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Developments in Earth Sciences education at Utrecht University, the 
Netherlands  

 

Hans DE BRESSER 

 

Department of Earth Sciences, Faculty of Geosciences, Utrecht University, the Netherlands 

 

ÑőĲШ[ċĦƨũƣǃШŸŉШ]ĲŸƚĦŔĲŰĦĲƚШċƣШÖƣƖĲĦőƣШÖŰŔƻĲƖƚŔƣǃШŸŉŉĲƖƚШĤċĦőĲũŸƖќƚШĬĲŊƖĲĲШƓƖŸŊƖċůůĲƚШŔŰШEċƖƣőШÉĦŔĲŰĦĲƚЯШ
Global Sustainability Science, Science and Innovation Management and Human Geography and Spatial 
ÂũċŰŰŔŰŊЮШfŰШċĬĬŔƣŔŸŰЯШƣőĲШŉċĦƨũƣǃШőŸƨƚĲƚШċШƣŸƣċũШŸŉШΝΣШůċƚƣĲƖќƚШĬĲŊƖĲĲШƓƖŸŊƖċůůĲƚШƣőċƣШċũũŸƽШƚƣƨĬĲŰƣƚШƣŸШ
ƚƓĲĦŔċũŔǍĲШċŉƣĲƖШőċƻŔŰŊШŸĤƣċŔŰĲĬШƣőĲŔƖШĤċĦőĲũŸƖќƚШĬĲŊƖĲĲЯШŉŸƨƖШŸŉШƣőĲůШŉŸĦƨƚƚŔŰŊШŸŰШEċƖƣőШÉĦŔĲŰĦĲƚЮШÑőĲШ
Earth Sciences bachelor is a three-year programme largely given in Dutch, consisting of a major of 135 EC 
and a so-called Optional Course Profile of 45 EC. Within this Optional Course Profile, students can 
choose courses form the complete University offer, either as a set of individual courses, or as a coherent 
package in the form of a minor. Taking part of an international exchange programme is also possible. The 
Earth Sciences masters are two-year English-spoken, selective programmes focussing on research. 

The enrolment in the BSc Earth Sciences peaked in 2014 with an intake of 185 students, but has gradually 
decreased since, to 125 in 2022. For the current academic year 2023-2024, there has been a slight 
revival. The decrease fits with nationwide and worldwide trends. Possible reasons for this decrease 
include the current image that secondary school students have of the Earth Sciences. Many of them 
consider the Earth Sciences as an old-fashioned science, environmentally damaging and with insufficient 
emphasis on addressing societal problems. A recent survey among Dutch secondary school students 
confirmed that the Earth Sciences have an image problem, but also revealed low awareness of what the 
subject involves and what opportunities are available for graduates. 

We concluded that a modernization of our programme was necessary, to reflect both the scientific 
advances of the last decades and the change in focus towards societal challenges. Shaping the new 
programme required quite a bit of discussion and hence time, but efforts were made to really get all 
teachers on board, as well as taking the student perspective into account. We have constructed a fully 
integrated, uniform first year, including modular fieldwork covering topics across the full breadth of the 
EċƖƣőШÉĦŔĲŰĦĲƚЮШ ŉƣĲƖШƣőĲШŉŔƖƚƣШǃĲċƖЯШƚƣƨĬĲŰƣƚШĦőŸŸƚĲШŸŰĲШŸƨƣШŸŉШŉŸƨƖШћĬŔƖĲĦƣŔŸŰƚќЮШEċĦőШĬŔƖĲĦƣŔŸŰШƚƣċƖƣƚШƽŔƣőШ
its own set of foundation courses, followed by direction-related specialization electives. Seven skills 
learning lines are being implemented across the programme, providing the students with skills 
considered crucial for future Earth Sciences professionals. The students who started in September 2023 
form the first cohort following the renewed BSc programme. 

I my lecture, I will show how our Earth Sciences programmes is positioned in the overall programme 
structure of the Faculty of Geosciences, I will guide you along our modernization trajectory and the 
ũĲƚƚŸŰƚШũĲċƖŰĲĬЯШċŰĬШƚőċƖĲШƽŔƣőШǃŸƨШŸƨƖШŉŔƖƚƣШĲǂƓĲƖŔĲŰĦĲƚЮШfќũũШċũƚŸШċĬĬƖĲƚƚШƣőĲШŔƚƚƨĲШŸŉШőŸƽШƣŸШƨƚĲШŸƨƖШ
renewal in improving the image that secondary school students have of the Earth Sciences, expecting a 
positive effect on enrolment.
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Reading the magnetic record of rocks: interpretation and pitfalls  

 

Mark J. DEKKERS 

 

Department of Earth Sciences, Utrecht University, Utrecht, The Netherlands 

 

It is well known that paleomagnetic data provide important kinematic constraints to geological 
reconstructions, in particular for reconstructions in the distant geological past. The magnetic signal 
stored in rocks is termed natural remanent magnetization (NRM); it resides in what is referred to as 
ћůċŊŰĲƣŔĦШůŔŰĲƖċũƚќаШŔƖŸŰШыŸǂǃьыőǃĬƖьŸǂŔĬĲƚШŸƖШŔƖŸŰШƚƨũƓőŔĬĲƚШƣőċƣШŸĦĦƨƖШŔŰШƣƖċĦĲШċůŸƨŰƣƚШŔŰШĲƚƚĲŰƣŔċũũǃШ
any rock. The time-ċƻĲƖċŊĲĬШEċƖƣőќƚШůċŊŰĲƣŔĦШŉŔĲũĬШŔƚШċШĬŔƓŸũĲШŉŔĲũĬШƽőŔĦőШĲŰċĤũĲƚШĦċũĦƨũċƣŔŸŰШŸŉШƣőĲШ
paleolatitude of rock formations from the inclination of the NRM stored in the rock; vertical-axis rotations 
can be derived from the declination of the NRM. Only fine-grained magnetic particles ensure an NRM 
which is stable over geological time scales: ideally, they consist of one or a few magnetic domains only. 
For meaningful paleogeographic reconstructions typically rocks are considered that carry what is referred 
ċƚШљƓƖŔůċƖǃШ Å~њаШƣőĲШċŊĲШŸŉШƣőĲШ Å~ШŔƚШƣőĲШƚċůĲШċƚШƣőĲШċŊĲШŸŉШƣőĲШƖŸĦťШŔƣШŔƚШƖĲƣƖŔĲƻĲĬШŉƖŸůЮШÉŸЯШƓƖŸƻŔŰŊШ
that the stable NRM of a sample collection is indeed a primary NRM is at the heart of any paleomagnetic 
study. And while this seems a rather straightforward task, the real world is harsh and bitter debates on the 
primary NRM of certain rock formations continue. The bitterness is partially fuelled by the perceived 
notion that when a rock does not carry a primary NRM т its NRM is reset by later geological processes, 
broadly referred to as remagnetization т it is utterly useless. Here, I will walk through the basic premises 
of how rocks get magnetized and strategies how to document a primary NRM. Then I focus on 
remagnetization as rocks are not immune to later geological processes, typically associated with 
ŸƖŸŊĲŰŔĦШċĦƣŔŸŰЮШÉŸЯШƖĲůċŊŰĲƣŔǍĲĬШƖŸĦťƚШċƖĲШŰŸƣШƨƣƣĲƖũǃШƨƚĲũĲƚƚШĤƨƣШĦŸŰƣċŔŰШŔŰŉŸƖůċƣŔŸŰШŸŰШћŊĲŸũŸŊŔĦċũШ
ċĦƣŔŸŰќШĬƨƖŔŰŊШċШŊŔƻĲŰШŸƖŸŊĲŰǃШƽŔƣőШŔůƓũŔĦċƣŔŸŰƚШŉŸƖШƣőĲШƓċũĲŸũċƣŔƣƨĬĲШŸŉШĦŸŰƣŔŰĲŰƣШĦŸũũŔƚŔŸŰƚШċŰĬШƖĲŊŔŸŰċũШ
vertical axis rotations. In the talk I will illustrate these points with examples from the Indo-Asia collision 
and Variscan Europe. 
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On the 1st of November 1755, a giant earthquake struck off the coast of Portugal. It occurred on the 
ůŸƖŰŔŰŊШŸŉШƣőĲШ ũũШÉċŔŰƣƚќШ?ċǃЯШƽőĲŰШĦŔƣŔǍĲŰƚШƽĲƖĲШċƣƣĲŰĬŔŰŊШƣőĲШůċƚƚЮШÑőĲШƖŸŸŉƚШŸŉШƣőĲШĦőƨƖĦőĲƚШ
collapsed, and the thousands of candles started a fire that lasted for days. The survivors ran to the 
riverside, but forty minutes after the main shock three tsunami waves rose the Tagus River flooding the 
downtown. Thousands of people died, sending philosophical shock waves all around Europe. Today we 
do not yet know what caused the 1755 earthquake, but several works suggest that a new subduction zone 
may be forming off the coast of Portugal.  

