019).

To conclude, key findings so far, with far-reaching interest in the research community include recent
discoveries and exploration of: 1. Widespread occurrence of extremely isotopically varied pyrite and
calcite (8°*Spyrite and 8" Cealcie), including the largest variability of these widely used isotope proxies
yet reported on Earth. 2. Widespread evidence of microbial formation and consumption of the
greenhouse gas methane in Precambrian shields. 3. Geochronological constraints of microbial
processes at an unprecedented level of detail, that allow delineation of metabolic shifts. 4. Organic
molecule- and compound-specific C-isotope evidence of bacterial sulfate reduction from the deep
igneous biosphere. 5. Fossilized findings of fungi and proposed syntrophic relationships with
prokaryotes. 6. A thermochronological framework for the longevity of deep ancient life in cratons on
Earth. 7. A combined approach of studying isotopic inventories of dissolved gases and liquids, with
microbial communities as well as biosignatures of fracture coating minerals from isolated borehole
sections.
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Spectroscopic techniques such as Fourier Transform Infrared Spectroscopy (FTIR), Raman or
hyperspectral imaging are important in modern geoscience. In recent years there has been a shift away
from using exclusively single-spot analysis towards 2-dimensional maps. Maps help to reveal patterns
in a sample that would not be revealed by single point measurements. Filtering and extracting signal
information from multiple combined pixels can help improve the signal-to-noise ratio and therefore
the accuracy of the data. However, the amount of data and information in the dataset increases
significantly when maps are used instead of single spot analysis. Combining multi-layered numerical
datasets - bringing together different types of information (e.g., obtained using different instruments or
measurement settings) - expands the ability to explore and investigate individual datasets in much
greater detail.

To explore these large datasets, we have developed SpecXY, a user-friendly software solution for
preparing, manipulating, exploring, extracting, and comparing spatially resolved spectral datasets.
SpecXY can be used to visualise and classify spectra, perform peak deconvolution, and correlate
spectral data with chemical data (e.g., from EMPA, LA-ICP-MS) or other numerical data of the same
area.

In this contribution, an application example is used to demonstrate the workflow implemented in
SpecXY. Spatially resolved data sets are used to investigate the magmatic history of a single augite
crystal. By combining spatially referenced FTIR imaging of clinopyroxene water content with
spatially resolved quantitative chemical data (EPMA), it is possible to investigate the correlation
between the components of these independent datasets, which can be used as a proxy to monitor the
effects of fluid in magmatic processes. In the studied augite from Aetna, Italy, oscillatory zoning, and
sector zoning in major and trace elements and preserved zoning in water content can be observed. A
dominant correlation of water content with Al is present, supporting the role of Al as a key element
facilitating the incorporation of H+ cations. A secondary correlation of the water signal with other
elements (e.g., Ti, Fe and Cr) can be observed.
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Isotopic evidence of microbial colonisation of the Lappajarvi impact
structure, Finland

Jacob Gustafsson?, Gordon R. Osinski®, Martin Whitehouse¢ and Henrik Draked

2Department of Biology and Environmental Science, Linnaeus university, Kalmar, Sweden, jacob.gustafsson@Inu.se;
®Department of Earth Sciences, University of Western Ontario, Ontario, Canada, gosinski@uwo.ca;

‘Department of Geosciences, Swedish Museum of Natural History, Stockholm, Sweden, martin.whitehouse@nrm.se;
dDepartment of Biology and Environmental Science, Linnaeus university, Kalmar, Sweden, henrik.drake@Inu.se

Deeply fractured rocks within meteorite impact structures have been proposed as suitable locations for
deep microbial colonisation of Earth's crust (e.g. Osinski et al. 2020), but studies of reporting
biosignatures proving such colonisation are still scarce. Modelling shows that habitable conditions for
microbial communities in a ~4-km impact structure, can be established tens to a few hundreds of years
after the impact in most parts of the crater (Versh et al. 2006). For larger impact structures, the time
before habitable conditions is achieved is obviously longer. According to Schmeider & Jourdan (2013),
the cooling between roughly 370 and 250 °C of the ~23-km, ~78 Ma Lappajérvi impact structure, took
place between ~600 ka and ~1.6 Ma after the impact event. This well-preserved impact structure is a
good target for exploration of ancient biosignatures of microbial colonisation. Yet, no proof of microbial
colonisation of the Lappajarvi impact crater has been reported.

Here we use secondary-ion mass spectrometry (SIMS) micro-analysis (5'*C and S, see e.g.
Drake et al. 2015a, 2015b) of pyrite and calcite, precipitated in rock fractures and cavities, to detect
microbial processes in the crater structure. Recently, SIMS analysis (8**Spyrite and 8" Ceaicite) of deep
fractures from Siljan (Drake et al. 2019, 2021) and Lockne (Tillberg et al. 2019) impact structures in
Sweden, proved microbial sulfate reduction (MSR), methanogenesis and anaerobic oxidation of
methane (AOM). However, U-Pb dating for fracture-hosted calcite at Siljan (Drake et al. 2019) and
Rb/Sr for adularia-calcite at Lockne (Tillberg et al. 2019) showed that the microbial activity was > 100
Myr younger than the impact events. This attests to the high level of evidence needed to put forward
claims of impact-related colonisation, but also to the potential of using a coupled biosignature-
geochronology approach to track colonisation events of meteorite impact structures.