This is important because the initiation of subduction zones in Atlantic-type oceans marks the turning 
ƓŸŔŰƣШŸŉШċŰШŸĦĲċŰќƚШũŔŉĲШĦǃĦũĲШыƣőĲШìŔũƚŸŰШĦǃĦũĲьЮШcŸƽĲƻĲƖЯШƣőĲШŉŸƖůċƣŔŸŰШŸŉШŰĲƽШƚƨĤĬƨĦƣŔŸŰШǍŸŰĲƚШŔŰШ
Atlantic-type oceans is challenging, given that it commonly requires the action of an external force, such 
as the slab pull from a nearby subduction zone. Notwithstanding, the Atlantic already has two fully 
developed subduction zones, the Lesser Antilles and the Scotia arcs. These subduction zones have been 
forced from the nearby Pacific subduction zones.  

The Southwest Iberia Margin is another place where a new subduction system may just be forming in the 
Atlantic. In this case, likely associated with subduction zones from the Mediterranean. This is supported 
by geological and geophysical data and would explain the anomalous high-magnitude seismicity such as 
the Great Lisbon Earthquake of 1755. Recent geodynamic models further support this hypothesis.  

The three Atlantic subduction zones have the potential to spread and connect in the future to form an 
ocean-ƽŔĬĲШ ƣũċŰƣŔĦШƚƨĤĬƨĦƣŔŸŰШƚǃƚƣĲůЮШÑőŔƚШőċƚШŔůƓũŔĦċƣŔŸŰƚШŉŸƖШƣőĲШĲƻŸũƨƣŔŸŰШŸŉШƣőĲШEċƖƣőќƚШŸĦĲċŰƚШċŰĬШ
the supercontinent cycle itself. For example, it may imply that subduction zones are more likely to invade 
Atlantic-type oceans from oceans that already have subduction zones than to start new subduction along 
Atlantic-type margins. Subduction invasion may thus be a fundamental process in the recent geological 
evolution of the Earth. 
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The mineral resource industry faces an immense challenge in meeting the surging demand for materials 
driven by the green and digital transition, on top of global economic development. While the industry is 
still far from adequately addressing these future demands, dedicated geological research is crucial to 
discover, reevaluate, and gain a comprehensive understanding of system earth and its natural resources. 
This session invites researchers who work on all aspects of geological research, possibly but not 
exclusively linked to the pursuit of mineral resources. Contributions may include advances in the 
understanding of magmatic or metamorphic processes, detailed mineralogy, geochemistry, and/or 
geochronology. 

Since the intensification of mining activities worldwide necessitates the identification and resolution of 
social, societal, and environmental issues associated with exploitation, research contributions touching 
on the environmental and social governance (ESG) of mining are also welcomed. 

The specific topics covered in this session include, but are not limited to: 
¶ Critical and non-critical mineral deposits 
¶ Mineral exploration and extraction 
¶ Social, societal, and environmental considerations related to mining 
¶ Metamorphic and magmatic geological processes 
¶ Deformation within orogenic belts 
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Intense weathering in wet tropical regions breaks down rocks into regolith, which can differ 
mineralogically and chemically from the original bedrock. This process leads to geochemical 
modifications, concentrating certain elements and forming supergene deposits. Analyzing isotopic 
compositions reveals insights into weathering processes and element concentration. This presentation 
focuses on using radiogenic Sr and Nd compositions to understand the concentration of rare earth 
elements in regolith. We will also explore the application of other isotopic systems, both radiogenic and 
stable. 
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Lithium-Caesium-Tantalum (LCT-)type pegmatites in the Mesoproterozoic Karagwe-Ankole Belt of Central 
Africa are associated with granitic intrusive complexes which were emplaced around 1 Ga in 
metasedimentary sequences (Tack et al., 2010; Fernandez-Alonso et al., 2012). This study presents a 
detailed analysis of pegmatite drill core samples from the Musha-Ntunga area in East Rwanda, which 
show evidence of localized syn-to-post emplacement deformation. Petrographic and 
cathodoluminescence microscopy combined with elemental geochemistry (EPMA, LIBS and LA-ICP-MS) 
are used to study the mineral assemblages and microtextures, and the (re-)distribution of lithium within 
the pegmatites and surrounding host rock during the main paragenetic stages. These stages comprise 
magmatic crystallization, magmatic-hydrothermal metasomatism, sub-solidus deformation and low-
temperature late stage alteration. Drill core mineral assemblages in the pegmatites are relatively 
consistent. Quartz, albite, microcline, muscovite, spodumene and montebrasite are major rock-forming 
minerals, while apatite, columbite-tantalite, cassiterite, lithiophilite, cookeite, eucryptite and beryl are 
present as minor phases. Five textural varieties of spodumene are identified. Coarse-grained subhedral 
type 1 often has narrow rims of symplectitic spodumene-quartz intergrowth (type 2). These first two types 
are interpreted to reflect primary magmatic crystallization. Type 3 and 4 on the other hand suggest 
magmatic-hydrothermal to hydrothermal recrystallization, often precipitating along albite grain 
boundaries. In some regions, spodumene has been intensely deformed, both in a brittle and a ductile 
manner. Under localized shear stress, large type 1 crystals have been deformed to sigma clasts 
ыћƚƓŸĬƨůĲŰĲШŉŔƚőќьШƚƨƖƖŸƨŰĬĲĬШĤǃШĤċŰĬƚШŸŉШŉŔŰĲ-grained spodumene laths (type 5), with interstitial apatite 
and quartz ribbons. Additionally, large elongated spodumene (type 1) grains can be fractured with 
microcline, albite, micas, cookeite and Li-phosphates (lithiophilite and montebrasite) filling the opened 
space. Book-shelf rotation and sliding along fracture or cleavage planes is also common, evidenced by 
offset twins in spodumene. Montebrasite occurs both as a late primary magmatic phase with 
spodumene, and as a secondary/late phase, recrystallizing during magmatic-hydrothermal alteration and 
deformation. Eucryptite, cookeite and lithiophilite are only observed as secondary minerals, replacing 
primary mineral assemblages. The elevated concentration of lithium in metasomatic tourmaline and 
micas within the metasedimentary host rock can act as an exploration tool for mineralized pegmatites. 
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Additionally, it indicates significant dispersion of lithium into the host rock during pegmatite 
emplacement and subsequent metasomatism. Lithium appears to be retained within the recrystallized 
spodumene during post-magmatic deformation. However, a decrease in spodumene grain size may 
affect ease of extraction. 

 

Fernandez-Alonso M, Cutten H, De Waele B, Tack L, Tahon A, Baudet D, Barritt S.D (2012) The 
Mesoproterozoic Karagwe-Ankole Belt (formerly the NE Kibara Belt): The result of prolonged extensional 
intracratonic basin development punctuated by two short-lived far-field compressional events. 
Precambrian Research, 216т219, 63т86.  

Tack L, Wingate M.T.D, De Waele B, Meert J, Belousova E, Griffin B, Tahon A, Fernandez-Alonso M (2010) 
ÑőĲШΝΟΤΡШ~ċШљuŔĤċƖċŰШĲƻĲŰƣњШŔŰШ9ĲŰƣƖċũШ ŉƖŔĦċаШÂƖŸůŔŰĲŰƣШĲůƓũċĦĲůĲŰƣШŸŉШĤŔůŸĬċũШůċŊůċƣŔƚůШƨŰĬĲƖШ
extensional regime. Precambrian Research, 180(1т2), 63т84. 
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The Mesoarchean (ca. 3.2 - 2.85 Ga) Nyabessane greenstone belt (NGB) in south western Cameroon 
includes variably deformed and metamorphosed granitoids, mafic to ultramafic rocks, gabbros, Sr-rich 
hydrothermal layers, and banded iron formation rocks. The Sr-rich hydrothermal mafic dykes intruded the 
Mesoarchean granitoids during the late Neoarchean magmatic stage at ca. 2.7 Ga (Akame et al., 2024). 
The Sr-rich hydrothermal mafic dykes were 1т20 cm wide and are mainly composed of 
epidote+chlorite+plagioclase + quartz ± diopside ± magnetite ± pyrite ± calcite±titanite. The Sr-rich 
hydrothermal dykes studied have rhyodacitic to dacitic compositions with 47-64 wt. % SiO2ЯШΜЮΣΣШӅШƽƣЮШӖШ
MgO, 5.9т11.9 wt. % Fe2O3 (total Fe), 0.07т3.98 wt. % Na2O + K2O, 10.5т18.7 wt. % CaO, 15.2т18.6 wt. % 
Al2O3, 0.1т0.6 wt. % TiO2, 2078т3930 ppm Sr and 12.7-397 ppm Ba. They show enriched-light REE (LREE) 
patterns (La/SmN = 8.9т75.2 and La/YbN = 8.95т75.22), positive Eu anomalies (Eu/Eu*=1.72т3.5), 
pronounced Sr-enrichment, and exhibit strong Rb, Ba, Nb- and Ti depletion suggesting post-
emplacement alteration by fluids from the surrounding gneisses. Their higher Zr/Nb and lower Nb/Th 
ratios are similar to upper continental crust. Strontium-rich hydrothermal dykes, on the other hand, have 
LaN/YbN ratios similar to Archean TTG suites. These characteristics indicate involvement of crustal 
component in the petrogenesis of these dykes. The whole-rock NdтSr isotope data [(87Sr/86Sr)(2.7 Ga) = 
ΜЮΤΜΥΝШƣŸШΜЮΤΜΥΤШċŰĬШ͌ ĬыΞЮΤШ]ċьӀШ-4.4 to -2.5] of Sr-rich hydrothermal dykes are consistent with an 
involvement of older enriched crustal material. Petrographic observations show that epidote formed 
during the subsolidus hydrothermal alteration processes that involved these rocks. Epidote 
crystallization is the early stage of this process, followed by progressive enrichment of hydrothermal 
ŉũƨŔĬƚШŔŰШÉƖШċŰĬЯШċŰĬШƣŸШċШũĲƚƚĲƖШĲǂƣĲŰƣШŔŰШÅEEШыuƖŸƓČĨШĲƣШċũЮЯШΞΜΞΠьЮШÑőŔƚШƽċƚШƓƖŸĤċĤũǃШƖĲƚƓŸŰƚŔĤũĲШŉŸƖШƣőĲШ
strong Sr enrichment in the Nyabessanes dykes, during the cooling stage of the cratonization in the NGB. 