In the present study we present isotopic evidence for microbial colonisation of the Lappajarvi
impact structure, in particular 8"*Cearcite values diagnostic for methanogenesis and AOM. Radiometric
dating of the calcite crystals is in preparation to test the hypothesis of impact-related colonisation. The
confirmation of meteorite impact structures as favourable environments for deep biosphere communities
substantially enhances our present understanding of the records of colonisation and evolution of
microbial life in the deep biosphere. It also enhances our present understanding on deep energy cycling
(e.g. gas cycling) of these systems and involve considerable astrobiological implications. Our results
show that the Lappajérvi impact will add important input to this discussion.
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Secondary Ion Mass Spectrometry (SIMS) stands as an essential in-situ analysis tool for precise
determination of isotopic and trace elemental compositions, being renowned for its outstanding
sensitivity and spatial-volume-mass resolution capacities, as well as its capability to measure both
positive and negative ions. In addition to microprobe (spot) analysis, ion imaging analyses are
revolutionising our understanding of geological/ biogeochemical processes.

The NordSIMS laboratory is equipped with a CAMECA ims1280 large-geometry SIMS (LG-SIMS)
instrument. Installed in 1995 and regularly upgraded to remain state-of-the-art, the laboratory has
undertaken numerous projects across a broad range of fields including geochronology,
cosmochemistry, geobiology, ecology and nuclear safeguards, often pioneering new applications. This
presentation provides an overview of SIMS capability and highlights several unique applications
conducted at NordSIMS, which remains dedicated to pushing the boundaries of micro-analysis.

36th Nordic Geological Winter Meeting & Goteborg 2024 167



SESSION 9 ¢ GEOCHEMICAL MICROANALYSIS - ANALYTICAL ADVANCES AND APPLICATIONS

Using micro-XRF for characterization of geochemical environments in
annually laminated lake sediments from Central Finland

Maarit Kalliokoski, Saija Saarni, Tapio Suominen and Timo Saarinen

Department of Geography and Geology, University of Turku, Turku, Finland, mkalli@utu.fi

Annually laminated (varved) lake sediments with their high-resolution proxy records and robust age
control form an important archive for paleoclimate reconstructions (e.g. Brauer et al. 2009, Ojala et al.
2012). The winter and summer climatic signals in varved lake sediments may be extracted through a
careful investigation of the clastic and biogenic components of each annual layer (e.g. Brauer et al.
2009, Zolitschka et al. 2015, Saarni et al. 2015, 2016a, 2016b). A prerequisite for paleoclimate
reconstructions from the physical and chemical proxies in lake sediments is a thorough understanding
of site-specific deposition mechanisms and environmental conditions both in the lake basin and its
catchment, and their response to climate forcing (e.g. Saarni et al. 2015, 2016a, 2016b). As a first step
towards a 2000-year climate reconstruction from six varved lakes in Central Finland, we have used
ultra-high resolution micro-XRF measurements (Bruker M4 Tornado: 20 pm spot size, 20—50 pm
steps, 15—-60 ms counting time) from epoxy-impregnated sediment blocks for producing elemental
maps that illustrate major element distribution in the varve structures. Between-site comparisons of the
elemental maps from our research lakes demonstrate a wide variability of geochemical environments
in the sediments, even within a fairly small geographical region. These high-resolution maps together
with thin sections from the same epoxy-impregnated sediment samples will provide an opportunity for
a deeper understanding of how elemental distributions vary between seasons in varved sections
representing different climatic periods of the past 2000 years, such as the Little Ice Age (LIA) (e.g.
Briffa 2000, Bradley et al. 2016) and Medieval Climate Anomaly (MCA) (e.g. Matthews & Briffa
2005). In addition to providing geochemical data, the elemental maps will be used for measuring
physical parameters of the varves, such as thickness of the clastic and biogenic lamina and grain size
variation in the spring flood layers. The geochemical and physical proxies obtained this way, will be
compared with contemporary weather observation data and reconstructed climate data for establishing
connections between chemical and physical varve composition and environmental/climatic forcing.
The large and detailed multi-lake dataset allows investigation of proxy sensitivity within varying time
scales and between different locations, and will eventually be used in reconstructing paleoclimate.
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NordSIMS-Vegacenter: analytical advances and novel methods
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The NordSIMS-Vegacenter national research infrastructure is a resource for (micro)analysis and
microimaging research 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 other
supporting facilities. The principle scientific goal is to advance our knowledge of the field via
groundbreaking geochemical and isotopic investigations of the widest possible range of samples. As a
research infrastructure, all scientists are welcome to apply for analytical time at our facilities. In this
contribution, we present an overview of the wide range of analytical capabilities and novel methods
that NordSIMS-Vegacenter has to offer.
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Carbonatite-hosted REE-minerals represent a challenge for microanalytical tools, such as automated
mineralogy (AM). The most common REE-minerals at the Fen carbonatite complex, Norway, are
parisite, bastnésite, and monazite, which often show complex intergrowth and associations, commonly
at micrometer-scale. A better understanding of these complex mineralogical textures is also necessary
to comprehend the changes in flotation properties of the various concentrates and by-products during
mineral processing beneficiation studies. We therefore acquired automated mineralogical data of feed
material, of the initial and main REE-concentrates, as well as from the by-product at the Norwegian
Laboratory for Minerals and Materials Characterisation (MiMaC), Department of Geoscience and
Petroleum (IGP), NTNU. Flotation products were collected at the IGP-NTNU Mineral Processing
Laboratory. Additionally, drillcore pieces were scanned using micro-computed tomography (uCT) at
the NTNU CT scan facilities of the Center of Excellence PoreLab to locate minerals with higher
densities (i.e., REE-minerals, thorite). This allows to produce thin-sections (long- and cross-sections)
including the high-density target minerals. These thin-sections containing the target minerals were
subsequently scanned using automated mineralogy to correlate the high-density minerals in 3D (uCT)
and 2D (AM). The MiMaC Laboratory hosts a ZEISS Sigma 300VP field emission SEM and ZEISS
Mineralogic software for automated mineralogical analysis. In SEM-based automated mineralogy
using Mineralogic, EDS spectra are collected systematically covering a high-resolution grid in the
analyzed sample, whereby each individual EDS spectrum identifies a mineral based on the contained
element wt% (e.g., Graham 2015). For this study, a step size of 2 um was used with an acceleration
voltage of 20kV. The mineral list for the phase classification is generated prior to the automated run
and optimized after the run, allowing to add missing mineral phases. An element wt%-based mineral
classification, as used with Mineralogic, enables the distinction of the complex REE-minerals parisite,
bastnisite, and monazite, including the subvarieties that contain varying amounts of Ce, La, Nd, and Y
(Silva et al., 2023). The results of this study show that bastnisite and parisite are the main REE+Y-
minerals and commonly are associated and intergrown with carbonates, but also quartz and other
mineral phases. Monazite is locally replacing bastnisite and parisite. Furthermore, using Mineralogic
allows to locate elemental Th and U and visualize that elemental Th is mainly present in the Th-
mineral thorite, and U in uraninite and coffinite (Lode et al., 2022; Magnushommen, 2022). A
correlation of micro-analytical workflows, such as 3D uCT and 2D automated mineralogy when
combined with mineral processing beneficiation studies provides an excellent opportunity to optimize
sampling/sample preparation and processes that are necessary for an efficient extraction of rare earth
elements.
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Nickel (Ni) is an essential raw material widely used in the cathodes of rechargeable batteries. As the
electric vehicles market grows fast, the global demand for Ni in lithium-ion batteries production is
also rapidly increasing. The global Ni value chains are complex due to the unevenly distributed
primary mining sources, multiple refining processes and their manufacturing demand. The ability to
identify the Ni sources and fingerprint Ni along its value chain is critical yet challenging. Magmatic
sulfide deposits are one of the important sources for Ni, are abundantly distributed in Finland. Finland
also offers a complete value chain from mining and refining to the recycling of batteries. In this study,
we collected the ore deposits samples from Kevitsa Mine in the north Finland, which is regarded as
one of the largest Ni reserves in Finland. Mineral concentrate and processed samples with a large
variety of properties along the multi-stages of battery value chain with known source of Kevitsa are
also obtained. We first used a u-XRF for quick elemental mapping and sulfide mineral identification
for the core and mineral concentrate samples. Then it is followed by using a scanning electron
microscope (SEM) to acquire high-resolution mineral feature analysis and mineral composition
quantification. Sulfur bearing mineral grains, e.g., chalcopyrite, pyrite, pyrrhotite, pentlandite and
cobaltite were imaged and positioned by SEM for further trace element and sulfur isotope in-situ
analysis with LA-ICP-MS. For processed samples along the value chain, such as residue and solution
after leaching, iron removal samples and the NiSO4 powder, they were prepared as pressed pellets and
their bulk trace elements and sulfur isotope compositions were obtained by in-situ LA-ICP-MS.
Finally, the trace element compositions and sulfur isotope ratio of these samples are compared by
multivariate data analysis to extract the robust fingerprint that possibly remained along the value
chain. The effect of extractive and refining metallurgy in altering geochemical signature of the original
ore deposits would also be evaluated. The above laboratory analyses are all implemented at the Espoo
Research Laboratory of Geological Survey of Finland. By a combined application of the multi micro-
geochemical analytical techniques, we aim to develop a geochemical fingerprinting tool to trace Ni
from the original mining ores to the end products. The outcome of this research would help to
reinforce the transparency, reliability and sustainability of the raw materials supply along the complex
battery value chain.
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Garnet is without a doubt the most useful and versatile mineral in the study of lithosphere dynamics,
as it provides a direct record of pressure, temperature, time, deformation, and fluid flow in
metamorphosed rocks. The concentration and zoning of rare earth elements (REE) in garnet are central
to extracting such information; REE in garnet enable garnet chronology (Sm-Nd, Lu-Hf), and impart a
"garnet-stable" signature on cogenetic phases, which allows petrochronology and general petrogenetic
tracing of garnet stability in minerals and melts. There is nevertheless significant uncertainty in the
actual meaning of REE compositions and zoning in terms of the mechanisms by which garnet grows
and incorporates REE, and the possible role of REE diffusive re-equilibration.