 

Akame, J.M., Oliveira, E.P., Debaille, V., Poujol, M., Schulz, B., Bisso, D., Humbert, F., Koah Na Lebogo, 
ÉЮÂЮЯШüŸќŸШüċůĲЯШÂЮЯШΞΜΞΠЮШ~ĲƚŸċƖĦőĲċŰШƚǃŰĦőƖŸŰŸƨƚШĲůƓũċĦĲůĲŰƣШŸŉШÑÑ]ШŊŰĲŔƚƚĲƚШċŰĬШƓŸƣċƚƚŔĦШ
granitoids in the Nyabessane granite-greenstone terranes, NW Congo Craton (southern Cameroon): 
Zircon U Pb geochronology, petrogenesis and tectonic implications. Lithos 464т465, 107429. 
https://doi.org/10.1016/j.lithos.2023.107429  

Cathelineau, M., 1988. Cation site occupancy in chlorites and illites as a function of temperature. Clay 
Minerals 23, 471т485. https://doi.org/10.1180/claymin.1988.023.4.13  

https://doi.org/10.1180/claymin.1988.023.4.13
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uƖŸƓČĨЯШuЮЯШ?ŸũŰŖĨĲťЯШüЮЯШÖőĲƖЯШÂЮЯШ7ƨƖŔČŰĲťЯШ?ЮЯШÖƖƨĤĲťЯШÑЮЯШΞΜΞΠЮШ9ƖǃƚƣċũШĦőĲůŔƚƣƖǃШċŰĬШŸƖŔŊŔŰШŸŉШĲƓŔĬŸƣĲ-
(Sr) in alkaline rocks of the teschenite association (Silesian Unit, Outer Western Carpathians, Czech 
Republic). Miner Petrol 118, 55т70. https://doi.org/10.1007/s00710-023-00847-w 
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The West Troms Basement Complex (WBTC) (Bergh et al., 2010, 2022; Myhre et al., 2013; Laurent et al., 
2019) is a Precambrian outlier exposed west of the Scandinavian Caledonides in the coastal region of 
Tromsø (northern Norway) and considered as an autochthonous portion of the Baltic Shield farther east. 
It consists of Meso- to Neoarchean crust (ca. 3.0-2.6 Ga) affected by Paleoproterozoic rifting (ca. 2.4-2.0 
Ga) and late- to post-Svecofennian magmatism and tectonism (ca. 1.8-1.6 Ga). The WBTC displays an 
oustanding diversity of lithologies, including crust-derived granitoids which are potential geodynamic 
markers. We present here the results of a fabric study, using the anisotropy of magnetic susceptibility 
technique, focusing on one of the WBTC granitoids, the Neoarchean Bakkejord intrusion (2711 ± 13 Ma; 
Myhre et al., 2013), a key structural element emplaced close to a probable 2.75-2.65 Ga active margin 
(Laurent et al., 2019). 

The Bakkejord intrusion (outcrop surface ~100 km2) is in tectonic contact with Meso- to Neoarchean 
orthogneisses and Paleoproterozoic metasupracrustal belts. It is made of quartz diorite and quartz-poor 
tonalite and contains gneiss xenoliths of mostly granodioritic-tonalitic composition, metric to 
plurikilometric in size. The intrusion is cut by steeply-dipping and NW- to NE-trending dolerite dykes, 
dated at 2671 ± 1 Ma (Myhre et alЮЯШΞΜΝΟьЯШƽőŔĦőШůċťĲШƨƓШӄΡΜӖШŸŉШƣőĲШƖŸĦťШƻŸũƨůĲШċƣШůċŰǃШƓũċĦĲƚЮШÑőĲШ
quartz dioriteтtonalite and the dolerite display a concordant penetrative foliation, also parallel to the 
foliation/banding of the gneiss enclaves, with a mean orientation of 173W85 (n = 63). The igneous texture 
of both the Bakkejord intrusion and dolerite dykes is globally preserved, but the rocks display microscope 
evidence of deformation, recovery and recrystallization, as well as greenschist-facies metamorphism 
and likely retrograde conditions, possibly after an amphibolite-facies metamorphic phase. 

The bulk magnetic susceptibility varies from 238.5 to 3252.0 x 10-6 SI, with a mean value of 556.8 ± 366.4 
x 10-6 SI (n = 39) in the Bakkejord intrusion and 1111.5 ± 521.7 x 10-6 SI (n = 20) in the dolerite dykes. 
Thermomagnetic measurements, controlled by petrographic observations, indicate that this 
susceptibility is dominated by paramagnetic minerals (mostly biotite and hornblende) and a 
ferromagnetic component (a Ti-poor titanomagnetite with ~1-10 mol% of ulvospinel) whose contribution 
ranges from ~10 to 70-75%. The magnetic foliation is close to the foliation measured in the field and the 
magnetic lineation is dominantly gently plunging to the NNW, respectively with mean orientations of 
177W75 and 165NNW32 in the Bakkejord intrusion (n = 39), 161WSW52 and 153NNW14 in the dolerite 
dykes (n = 20). 
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The fabric of the Bakkejord intrusion and associated mafic dykes is concordant with the main regional 
structural pattern of the surrounding metamorphic rocks, inherited from the first of three successive late-
Svecofennian tectonometamorphic phases, an ENE-WSW crustal contraction which caused nappe 
stacking, in amphibolite-facies, prograde conditions (Armitage & Bergh, 2005; Bergh et al., 2022). Not 
surprisingly, the Bakkejord intrusion has therefore retained no memory of the syn-emplacement, 
Neoarchean tectonism, but is rather a valuable marker of the late-Svecofennian deformations. 

 

Armitage, P.E.B., Bergh, S.G. (2005). Structural development of the Mjelde-Skorelvvatn Zone on Kvaløya, 
Troms: a metasupracrustal shear belt in the Precambrian West Troms Basement Complex, North Norway. 
Norwegian Journal of Geology 85: 117-132.  

Bergh, S.G., Haaland, L., Arbaret, L., Coint, N., Forien, M. (2022). 1.80-1.75 Ga granite suites in the west 
Troms Basement Complex, northern Norway: Palaeoproterozoic magma emplacement during advancing 
accretionary orogeny, from field observations. Precambrian Research 371: 106640.  

Bergh S.G., Kullerud K., Armitage P.E.B., Zwaan K.B., Corfu F., Ravna E.J.K., Myhre P.I. (2010). 
Neoarchaean to Svecofennian tectono-magmatic evolution of the West Troms Basement Complex, North 
Norway. Norwegian Journal of Geology 90: 21-48.  

Laurent O., Vander Auwera J., Bingen B., Bolle O., Gerdes A. (2019). Building up the first continents: 
Mesoarchean to Paleoproterozoic crustal evolution in West Troms, Norway, inferred from granitoid 
petrology, geochemistry and zircon U-Pb/Lu-Hf isotopes. Precambrian Research 321: 303-327.  

Myhre P.I., Corfu F., Bergh S.G., Kullerud K. (2013). U-Pb geochronology along an Archaean geotransect in 
the West Troms Basement Complex, North Norway. Norwegian Journal of Geology 93: 1-24. 
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In the last century, Brazil became an important producer of high-quality tourmalines in the world. Most of 
these minerals formed within the granitic pegmatites of the Eastern Brazilian Pegmatite Province, in the 
mining State of Minas Gerais, located in the south-eastern part of the country. Minerals of the tourmaline 
supergroup are constituted by rhombohedral borosilicates with a R3m space group, and a general 
formula XY3Z6[T6O18](BO3)3V3W (Hawthorne and Henry, 1999). 