To provide new insight into the REE systematics of garnet, we applied quantitative trace-element
mapping of garnet grains from metamorphic rocks that record peak temperatures above 750°C and
cooling rates as low as 1.5 °C Myr". The mapping was done using an ArF excimer laser ablation (LA)
system equipped with a fast-evacuation ablation cell coupled to a high-resolution double-focussing
single-collector inductively coupled plasma mass spectrometry (ICPMS) instrument at the Vegacenter,
Swedish Museum of Natural History. The results were compared with numerical simulations of REE
diffusion in garnet using experimental diffusivity constraints.

Garnet in all samples preserves Rayleigh-type or oscillatory growth zoning with sharply defined
interfacial angles that match the garnet habit. Oscillatory zoning, in particular its uniform restriction to
peripheral parts of metamorphic garnet, can be explained through the kinetics of garnet nucleation and
growth and thus neither require nor indicate external forcing, such as tectonic processes or alternating
between open- and closed-system behaviour. Re-equilibration of REE compositions appears restricted
to domains with nebulous and patchy zoning, which likely form by interface-coupled dissolution and
re-precipitation reactions mediated by fluids or melts. In all cases, the observed growth zoning is
inconsistent with the fast diffusivity predicted by experiments. These observations demonstrate the
reliability of REE signatures in magmatic tracing and petrochronology, and establish Lu-Hf
chronology as an accurate and precise means of dating garnet.
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Planar deformation features are a common feature in shock-deformed olivine, both experimentally in
conditions corresponding to crustal shear zones (Druivenak et al., 2011) and impact structures e.g.,
(Stoffler et al., 1991) and in deep crustal shear zones (Ryan et al, 2022). Hence, the identification of
different planes associated with the shock deformation is essential to access the stress levels during
deformation, important feature during studies of earthquake deformation. This study utilises a
combination of optical and EBSD data combined to infer which of the possible crystallographic planes
that are represented by the planar deformation features in olivine, observed in samples from the
Reinfjord ultramafic complex, associated with lower crustal earthquakes (Serensen et al., 2019, Ryan
et al, 2022). First, calculated plane traces are compared with the observed plane traces in the free open
source Matlab ® toolbox MTEX for analyzing and modelling crystallographic textures by means of
EBSD or pole figure data (Bachmann et al., 2010), then the dip and dip direction of the observations
of planes in the optical microscope. Our results demonstrate: 1) That several planes are active during
high stress deformation of lower crustal olivine rich rocks; 2) Some planes develop recrystallization
features, whereas others , whereas others develop later and do not develop recrystallization features.

By looking at several grains, we found that the developed fractures highly depend on the orientation of
the host grain with respect to the external stress field. Using the demonstrated methodology, it should
be possible to map out the relative abundance of planar deformation features along different
crystallographic planes in high stress deformed olivine and other transparent silicates. The method
can be refined by calculation of the exact thickness of the sample using interference colors calculated
using the code published by Serensen (2013) now available in MTEX. This will enable the
calculation of exact plane inclinations extracted from multifocal optical images that can be compared
with crystallographic planes calculated in MTEX from the EBSD data.
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Lu—Hf geochronology is a powerful tool to date a variety of geological processes, by targeting high-
Lu low-Hf minerals such as apatite, xenotime, lawsonite and garnet, therefore useful for dating a wide
variety of lithologies and geological processes. Traditional application of this dating method requires
chemical separation of the isobaric parent ('’°Lu) and daughter ('’*Hf) isotopes prior to high-precision
analysis. Often, this results in a loss of textural context of the analysed minerals. The recent
development of in-situ (laser-ablation based) Lu—Hf geochronology by LA-ICP-MS/MS and NH3
reaction gas allows the resolution of '"°Lu, '"®Hf and '"°Yb interferences, as Hf reacts with the NH3 to
form high-order reaction products which can be measured independently of Lu and Yb (Simpson et
al., 2021). This method offers a number of advantages including rapid analysis with high spatial
resolution, as well as targeted control on textural relationships of the analysed mineral, the
simultaneous collection of trace and major element data, and the ability to include or exclude mineral
inclusions from data signals. For garnet, in-situ Lu—Hf geochronology is an important tool to directly
date metamorphism and couple the timing of garnet growth with P-T conditions, distinguish
polymetamorphism in single grains or samples, and to undertake rapid campaign-style geochronology
across large metamorphic terranes. Some first applications of these types of strategies will be
presented, including data from a variety of lithologies and metamorphic facies, with a focus on
strengths and limitations of the method.
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Garnet Lu-Hf chronology is among the most reliable methods to precisely date high-pressure and -
temperature metamorphism. This technique is conventionally done on bulk grains or grain populations,
providing grain-averaged ages that may not inform on individual pulses of garnet growth. Domain
dating —dating of single growth zones— allows such pulses to be dated but is challenging for
"common-sized" grains due to sample size requirements and sample loss using conventional micro-mill
sampling. To overcome these limitations, we developed a new method that combines low-loss micro-
sampling by laser cutting with a refined Lu-Hf routine.