Seventeen tourmaline crystals from eight pegmatite deposits spread across the province have been 
analysed by electron-microprobe and LA-ICP-TOF-MS, in order to provide accurate data about the major 
and trace element concentrations in each crystal. Compositions usually vary along the elbaite-schorl 
solid solution, with sometimes compositional and optical zonings between both end-members.  

Some elbaite-schorl samples from different deposits show similar trace element concentrations, thus 
implying that some deposits certainly formed under the same geological conditions. One sample from 
the Lavra do Urucum pegmatite (KF-081) shows a rossmanite composition, with the Y group of sites 
occupied by two Al and one Li cations. Another sample from the same pegmatite (WR-045) is significantly 
enriched in REE and Ca, with values reaching 30 ppm La, 56 ppm Ce, 6 ppm Pr, 18 ppm Nd, and 1.90 wt. 
% CaO. Such a composition shows an evolution towards liddicoatite, which has also been observed in a 
Mozambican sample from the Mavuco pegmatite. The similar geochemical signature of these two 
crystals is currently under investigation. 

In order to constrain the cation distributions on the different crystallographic sites of these samples, the 
tourmalines were investigated by single-crystal X-ray diffraction methods. Measured unit-cell 
ƓċƖċůĲƣĲƖƚЯШĤĲƣƽĲĲŰШΝΡЮΥΞШ2ШӅШċШӅШΝΡЮΦΟШ2ШċŰĬШΤЮΜΦШ2ШӅШĦШӅШΤЮΝΟШ2ЯШċƖĲШĦŸŰƚŔƚƣĲŰƣШƽŔƣőШĲũĤċŔƣĲ-to-schorl 
compositions. Refined site populations have been calculated from the structural data and are similar to 
the assigned site populations given by the electron-microprobe analyses. Mean bond lengths determined 
through the structure refinement are also consistent with the calculated bond lengths, and bond-valence 
sums obtained for the different sites are close to the ideal theoretical values. A detailed examination of 
polyhedral distortion coefficients indicates an inverse correlation between the distortions of the Y and Z 
sites. Concerning the Z site, the highest distortion values are observed for schorl-rich compositions. 

These preliminary data, coupled with those obtained on similar samples from Mozambique, will certainly 
allow to better understand the crystal-chemical control on trace-element distribution in these complex 
pegmatite minerals. 

Hawthorne FC, Henry DJ (1999) Classification of the minerals of the tourmaline group. European Journal 
of Mineralogy, 11(2): 201-215.
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The Mesoproterozoic Karagwe-Ankole belt (KAB) in Central Africa hosts important mineralized Lithium-
Caesium-Tantalum (LCT) pegmatites enriched in Sn, Nb, Ta and W. It is expected that research on 
pegmatites will remain crucial as many of the searched-for critical elements in clean energy technologies 
are associated with LCT pegmatites. Notwithstanding many decades of geological research on 
mineralized pegmatites, the exact processes and formation conditions that lead to the concentration of 
these critical elements are yet not fully understood. Therefore, the detailed documentation of the textural 
variability of the pegmatite-forming minerals in naturally occurring deposits is necessary for the 
verification of the crystallization response in experimental simulations and to contribute to 
fundamentally new concepts about how the concentration of critical elements is controlled by the fluxing 
components. 

Using a combination of scanning electron microscopy (SEM)-based automated mineralogy systems with 
X-ray computed tomography (µCT), we investigated the mineral relationships in a three-dimensional (3D) 
space. The textural complex and mineralogical diverse assemblages could now be fully studied in 3D 
which offered new insights regarding their crystallography and spatial association. The 3D automated 
mineralogy assisted in the identification of minerals (e.g., identification of Fe-Li mica and the inclusion of 
a barite veinlet in a muscovite grain) and the localization of key mineral assemblages that further helped 
to refine the paragenesis of mineralized pegmatites in the KAB. 

A stage of albitization followed the primary crystallization and muscovite was found to probably play a 
role in the fluid migration and the subsequent precipitation of ore minerals. An important observation 
from µCT data is a mineral assemblage of quartz-albite-tourmaline-muscovite that revealed a stage of 
ƣŸƨƖůċũŔŰĲШĦƖǃƚƣċũũŔǍċƣŔŸŰШĤĲƣƽĲĲŰШƣƽŸШƚƣċŊĲƚШŸŉШċũĤŔƣŔǍċƣŔŸŰЮШÑőĲШ9ŸƖŰŔƚőШÑǃƓĲШќШĦċƚƚŔƣĲƖŔƣĲШŸƖŔŊŔŰċƣŔŰŊШ
from greisen pockets confirmed the suggested hydrothermal formation conditions. A first-time 
description of oriented zircon and the association with flat tabular columbite-tantalite pointed to the 
importance of local magmatic-hydrothermal conditions. 

This presentation emphasizes the possibilities of using 3D automated mineralogy for the identification of 
minerals and their position in the paragenetic history of mineralized pegmatites and by extension of other 
complex ore deposits. 

 

Buyse F, Dewaele S, Boone M N  & Cnudde V (2024) Contribution of 3D automated mineralogy in 
unraveling the formation history of Nb-Ta-Sn mineralized LCT pegmatites in the Karagwe-Ankole belt 
(Central Africa). Geologica Belgica 27(1-2): 1-14
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The Western Domain (WD) of the Karagwe-Ankole Belt (KAB), located in the metallogenic province of the 
Great Lakes region in Central Africa, is known to be rich in Nb-Ta-Sn-W-Li-Be-Au. The magmatic-
hydrothermal Nb-Ta-Sn-W deposits in this region have been extensively studied. However, the 
characteristics and source(s) of the Au mineralising fluids remain largely unknown. In order to gain a 
better understanding of the gold mineralising fluids in this metallogenic province, the Imonga prospect 
(Maniema, eastern Democratic Republic of Congo) was selected for a detailed petrographic and an 
extensive fluid inclusion study. 

The metasedimentary and magmatic host rocks at Imonga were deformed, underwent metamorphism to 
the greenschist facies, and were intensively altered. In total four vein generations were recognised. Most 
important for the orogenic gold mineralising fluid study are: (1) the post-foliation, mineralised second 
vein generation consisting of quartz and ferroan-dolomite with deformation textures (crystalplastic quartz 
deformation and crack-seal mechanism), and (2) the mineralised third vein generation composed of 
ferroan-calcite and quartz. 

The fluid characteristics as well as the source and conditions, were studied by means of fluid inclusion 
petrography, microthermometry, Raman spectroscopy, LA-ICP-MS and modelling. The mineralising fluid 
has a low saline H2O-NaCl-KCl-CO2-N2-CH4 composition. The CO2-dominant (70-100mol%) gaseous 
system with large variations in N2-content (0-30mol%), and minor CH4 (0-6mol%) is compatible with a 
metamorphic origin of the mineralising fluid, which underwent varying degrees of fluid-rock interaction. 
The presence of H2S in the fluid may indicate Au was transported as a reduced sulphur complex. Further 
characterisation of the mineralising fluid results in a salinity ranging from 3.09 to 6.98 eq.wt% NaCl and a 
density ranging between 0.74 and 0.94g/cc.  

By LA-ICP-MS analysis of individual fluid inclusions, the elemental fluid composition was determined and 
compared with a constructed framework describing the composition of sedimentary, metamorphic and 
magmatic fluids. The low concentrations of Rb-Cs-Sr-Ba are a clear indication that the mineralising fluid 
has a metamorphic origin without any evidence for a magmatic contribution. The obtained 
concentrations and molar ratios of other elements (e.g. Mg-K-Ca-Mn-Fe), equally indicate a metamorphic 
fluid origin. Au was both quantitatively and qualitatively observed in the petrographic and geochemical 
data. 

The temperature formation window is modelled to range from 350 to 400°C based on several proxies (e.g. 
crystalplastic quartz deformation, andalusite formation and total homogenisation temperature of the 
fluid inclusions), with at 350°C an upper lithostatic pressure limit of 250MPa and a lower (sub-
)hydrostatic pressure limit of 75MPa. These pressures correspond to a burial depth range of 7.6 to 9.6km. 
Additionally, this pressure variation and petrographic observations of a crack-seal mechanism, point 
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towards cyclic fluctuations in fluid pressure, favouring the fault-valve activity model typical for orogenic 
gold deposits. Precipitation of the gold-sulphur complexes could have occurred through destabilisation 
by interaction with the iron bearing host-rock and/or the fault-valve activity.  

Based on all obtained results, the orogenic gold mineralising fluid at Imonga is interpreted to have a 
purely metamorphic origin. Furthermore, in contrast to the Sn-W vein mineralisation in the WD, no 
indication of any magmatic-hydrothermal contribution is observed. 
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All plate-tectonic reconstructions show that, prior to South Atlantic opening, the Falkland Islands / 
Malvinas (FI/M) occupied a position somewhere along the east coast of South Africa. Based on geological 
similarities with South Africa, Adie (1952) already proposed a rotation of ~180° of FI/M during rifting and 
opening of the South Atlantic Ocean. The similarities have been documented in detail (e.g., Stanca et al., 
2019). Early paleomagnetic work by Taylor & Shaw (1989), based on dykes of unknown age, seemingly 
ĦŸŰŉŔƖůĲĬШ ĬŔĲќƚШыΝΦΡΞьШƓƖŸƓŸƚċũЯШċŰĬШƣőŔƚШŔŰШƣƨƖŰШƖĲƚƨũƣĲĬШŔŰШƚƨŊŊĲƚƣŔŸŰƚШŸŉШċШũċƣĲШsƨƖċƚƚŔĦШŸƖШĲċƖũǃШ
Cretaceous rotation of a Falkland Islands microplate (see Stone et al., 2009 and references therein). Up 
to ~60° of this rotation can be attributed South Atlantic opening, but the remaining ~120° rotation remains 
enigmatic (e.g., Stone et al., 2009).  