We applied this method to date multiple growth zones in a single 1.3 cm-sized garnet grain from a mica
schist from the Schneeberg Complex, Austria. The garnet grain was chemically characterized by major-
and trace-element mapping (EPMA, LA-ICPMS) and five compositionally distinct micro-domains were
extracted using a laser mill. Each single zone was divided into multiple garnet aliquots to enable multi-
point isochrons. The four inner zones, corresponding to ~ 85% of the total garnet volume, yielded
identical ages with a weighted mean of 98.4 + 0.1 Ma (26). The outermost zone shows a strong
chemical contrast with the rest of the grain, yielding a resolvably younger age of 97.8 +£ 0.3 Ma. The
timing of distinct garnet-growth episodes, together with the variations in trace-element chemistry, were
evaluated in terms of mineral reactions.

Our new protocol for Lu-Hf domain geochronology of "common-sized" garnet allows distinct pulses
and pauses of garnet growth to be resolved within less than 1 Ma. The data show that garnet growth in
metapelites may take less than 1 Myr and, within that short time, likely progresses in several pulses.
Our results demonstrate that garnet growth may occur much faster than changes in P-T conditions
caused by tectonic processes. This growth style constitutes a rare opportunity to investigate reaction
overstepping and the rapid pushes of the system to attain equilibrium during periods of efficient matrix
element transport. High-precision domain dating opens new possibilities not only for precisely
determining the pace of tectonic processes but also for bringing unique insights into the causes and
rates of garnet growth in metamorphic rocks.

36th Nordic Geological Winter Meeting & Géteborg 2024 175



SESSION 9 ¢ GEOCHEMICAL MICROANALYSIS - ANALYTICAL ADVANCES AND APPLICATIONS
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In the last decade, LA-ICP-MS/MS has enabled the collection of a world-wide data set of Rb/Sr ages
of micas that arguably is already larger than all published Rb/Sr ages collected the previous 70 years.
While this new technique has already been successfully applied to a wide field of research (from
paleoclimate to outer space), one of the most fundamental questions in geochronology is not
satisfactorily answered: are we recording cooling ages or formation ages? Almost canonical values for
closure temperatures for the Rb-Sr system are widely used in the literature for biotite (ca 350°C) and
for muscovite (ca 500°C). However, it needs to be stressed that neither experimental calibrations nor
field data is very robust, and none of this data is using the high spatial resolution now available by
LA-ICP-MS/MS. Instead of invoking thermally activated diffusion as the major mechanism
(thermochronology), age systematics can often be equally well explained by mineral recrystallization
due to metamorphic reactions and/or fluid infiltration (petrochronology).

The area around Gothenburg is ideally suited to study the behavior of muscovite and biotite in this
regard. Being situated in the middle of the Idefjorden terrane, it has been subjected to two high grade
metamorphic events, the Gothian and the Sveconorwegian orogenies at ca 1.5 Ga and 1.0 Ga,
respectively. In several published and ongoing studies, it can be shown that in-situ Rb-Sr ages of
muscovite trustfully record formation ages derived from systems thought to be insensitive to
consecutive events (e.g., U-Pb ages from zircon and columbite). For example, Rb-Sr muscovite ages
for the Hogsbo pegmatite are 1.03 Ga in age (Rosel & Zack 2022) and the pegmatites from the
Southern Gothenburg Archipelago are 1.52-1.54 Ga in age (Zorc & Zack, this meeting). The latter
example is of relevance, as it demonstrates for the first time that muscovite can survive thermal
overprint of up to 650°C, if thermal conditions along the G6ta Alv shear zone are representative
(clearly Sveconorwegian migmatites are widespread here, less than 15 km away).

In contrast, Rb-Sr biotite ages are invariably younger compared to concomitant Rb-Sr muscovite ages.
Biotites occur in clearly Gothian, Sveconorwegian or in Kungsbacka intrusives (ca 1.3 Ga), yet they
all record ages of between 0.90 and 0.93 Ga. The easiest explanation would be that biotite has a lower
closure temperature than muscovite. However, there is currently no further evidence that would
support this notion. If the Rb-Sr system in biotite would close around 350°C, clearly resolvable age
zonations should be observable within single grains, which is not the case. Furthermore, the
analytically significant age range of 5% is not a function of chemical variability which should
influence Sr diffusion (Mg# in various biotite range from 5 to 40 but are not correlated with age).
Finally, a 1 km continuously cored bore hole (GE-1; see Sjoqvist et al., this meeting) does not reveal a
variation in Rb-Sr biotite ages, although a markable decrease in age should be observable. While no
comprehensive explanation is currently available, the possibility remains that biotite is more reactive
to infiltrating hydrothermal fluids in comparison to adjacent muscovite.
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Principle component analysis applied to till samples and its use in
prospectivity mapping of the REE Line, Bergslagen, Sweden
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The National Till Geochemical Mapping Program at SGU has been ongoing since 1995 (Lax &
Silenus 2005) with a goal of providing a uniform geochemical survey of till from Sweden. This is an
unbiased dataset of nearly 60 elements that can be used as a proxy for interpreting sediment covered
bedrock the regional geochemistry within exploration, and in particular mineral prospectivity mapping
(MPM). Within the Bergslagen mining district of Sweden lies the “REE line”; a series of Fe-Cu-REE
mineralisations of the Bastnés type occurring over an approximately 100km stretch (Holtstam &
Andersson 2007). This area is a target for further exploration of REE prospects, as well as an ideal test
bed for MPM methods using machine learning (ML) to in aid identifying further potential REE
mineralisations within this district. Preparation of SGU till data for analysis included removing data
with high analytical uncertainty (As) and replacing values below detection limit (DL) with %2 DL. The
data set was then opened via centered log ratio (clr-) transformation and principle component analysis
(PCA) was applied to the opened data.

Results

The first 3 principle components (PC) explain 67% of variance within the samples. PC1 shows the
strongest loadings with an eigenvalue of 17. PC1 demonstrates a clear trend where REE, U, Th and Zr
are associated with strong positive loadings. Strong negative PC1 loadings are associated with Ni, Cr,
Co as well as base metals (Zn, Cu) and Fe, K and Mg. Negative scores on PC2 are associated with
heavy mineral elements Sn, W, Nb. Strong positive scores from PC3 are associated with Ca, Sr, and
Na.

Discussion

PC1 demonstrates a clear division between till with mafic and felsic origin. Negative scores on PC1
indicate a mafic control, however the base metals, and alteration factors are also represented. Positive
loadings on PC1 appear to reflect fractionation that occurs within felsic magmas enriching in
incompatible elements. Negative loadings on PC2 are associated with heavy mineral fractions within
the till and may indicate till underwent a degree of reworking post-deposition. Positive loadings on
PC3 are correlated with high levels of Ca, Sr, and Na, and align with areas of mapped carbonate when
applied to the bedrock map.

PCA was able to take the nearly 60 elements and reduce them to a smaller number of variables. Within
MPM aided by ML, the PCs of till data can be used to identify regions of potential mineralisation. In
the case of the REE line, negative loadings on PC1 indicating mafic source rock for till and appear to
indicate areas with higher levels of K and Mg alteration. Bastnis type REE deposits form within skarn
altered (Mg+K, Na) carbonate bodies, which act as a trap for the metal bearing fluids (Holtstam and
Andersson 2007), and potential areas with high trap potential are represented by PC3. These two PCs
encompass important formation processes of the Bastnés type mineralisation model and demonstrate
how incorporation of dimensionally reduced till geochemical data into machine learning and Al
enhanced mineral prospectivity models in the future may aid in narrowing down prospective regions
into more targeted exploration areas.
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The Sud Lipez is located southwestern part of the department of Potosi. Several sub-basins such as the
Laguna Colorada, Pastos Grandes, Capina and Chalviri are located within the Altiplano Puna Volcanic
Complex (APVC), between 4200 and 4500 m a.s.] (Rocha et al., 2021). Geologically, the rocks are
predominantly dacitic to rhyolitic with a silicic composition (Murray et al., 2023). According to the
available dates, the oldest volcanic centers are the Capina caldera 8.3 Ma, therefore Pastos Grandes
came into activity for the second time 2.9 Ma ago and the La Laguna Colorada is an ignimbritic shield
is the youngest 2.2 Ma (Ort et al., 2013). The region is characterized by its aridity, where precipitation
is less than 150 mm/year, high evapotranspiration and occupied by salt flats and shallow saline lakes
with accumulation of salts such as borax. The objective was to understand the processes and
mechanisms that govern the hydrochemistry and spatial variation of arsenic, boron and other trace
elements, as well as the influences exerted by different water bodies in this volcanic area. Thirty-seven
water samples were taken from various sources; including springs, hot springs, streams, river, lake and
groundwater. Field measurements include determinations of temperature (T), pH, Ox-Red potential
(ORP), electrical conductivity (EC) and total dissolved solids (TDS). Water samples were collected
for analysis of anions, cations, and trace elements.