There are two points of concern regarding a post-Triassic South Atlantic rotation model for FI/M. 1) None 
of the existing plate-tectonic models offers a solution for the remaining ~120° rotation during 
rifting/opening of the South Atlantic Ocean. 2) Despite later (post-1990) accurate dating of individual 
dykes, more recent paleomagnetic work on FI/M, often in publications with ties to the original 
paleomagnetic study authors, are rather disappointing (e.g., anomaly fitting - a possible fit - instead of 
proper paleomagnetic work; see Stone et al., 2009). 

Geognostics has a global plate-tectonic model (220 т 0 Ma) and maps depth-to-basement across the 
globe, using a bottom-up approach. In this approach, basins are interpreted from the bottom-up, starting 
from the foundations (basement terranes), using gravity and magnetic data calibrated with conventional 
geological data (i.e. wells, cross section data, outcrop). In this integrated workflow, areas are first 
interpreted in terms of basement terrane nature, which is then combined with (hand-contoured) Moho 
and depth-to-basement mapping, basement composition interpretation and plate-tectonic 
reconstructions. This integrated bottom-up basin interpretation ultimately serves as input into 
Geognostics geothermal model in which the heat source plays the key element instead of the measured 
surficial result.  

Using the Geognostics SEEBASE® depth-to-basement approach, combined with Geognostics Plate 
Model (GEM), an entirely different scenario comes forward, in which the mirrored geology between FI/M 
and the Cape Fold Belt (e.g., Stanca et al., 2019) is not due to passive block rotation during South Atlantic 
rifting and spreading, but instead is re-ŔŰƣĲƖƓƖĲƣĲĬШċƚШċШљéċƖŔƚĦċŰњШŸƖŸĦũŔŰĲЮШfŰШƣőŔƚШůŸĬĲũЯШƣőĲШĲċƚƣĲƖŰШ
offshore part of the Cape Fold Belt contains the anticlinal hinge, transposed by the Abrulhas т Malvinas 
Transform Fault, whereas FI/M occupies the adjacent oroclinal hinge zone. 

Implications of this model are: 

и FI/M represents the opposite limb to the Cape Fold Belt as part of a Late Permian т Triassic 
orocline. 
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и The competent appearance of FI/M is not a reflection of a craton but instead is due to an intruded 
and mineralised oroclinal hinge zone of a hot orogen (cf.  Bohemian Massif). 

и The folded fabric of the orocline controlled basin development (e.g., Pletmos, Algoas and 
Gamtoos basins in South Africa and Malvinas, San Julian and southern North Falkland basins in 
Argentina). 

 

Adie RJ (1952) The Position of the Falkland Islands in a Reconstruction of Gondwanaland. Geological 
Magazine 89 (6): 401-410.  

Stanca RM, Paton DA, Hodgson DM, McCarthy DJ, Mortimer EJ (2019) A revised position for the rotated 
Falkland Islands microplate. Journal of the Geological Society 176 (3): 417-429. 

Stone P, Kimbell GS, Richards PC (2009) Rotation of the Falklands microplate reassessed after 
recognition of discrete Jurassic and Cretaceous dyke swarms. Petroleum Geosciences 15 (3): 279-287.  

Taylor GK, Shaw J (1989) The Falkland Islands: New palaeomagnetic data and their origin as a displaced 
terrane from Southern Africa. Deep Structure and Past Kinematics of Accreted Terranes 50: 59-72. 
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ÑőĲШ[ƖċŰĦĲƻŔũũĲШĤċƚŔŰШыÉEШ]ċĤŸŰьШőŸƚƣƚШƣőĲШƽŸƖũĬќƚШũċƖŊĲƚƣШƚƨƓĲƖŊĲŰĲШůċŰŊċŰĲƚĲШĬĲƓŸƚŔƣЯШƚƨƓƓũǃŔŰŊШΟΦӖШ
of the manganese used in the European economy. The protolith of the Mn-ore is Paleoproterozoic 
unmetamorphosed Mn-rich carbonate-bearing black shale (Franceville Fm, FB1c) that has undergone 
weathering processes, forming a Mn-rich laterite. Mn-rich weathering profiles occur only on the top of 
plateau-like erosional highs and exhibit variable thicknesses (2-20 m). The Mn-ore profiles display a 
common structure, with the following units (from bottom to top): (i) unweathered black shale, (ii) 
transitional clayey zone, (iii) massive Mn ore, 0.1-0.5 m-thick, (iv) platy Mn ore, 0.5-9.0 m-thick, (v) 
transitional blocky zone, (vi) pisolith zone, and (vii) humic soil horizon. This study aims to reveal the 
factors that controlled the uneven distribution of the Mn resources across the Franceville basin and 
processes leading to the formation of the layered structure of the Mn-ore profiles. 

We targeted six cross-sections in mined (Biniomi, Bangombé, Okouma) and non-mined (Franceville) 
areas to identify mineralogical, petrographic, and geochemical variations along each weathering profile. 
Preliminary results show that most elements are enriched in the weathering profile compared to the Mn-
carbonate protore, with exceptions for Na, P, and SiO2. This enrichment likely results from the loss of 
organic matter and CO2 during weathering. Decarbonization process likely accounts for the 2 to 3-fold 
increase of Mn, Al, Co, Fe, Pb, and Zn in the residual, weathered ore. However, elements are unevenly 
distributed between the various units. Manganese is mostly concentrated in the lower part of the profile, 
in platy and massive ore horizons. The main Mn-minerals identified are pyrolusite, nsutite, cryptomelane, 
and lithiophorite. Manganite occurs in the massive Mn ore alongside pyrolusite and a coating of 
neoformed rhodochrosite. Variable Mn oxidation states in these minerals (Mn2+ to 4+) probably witness 
changes in the redox conditions prevailing within the weathering profile. Co (up to 2800 ppm), Ni (up to 
3000 ppm), Zn (up to 2400 ppm), and Cu (up to 2100 ppm) are concentrated at the base of the platy zone, 
and carried/trapped within lithiophorite (as indicated by SEM-EDS analyses). Barium (up to 1.8 wt.%) is 
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concentrated on top of the platy zone and in the pisolith zone and is hosted by cryptomelane. Al, Fe, Si, P, 
Ca, and Ti content increases through the pisolith and humic horizons and are expressed by an increase in 
gibbsite, kaolinite-halloysite, goethite, and hematite, with disseminated anatase and neoformed apatite. 
The transitional clay horizon underlying the Mn ore horizons is barren of metals. These results point to 
different redox states that can be linked to the placement and movements of the water table within the 
profiles. This in turn has implications on the valence of elements and their recombination in neoformed 
Mn-rich minerals. The high amount of carbonaceous material in the protore and the preserved sub-
horizontal stratification across the basin probably account for the slow downward progression of 
meteoric fluids and poor carbonate dissolution of the Paleoproterozoic protore. Therefore, in the present 
ƚƣċƣĲШŸŉШťŰŸƽũĲĬŊĲЯШƣőĲƚĲШƓƖŸŉŔũĲƚШċƖĲШĦŸŰƚŔĬĲƖĲĬШŔůůċƣƨƖĲШċŰĬШŊĲŸũŸŊŔĦċũũǃШљǃŸƨŰŊњШыŔЮĲЮШũŔťĲũǃШ9ĲŰŸǍŸŔĦЮШ
Ar dating of Mn ore is in progress). 
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The Karagwe-Ankole Belt (KAB) forms the basement of the Great Lakes region of Central Africa. It 
comprises stratigraphic series, metamorphic complexes and magmatic intrusions mainly of 
Mesoproterozoic age, as well as Paleoproterozoic rocks and younger Neoproterozoic series. These units 
are relatively well known in Rwanda, and, to a lesser extent, in Burundi, where they have been mapped at 
the 1/100.000 scale. In contrast, in the Kivu and Maniema regions of East DRC, they are less known and 
occur in disconnected areas. The existing knowledge (mainly from the 1930-1950 period) has been 
compiled in a 1/500.000 scale map (Laghmouch et al. 2018). 