The bodies of water that contribute to the Laguna Colorada, Pastos Garndes, Capina and Chalviri
show variable temperatures (3.3 - 32.4°C) with a slightly alkaline pH (6.4 - 8.5). The salinity varies
from 146 to 123600 uS/cm, with oxidizing conditions. The predominant water type in the Laguna
Colorada is Na-HCOs-Cl, Capina is Na-Ca-HCOs, Pastos Grandes and Chalviri is Na-Cl. The
concentrations of As exceed maximum permissible limits in Laguna Colorada (4 — 66730 ug/L) and
(B) (0.05 — 522 mg/L). Pastos Grandes (5 — 2210 pg/L) and (B) (0.44 — 1.4 mg/L). Capina (9 — 51
ug/L) and (B) (0.05 — 0.3 mg/L). Chalviri (77 — 767 pug/L) and (B) (1 — 5 mg/L). The predominance of
the type of water is associated with the dissolution of Na- and Ca-silicate minerals, as well as the
dissolution of dolomite, calcite and the presence of ulexite. However, the significant variation
observed in the hydrochemical characteristics of the four sub-basins is mainly due to the alteration of
the volcanic rocks from decitic to rhyolitic and igmibritic composition due to the interaction with
water, which dissolves these minerals, generating As-containing solutes and elevated B concentrations
are due to accumulation in saline lakes. The bodies of water that contribute to the Capina Lagoon seem
to be the most suitable for irrigation and animal consumption, since it has more favorable properties in
terms of water quality.
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Elevated concentrations of uranium (U) can be of environmental concern due to U’s nephrotoxic and
carcinogenic properties. U can be released into the environment through various anthropogenic
activities including the nuclear fuel cycle starting from U mining and milling to the disposal of spent
nuclear waste, as well as military operations, phosphate fertilizer application, and coal combustion.
While environmental studies related to U have primarily focused on U ore mining and milling
operations, U can also be found in trace quantities above typical crustal abundance levels within other
ore types, such as iron ores. When U-bearing minerals within these ores are exposed through mining
and milling, they become susceptible to weathering and oxidation, potentially mobilizing U into
groundwater and surface water.

This study emphasizes the different tools and methodologies that can be used for the identification of
trace element contaminant sources and the assessment of trace element mobility along a mine value
chain, with a focus on U, using an iron ore mine site in Northern Sweden as a case study. Solid (rock,
tailings, and ore) and water (groundwater, process water from the processing plant, and surface water)
samples were collected at different points along the mine value chain. Total element concentrations
were determined through Inductively Coupled Plasma — Mass Spectrometry (ICP-MS) and Inductively
Coupled Plasma — Atomic Emission Spectrometry (ICP-AES) to identify U sources. Additionally,
geochemical modeling using PHREEQC was performed to calculate U speciation within the water
samples. After determining the U speciation, conditions that could potentially influence the release of
U into the water at different points along the mine value chain were identified.

In the solid sample analysis, sequential extraction tests were conducted to distinguish mobile U
present in highly soluble minerals that could potentially leach and release U into the water at various
points along the mine value chain, from stable U residing in insoluble minerals which require
prolonged contact time and mild to acidic pH conditions for U release. Furthermore, hydroseparation
tests were carried out on solid samples to concentrate U-bearing minerals in heavy mineral
concentrates. The heavy mineral concentrates were subsequently mineralogically characterized using a
Zeiss Sigma 300 VP Scanning Electron Microscope with Energy Dispersive Spectroscopy (SEM-
EDS) to identify the U-bearing minerals.

The preliminary findings of this study revealed the significance of mine water pumped from an open
pit at the mine site as a crucial U source. Subsequent investigations into potential U sources in the
open pit were carried out. The minewall technique (Mend, 1995) was employed to assess U leaching
rates, measured in pg/cm?*week from various rock types within the open pit. The different U minerals
leached from these rock types were concentrated through hydroseparation, followed by mineral
characterization using the SEM.

This study highlights a diverse set of tools and techniques available for identifying trace element
contaminant sources and understanding their behavior in mining value chains. Early recognition of
potential contamination sources along the mine value chain is essential for the implementation of
targeted management and mitigation measures, thereby reducing contamination mobility and the risk
of downstream environmental pollution.
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The mining site of Ivittuut was actively exploited for more than 130 years in the interest of cryolite,
NasAlFg, (Johansen et al., 1995, 2010). The Ivigtit intrusion belongs to the Gardar Province and is
located by the Arsuk Fjord in South Greenland (Karup-Mgller and Pauly, 1979). Between 1854 and
1987, the cryolite was blasted, crushed, sorted on site before being shipped to Denmark for further
processing (Johansen et al., 2010; Sendergaard and Mosbech, 2022). The high-grade ore (i.e., purest
cryolite) was prioritized and sold, while the low-grade ore consisting of cryolite, quartz, siderite,
galena, sphalerite and chalcopyrite, together with the host-rock material were classified as waste rock
(WR). This material was used to build the roads, the quay and barrier between the fjord and the open
pit at the mine site (Johansen et al., 1995, 2010). After the mine closed in 1987, little to no
remediation was done at the mine site and the waste rock, including sulphides, is exposed to
weathering processes. These processes leach heavy metals from the waste rock and release them into
the environment as measured in a monitoring project of the fjord, where elevated Zn and Pb
concentrations are observed (Johansen et al., 1995). The monitoring project over the past 30-40 years
has estimated the release of dissolved Pb into the fjord to range between 133-333 kg (Johansen ef al.,
2010; Bach et al., 2014). The release of Pb has showed a decreasing trend over this monitoring period,
with up to 3 times decrease observed since 1982. In contrast, the release of Zn has shown little to no
significant change (Johansen et al., 2010; Bach et al., 2014). This study aims to investigate the
influence of temperature and type of leachant on weathering of the WR by applying short-term
leaching experiments simulating mineral weathering and dissolution reactions. The shake flask tests
were designed to estimate the amount of Pb, Zn and F leaching from a synthetic sample resembling
the WR at the Ivittuut mine site. To mimic the sub-arctic conditions at Ivittuut tests were carried out
both in a 2-degree cooling room and at room temperature. The two temperatures enable a direct
comparison of the leaching process in sub-arctic conditions to waste rock leaching in warmer climate.
The waste rock at Ivittuut is located onshore, but also at places partly to fully submerged in the
seawater. Therefore, both seawater and rainwater were used as leachants. The experiments involved
subjecting the WR to a continuous 24-hour period of shaking, followed by the extraction of leachate
and filtration. In addition to testing the WR, control experiments were conducted for both seawater
and rainwater to establish the baseline levels of Pb, Zn, and F present in the leachants before any
additional factors were introduced. The produced leachants were analysed for changes in physio-
chemical parameters and chemical composition, which of results are still awaited.
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Black carbon (BC) is produced by the incomplete combustion of organic matter and fossil fuels. The
BC particles consist of highly condensed and aromatic carbon compounds with high resistance to
degradation and are thus important for long-term carbon storage in soils and sediments. BC particles
are also part of the particulate pollution with severe health consequences.

Here we present BC concentrations and accumulation rates derived from sediments of a small lake
(Odensjon) in southern Sweden. The lake is situated at 60 m a.s.l. on a bedrock ridge, has a diameter
of app. 150 m and a maximum water depth of 20 m. The lake is the southernmost site in Sweden with
varved sediments. We have retrieved an 89 cm long freeze core and established a chronology based on
219pp, "C and varve counting. BC was quantified using the thermal chemical oxidation method
(CTO375), and the proportion of BC derived from fossil fuels and biomass was assessed using
radiocarbon measurements on the BC fraction.

Our BC record has relatively high maximum concentrations (>0.92%) and shows an early increase in
concentration and accumulation rate starting around CE1700. This early rise in BC accumulation rate
took place around 150 years before the main phase of industrialisation in Sweden and was likely an
effect of increasing population and small-scale industrialisation in the region. The BC accumulation
rate continued to increase steadily until an accelerated rise in the mid-20" century that has remained
high until the present. The '*C measurements of the BC fraction show that biomass was the main
source of BC (72-91%) throughout the studied period. The maximum deposition of BC derived from
fossil fuels was found in the 1970-1990. The BC deposition has remained high since 1990 with an
increasing proportion derived from biomass burning and is probably linked to the increased use of
biomass for energy production in Scandinavia.
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Black carbon (BC) is produced by the incomplete combustion of biomass and fossil fuels and has
large effects on the carbon cycle, the climate system and human health. Wildfires are a major BC
source, but BC production, degradation, and storage in lakes and soils in boreal forests are poorly
understood. The lack of understanding of the processes controlling BC cycling from wildfires limits
future predictions of the effects on BC production and interaction with the carbon cycle and climate
system in a warmer world.

In this project, we address the lack of knowledge about BC cycling in boreal forests by using the large
2014 Viastmanland fire as a model system to study the storage of BC from wildfires in soils and lake
sediments. Here we present our initial results of BC quantification in lakes inside the burnt area. Our
preliminary results show that the post-fire lake storage of BC was determined to a large extent by local
lake settings with larger lakes receiving higher BC loads and that local fire conditions also probably
influenced the deposition of BC. Further analyses will include studies of the effect of fire on erosion
rates, charcoal deposition, and BC storage in catchment soils.
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Reconstructing the composition and evolution of the Hadean crust is hampered by 