In the frame of recent investigations in the Kivu and Burundi, and using also new results from the revision 
of the geological map of Rwanda, we have re-examined the geological evolution of this region by 
proposing new lithostratigraphic correlations between the Eastern and Western sides of Lake Kivu. East 
of the lake (Rwanda, Burundi), the Mesoproterozoic formations are assembled in the Akanyaru 
Supergroup and west of the lake, in the Kivu Supergroup. The Neoproterozoic Itombwe Supergroup, well 
defined in the Kivu side, is also present in Rwanda, showing that his extension is not limited to the 
fƣŸůĤƽĲШћƚǃŰĦũŔŰĲќЯШĤƨƣШƣőċƣШŔƣШƽċƚШĬĲƓŸƚŔƣĲĬШŸƻĲƖШċШƽŔĬĲƖШƖĲŊŔŸŰЮ 

Certain formations identified in Rwanda can be correlated with similar formations in Kivu. Among others, 
the Sakinnyaga quartzites are clearly equivalent to the Bangwe quartzites in Kivu. In Rwanda, the 
Sakinnyaga quartzites form the youngest Mesoproterozoic formations, while in Kivu, they are overlain by 
two additional formations (Mukubio and Mughera). On the other part, the Cyurugeyo formation, well 
known in the Kibuye region of au Rwanda and which comprise quartzites, pelites, dolomitic limestones 
and meta volcanics form a characteristic sequence which can be recognised even after locally high 
metamorphism. Rock series with similar characteristics are observed in the Idjwi Island in the middle of 
Lake Kivu, North of Kalehe up to Sake on the western border of Lake Kivu and in SW Burundi. 

The lithostratigraphic evolution is constrained by ages obtained on detrital zircons in sediments, and also 
by geochronological ages on magmatic intrusions and metamorphic minerals. Deposition of the Kivu and 
Karagwe-Ankole Supergroups ended in the late Mesoproterozoic by a major tectonic event related to 
Rodinia amalgamation (1080-1040 Ma). This was followed by the massive intrusion of tin-bearing granites 
(1040-920 Ma) causing contact metamorphism and metasomatism of the intruded metasediments. The 
tin-tantalum-tungsten mineralisations are hosted by late phase pegmatites, quartz veins and greisens 
(Kalikone et al., 2023).  
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The subsequent fragmentation of Rodina during the Neoproterozoic (825-710 Ma) is marked by alkaline 
magmatism, of which the Kahuzi-Biega alkaline massif that we dated at 825-814 Ma. Breakup intensified 
in the Cryogenian with the deposition of the Itombwe glacial series in N-S elongated rift basins (710-625 
Ma). A second major thermo-tectonic episode related to the Pan-African amalgamation of Gondwana 
caused the N-S folding of the Itombwe series and reactivated also the Mesoproterozoic series under 
green-schist-facies metamorphism (620-545 Ma). The Pan-Africain deformations ended in the early 
Paleozoic (545-520 Ma) by ductile to brittle shear zones associated to ferruginous fluids, causing Au 
remobilisation. 

 

Baudet D, Fernandez-Alonso M (2019) Karongi т S3/29 NW. Geological Map of Rwanda, 1/100.000 scale 
series. Republic of Rwanda, with explanatory notes. (Inedit). 

 Fernandez-Alonso M, Cutten H, De Waele B, Tack L, Tahon A, Baudet D, Barritt S D (2012) The 
Mesoproterozoic Karagwe-Ankole Belt (formerly the NE Kibara Belt): the result of prolonged extensional 
intracratonic basin development punctuated by two short-lived far-field compressional events. 
Precambrian Research 216-219: 63-86.   

Kalikone C, Borst A M, Nahimana L, Nzolang C, Nimpagaritse G, Batumike J M, Rumanya R, Kezimana L F , 
Delvaux D, Dewaele S (2033) Pegmatite zonation and the use of muscovite as a geochemical indicator for 
tin-tantalum-tungsten mineralization: Case studies from the Kalehe and Idjwi areas, Democratic 
Republic of Congo. Journal of African Earth Sciences 207: 105067.   

Laghmouch M, Kalikone C, Ilombe G, Ganza G, Delvaux D, Safari E N., Bachinyaga J., Dewaele  S, Wazi N, 
Nzolang C, Fernandez-Alonso M, Tack L, Nimpagaritse G, Kervyn F (2018) Carte géologique du Kivu au 
ΝоΡΜΜШΜΜΜЮШ~ƨƚĳĲШÅŸǃċũШĬĲШũќ ŉƖŔƕƨĲШ9ĲŰƣƖċũĲЯШÑĲƖƻƨƖĲŰЮШШ 

Villeneuve M, Gaertner A, Kalikone C, Wazi N, Hofmann M. Linnemann U (2019) U-Pb ages and 
provenance of detrital zircon from metasedimentary rocks of the Nya-Ngezie and Bugarama groups (D.R. 
Congo): A key for the evolution of the Mesoproterozoic Kibaran-Burundian Orogen in Central Africa. 
Precambrian Research 328: 81-98. 
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The Gamaye pluton belongs to the Paleoproterozoic Kédougou-Kéniéba Inlier (KKI), in the West African 
Craton. It crops out as a N-S elongated body, with dimensions of ~24 x 9 km, east of a major crustal 
discontinuity, the sinistral, transcurrent Senegal-Mali Shear Zone (SMSZ). Also, as for other granitoids in 
the KKI, it displays spatio-temporal relationships with world-class gold mineralizations (Lawrence et al., 
2013). The pluton is made of a dominant, fine- to medium-grained and locally porphyritic leucocratic 
biotite granite, associated with a subordinate, fine- to very-fine grained mesocratic granite. Apatite U-Pb 
geochronology yields, for the main leucocratic facies, a date with relatively large uncertainties (2160.0 ± 
34.8), interpreted as the emplacement age of the pluton. An older apatite U-Pb age of 2294.6 ± 68.3 Ma, 
obtained for the mesocratic facies, is likely related to an inherited, early Paleoproterozoic component, as 
found in other granitoids of the KKI through zircon U-Pb geochronology (e.g. Lambert-Smith et al., 2016). 
The mesocratic and leucocratic facies are both mylonitized close to the western margin of the pluton, in a 
roughly N-S-trending, sinistral transcurrent strike-slip shear zone, possibly a satellite of the SMSZ. 
Outside this high-strain zone, microstructures show that the Gamaye pluton has also undergone solid-
state deformation and dynamic recrystallization of variable, but weak intensity. Measurements of the 
anisotropy of magnetic susceptibility, conducted on 54 samples, reveal paramagnetic signatures with 
bulk susceptibilities lower than 0.5×10-3 SI and a variation of the magnetic fabric shape, from oblate to 
prolate, towards the western mylonitic zone. The magnetic lineations are gently-plunging and oriented 
quite regularly, with a weighted mean orientation of N195°E/3°S. The magnetic foliations (weighted mean 
orientation of N24°E/23°E) are organized around a zone axis parallel to the average magnetic lineation, a 
feature commonly observed in granitoids, especially in synfolding plutons (Bolle et al., 2018; and 
references therein). At a larger scale, S1 cleavages in the metasedimentary host-rocks of the pluton and 
related to the oldest Eburnean tectonic event recorded in the KKI (a contraction phase, D1) are also 
organized around an axis parallel to the average magnetic lineation. The fabric data demonstrate 
emplacement of the Gamaye pluton during a transpressive tectonic phase (D2), responsible for folding of 
the S1 cleavage in the country rocks, as previously proposed (Pons et al., 1992) and the U-Pb 
geochronology places therefore a time constraint on D2 which could be older than formerly thought 
(2080-2120 Ma according to Masurel et al., 2017). 
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Ardennite is a rare Mn-rich aluminium silicate originally found in Salmchâteau, Stavelot Massif, Belgium, 
during the second half of the 19th Century. Samples were simultaneously investigated by A. von Lasaux 
and F. Pisani leading to some controversies between the two scientists as they initially considered the 
mineral as vanadium-bearing (von Lasaulx, 1872; Pisani, 1872), and then as arsenic-rich (Pisani, 1873). 
Nowadays, two distinct species were defined: ardennite-(As) with the ideal formula 
Mn2+

4Al4(AlMg)(AsO4)(SiO4)2(Si3O10)(OH)6 and with type-locality Salmchâteau (Belgium), and ardennite-(V) 
with the ideal formula Mn2+

4Al4(AlMg)(VO4)(SiO4)2(Si3O10)(OH)6 and with type-locality Sparone (Piedmont, 
Italy, Barresi et al., 2007). During the past years, new occurrences of ardennite were discovered in the 
southern part of the Stavelot Massif, initiating the crystal-chemical investigation of eleven Belgian 
ardennite samples originated from various localities or mineralogical and petrographic associations.  

Chemical compositions obtained from electron-microprobe analyses are in good agreement with single-
crystal structure refinements. An heterovalent substitution mechanism involving the T4 and M3 sites, 
T4Si4+ + M3(Al, Fe)3+ ӡ T4(As, V, P)5+ + M3Mg2+ clearly occurs. Due to the various multiplicities of the M3 
and T4 sites, 4 and 2 respectively, a valency-imposed double-site occupancy on M3 is necessary to 
preserve charge-balance (Hatert and Burke, 2008) in the ideal end-member formulae of ardennite-group 
minerals. The As5+ ӡ V5+ homovalent substitution on the T4 tetrahedral site explains the existence of a 
complete solid solution between ardennite-(As) and ardennite-(V), while the incorporation of Si4+ and P5+ 
seems to be more restricted. Solid solutions towards the potential new species "ardennite-(P)" and 
"ardennite-(Si)" appear to be relatively limited although some samples show significant enrichments, 
with up to 0.28 P5+ atoms per formula unit (apfu) and 0.74 Si4+ apfu. Therefore, the existence of possible 
Si-rich and P-rich end-members is discussed. 

The existence of both As- and V-bearing species in the original samples from Salmchâteau is certainly at 
the origin of the disagreement between A. von Lasaulx and F. Pisani, who decided to give different names 
to these minerals. Ardennite was named by von Lasaulx (1872) for the Ardennes mountains were the 
mineral was found, and dewalquite was named by Pisani (1873) for the famous Belgian geologist 
Professor Gustave Dewalque from the University of Liège (1826-1905). Nowadays, only the name 
ardennite is retained. 

Our second nomenclature suggestion for the ardennite group concerns the revalidation of the name 
dewalquite. Indeed, since the early samples of the V-rich variety were named ardennite by von Lasaulx 
(1872), and since the presence of arsenic was first demonstrated by Pisani (1873) on samples that he 
named dewalquite, it seems logical to rename ardennite-(V) as ardennite, and ardennite-(As) as 
dewalquite. However, if a suffix-based nomenclature is preferred for the group, we could define 
dewalquite as a new root-name, corresponding to a V3+- and Si-rich species recently observed in 
Arbrefontaine. These decisions, however, have to pass through the IMA Commission on New Minerals, 
Nomenclature, and Classification for validation. 
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ÑőĲШƣőĲŸƖǃШŸŉШƓũċƣĲШƣĲĦƣŸŰŔĦƚШƖĲƻŸũƨƣŔŸŰŔǍĲĬШŸƨƖШƓĲƖĦĲƓƣŔŸŰШŸŉШƣőĲШEċƖƣőќƚШũŔƣőŸƚƓőĲƖĲШċƚШċШĬǃŰċůŔĦШċŰĬШ
complex system divided into tectonic plates. The Wilson cycle further enhances this theory by detailing 
the lifecycle of ocean basins, from their formation through rifting and spreading, to their eventual 
destruction via subduction and continental collision. This framework elucidates crucial geological 
processes at plate boundaries that reshape our planet's surface. However, the theory primarily focuses 
on tectonic activity at plate margins and struggles to account for deformations observed in continental 
interiors, far from these boundaries. We employ low-temperature thermochronology, specifically apatite 
fission-track (AFT) analysis, to elucidate the timing, controls, and magnitude of intraplate deformation 
events. This technique reconstructs the cooling of minerals as they are exhumed from the hotter (c. 120 
°C), deeper parts of the crust, to the cooler surface, thus providing a timeframe for rock uplift and 
exhumation through the analysis of their thermal history. A total of 135 samples were analyzed from the 
(Pre)Cambrian terrains of Southeast Brazil and Peninsular India, regions traditionally considered stable 
since their formation within the Gondwana supercontinent. In Southeast Brazil, the study emphasizes the 
role of geological inheritance in continental deformation by examining three geological terrains: the 
Brasília Orogen, the São Francisco Craton, and the Araçuaí Orogen. The study in Peninsular India focuses 
on comparing the eastern and western passive margins that developed following the breakup of 
Gondwana. We specifically look into the Dharwar Craton and the Southern Granulite Terrain. In our 
analysis of the datasets, we demonstrate that the Gondwana basement was heterogeneously exhumed, 
diverging from traditional models of stable platforms. The exhumation, largely controlled by geological 
context, lithospheric properties, and structural inheritance, suggests the need to update Wilson cycle 
models to incorporate these new findings on the partitioning of intracontinental deformation. 
Additionally, we compare the elevated escarpments of Southeastern Brazil and Western India, exploring 
why their AFT results differ in relation to their uplift. In Brazil, the data correlates the uplift with post-rift 
events, whereas in India, the AFT data does not provide clear constraints on the timing or drivers of uplift. 
Despite this work making significant progress, future research employing multi-method approaches and 
focusing on additional key study areas is strongly recommended for a more comprehensive 
understanding of intraplate deformation triggers, mechanisms, and controls over geological time. 
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One of the great enigmas of geodynamics is to know when rigid modern plate tectonics, as we 
understand it today, began on Earth and what geodynamic processes existed on ancient Earth. To solve 
this, we need to constrain the evolution of these processes over time, and better understand lithospheric 
dynamics in terms of burial, exhumation, and the speed of these processes. In order to answer these 
questions, (Ultra) High Pressure and Low Temperature ((U)HP-LT) metamorphic rocks provide exceptional 
ĦũƨĲƚШƣŸШŊĲŸĬǃŰċůŔĦШƓƖŸĦĲƚƚĲƚЯШċƚШƣőĲƚĲШƖŸĦťƚШŔŰĬŔĦċƣĲШƣőĲШĲǂŔƚƣĲŰĦĲШŸŉШљůŸĬĲƖŰ-ƚƣǃũĲњШƚƨĤĬƨĦƣŔŸŰЯШ
implying the burial of a lithospheric panel into the mantle and, therefore, functional plate tectonics. 

The African continent, with its abundant Precambrian rocks, represents a key area for better constraining 
the evolution of Precambrian geodynamics. The oldest evidence of UHP eclogite are found there, 
highlighting the existence of "modern" tectonics (burial of a rigid slab at great depth, ca. 611 Ma; Caby, 
1994) linked to Pan-African events during the formation of the Gondwana supercontinent. In addition, the 
oldest occurrences of HP/LT eclogites are recorded at the edges of the Congo and Tanzania cratons, 
marking the beginning of a proto-subduction and then plate tectonics on Earth (ca. 2.1 Ga; Möller et al., 
1995; François et al., 2018, Loose & Schenk, 2018) and are linked to the Eburnean events during the 
formation of the Columbia/Nuna supercontinent. 

ƚШƓċƖƣШŸŉШƣőĲШf]9ÂШΣΣΤШÂƖŸŢĲĦƣШљìŸƖũĬШ~ċƓШŸŉШ§ƖŸŊĲŰƚњШы[ƖċŰĩŸŔƚШĲƣШċũЮЯШΞΜΞΞьЯШċŰШĲǂƣĲŰƚŔƻĲШĦŸůƓŔũċƣŔŸŰШ
of orogens and their main markers in Africa has been carried out. In the Democratic Republic of the 
Congo, we investigated additional samples of Paleoproterozoic metamorphic rocks from the Kimeza 
orogen in the Central Kongo (ca. 2 Ga) and in the Kasaï Block (from 2.5 to 1.9 Ga; Fernandez-Alonso e al., 
2017). Overall, we emphasize that the transition from ancient to modern tectonics occurred gradually, as 
a function of the progressive cooling of the mantle and the resulting deepening/steepening of the 
subduction process. 
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The studied region encompass the northern part of the Cambrian Rocroi Inlier and the Devonian cover of 
the southern border of the Dinant Synclinorium. The base of this work consists of a detailed geological 
mapping of the Belgian part of the region performed in the framework of the new geological map of the 
Walloon Region at the scale of 1:25 000 (Geological Survey of Wallonia, SPW, Jambes, Belgium). 

The whole belongs to the Ardenne Allochthon and is therefore carried northwards through the Midi Fault 
or its equivalent at depth. The Cambrian rocks are recognized over about 1400 meters thick. They mainly 
show quartzites and dark slates belonging to the Revin Group, and quartzites and green or purple slates 
of the Deville Group in the eastern part of the study area. The Lower Devonian series is about 2000 meters 
thick. It is made up of a stack of alternately sandstone and slaty shales formations. These series overlie 
the Cambrian Formations with an angular unconformity that is complicated by the existence of back-
thrust faults: the Fépin and Lahonry faults. 

These faults present a northwards dip, and therefore a southwards vergence. The Fépin Fault causes the 
base of the Devonian (Fépin Formation) to slide over the less competent Cambrian formations. The 
Lahonry Fault splits the Cambrian-Devonian contact as well as the Devonian basal layers. The 
Macquenoise Fault, for its part, is located at the base of the Oignies Formation. It carries the same 
Formation and the overlying rocks, to the south, on the incompetent siltstones and shales of the 
Mondrepuis Formation. 

In a larger extent, this back-thrusting contributes to the upwards expulsion of the essentially Upper 
Paleozoic terrains, between, on the one hand, the Variscan Front (Midi Fault) accompanied by a certain 
number of other overlapping faults with northwards vergence (e.g. the Yvoir Fault) and, on the other hand, 
ƣőĲШÅŸĦƖŸŔШ~ċƚƚŔŉЮШÑőŔƚШũċƖŊĲШћƓŸƓ-ƨƓШƚƣƖƨĦƣƨƖĲќШƓƖŸĤċĤũǃШŸĦĦƨƖƖĲĬШĲċƖũǃШŔŰШƣőĲШĲƻŸũƨƣŔŸŰШŸŉШƣőĲШéċƖŔƚĦċŰШ
compression. A north-verging deformation was superimposed during the later shortening of the structure. 

The back-thrusting is facilitated by varying competences between the different formations, but above all 
by the fact that the isotherm of 300-(350) °C must have been situated (at the beginning of Variscan 
contraction) in the vicinity of the top Lower Paleozoic (Ardennian) unconformity. 

This simplifies the interpretation of a certain number of facts that have been known for a long time. For 
example, the existence of a stepped structure, constituted by north-verging tight chevron-folds with 
horizontal hinge lines and moderately inclined axial surfaces, located on the southern edge of the Dinant 
Synclinorium, which would paradoxically correspond to retro-folds initiated on the hanging-wall of the 
Fépin and Lahonry backthrusts. 
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Pegmatites are intrusive magmatic rocks with typically very coarse-grained minerals. As they tend to form 
from the last portion of a magmatic melt, they can contain significant mineralisation of (incompatible) 
critical metals, including lithium, tin, tantalum, and niobium (London, 2018). The demand for these 
critical metals, particularly lithium, has been increasing due to an ongoing energy transition aiming at 
achieving net zero carbon emissions by 2050. Therefore, a comprehensive understanding of the genesis 
and evolution of rocks containing these metals, especially pegmatites, is crucial to ensure a constant 
supply of these critical metals. 

The Musha-Ntunga area in eastern Rwanda, part of the Mesoproterozoic Karagwe-Ankole belt (KAB), 
contains Li-Sn-Ta-Nb mineralised pegmatites and Sn-mineralised quartz veins. This mineralisation is 
associated with widespread G4 granitic magmatism, which intruded the KAB metasediments forming 
intrusive rocks around 1 Ga (Tack et al., 2010; Fernandez-Alonso et al., 2012). In the Musha-Ntunga area, 
both pegmatite and quartz vein mineralisation occurs associated with the Lake Muhazi granitic pluton. 
The emplacement of the mineralisation is structurally controlled and is related to the reactivation of pre-
existing discontinuities due to the regional stress regimes (Hulsbosch et al., 2017). As other pegmatite 
fields in the KAB, pegmatites in the Musha-Ntunga area often exhibit a regional zonation that may be 
attributed to a single path of fractional crystallisation of a granitic melt. This fractional crystallisation 
results in the progressive enrichment of incompatible elements such as Li, Rb, Cs, Nb, Ta, and Sn 
(Hulsbosch et al., 2013).   

This research aims to characterise a representative Li-mineralised pegmatite intrusion and its interaction 
with the host rock. Fresh, unweathered drill core samples have been studied using optical microscopy, 
Cold-CL microscopy, Raman spectroscopy and X-ray diffraction to identify the paragenesis of the 
pegmatite and the host mineralogy. ICP-OES and ICP-MS were applied to determine changes in the host 
rock geochemistry related to the intrusion and evolution of the pegmatites. 

We are able to divide the crystallisation history of the studied pegmatite into three stages. Primary 
minerals (stage 1) are interpreted to be associated with the magmatic phase of pegmatite crystallisation, 
i.e. they crystallised as primary minerals from a Si-saturated and H2O-rich melt. The minerals include 
microcline, albite, quartz, muscovite, spodumene, columbite-tantalite, cassiterite, fluorapatite and 
monazite. Secondary minerals (stage 2), such as albite, muscovite, quartz, and cassiterite, are linked to 
the (magmatic-)hydrothermal phase of pegmatite crystallisation, characterised by (magmatic-
)hydrothermal overprinting of primary minerals. Later secondary minerals consist of kaolinite, chlorite, 
and goethite, interpreted to have formed during more recent - potentially supergene - alteration.  
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While tourmaline is the dominant metasomatic alteration mineral observed with muscovite, a 
geochemical dispersion halo of at least 5 m, enriched in Cs, Rb, Sn, and Zn is identified in the host rock 
adjacent to the selected pegmatite intrusion. This suggests that residual fluids enriched in incompatible 
elements, released during the pegmatite crystallisation, flushed the host rock. The enrichment of these 
incompatible elements indicates the extreme fractionation of the studied pegmatite. 
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The Central African Copperbelt hosts world class Cu-Co deposits within the Neoproterozoic Katanga 
Supergroup. The discovery of the Fishtie Cu deposit in the Zambia Copperbelt (ZCC), and the giant 
Kamoa-Kakula in the Katanga Copperbelt (KCB) within the Mwale Formation of the Nguba Group 
demonstrate the potential of the Nguba Group as new exploration target. Most of these deposits are, 
however, not exposed and are only located along fault zones crosscutting the Nguba, Kundelungu and 
Biano Groups (Mambwe et al. 2023). 

Previous works demonstrated that the Cu mineralization at Kamoa-Kakula is associated with 
hydrothermal potassic and magnesian alteration, however, without any structural control on the 
mineralization (Schmandt et al., 2013). Recent exploration work in the underground mine demonstrates 
also a structural control on the Cu mineralization at Kamoa-Kakula, as described before at the Shanika 
syncline and the Kamakonde Cu occurrences at the Tenke Fungurume Mining District (TFMD) in the KCB 
and at the Fishtie Cu deposit in the ZCB (Mambwe et al., 2017; Twite et al., 2020, Turner et al., 2023). 

Structural analysis in the Mines Subgroup at TFMD indicate pre-folding, and both syn-folding and post-
folding Cu-Co mineralization related to the Lufilian orogeny. These mineralization stages have also been 
recognized in the rocks of the Nguba Group at Kamoa-Kakula. The pre-folding mineralization consists of 
disseminated Cu sulphides in the matrix of diamictites, siltstones and gravity flow breccia. Syn-folding 
mineralization consists of Cu mineralization along a foliated zone and strain shadows developed during 
the main stage of the folding. The post-folding mineralization is recognized at Kamoa-Kakula as 
centimetric to metric (up 1 m) quartz veins with chlorite, containing pyrite, chalcopyrite, bornite and 
chalcocite crosscutting parasite folds. 

A regional low angle (<30°) thrust-fault affected the footwall of the diamictite. This fault is exposed as a 
fault breccia that contains Cu mineralization. Several centimetric up to metric faulted folds and dejected 
folds were related to this thrusting that can be related to the tectonic inversion during the D1-Kolwezian 
phase (Mambwe et al., 2023). In addition, a thrust breccia at Kamoa-Kakula is made up of mega-
fragments belonging to the Mwale Formation and Mwashya Subgroup. Faults interpreted as syn-
sedimentary occurring with the gravity flow breccia were reactivated by the compressional inversion and 
subsequent extensional tectonics of the Lufilian orogeny (Mambwe et al., 2023). Structural analysis 
coupled with fluid flow modelling constitute a key for identifying new exploration targets in the CACB, 
especially in the Nguba Group. Finally, the potassic and magnesian alteration described at Kamoa-
Kakula, Shanika syncline and Kamakonde at TFMD and Fisthie are associated with the mineralization, but 
apparently do not control it. 
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Mid-ocean ridge (MOR) melts form during adiabatic mantle melting and migrate upwards to form new 
oceanic crust. The nature of the lowest oceanic crust remains unknown due to poor in-situ accessibility. 
We collected samples of cores recovered during the IODP Expedition 345 to the Hess Deep Rift (HDR), 
which include lower crustal cumulates from the East Pacific Rise (EPR) and primitive basalts from the 
CocosтNazca Rift (CNR). In Deasy et al. (2021) we presented average major and trace element 
compositions of these cores using a new channel sample strategy (Wintsch et al., 2022) , representing 
the first systematically measured chemical and mineralogical compositional dataset of in-situ, fast-
spreading lower oceanic crust. This dataset was compiled with available analyses of gabbros, dikes, and 
lavas from across the HDR to calculate the average bulk composition of fast-spreading oceanic crust 
(produced at the equatorial EPR). Because fast spreading oceanic crust is considered to be relatively 
homogeneous in space and time, this new average bulk composition is of fundamental importance for 
modeling and understanding large-scale geodynamic processes (e.g., subduction factory). 

However, this new data set not only casts light on ongoing primary global geodynamic processes but also 
provides direct insight into water-rock interactions within lower oceanic crust from fast-spreading 
centers. Hydrothermal alteration of igneous crust is one of the most conspicuous products of waterтrock 
interactions. Despite evidence from high-temperature black smokers and from ophiolites, the lack of 
data from in-situ lower oceanic crust has hindered progress in understanding major geochemical 
consequences of rock-ƽċƣĲƖШƖĲċĦƣŔŸŰƚЯШċŰĬШőĲŰĦĲШEċƖƣőќƚШĦŸůƓũĲǂШƓőǃƚŔĦċũЯШĦőĲůŔĦċũЯШċŰĬШŊĲŸĤŔŸũŸŊŔĦċũШ
cycles. To fill this gap, we report on high- and low-temperature metamorphic alterations in the lower EPR 
crustal cumulate rocks. The distribution and abundances of the alteration minerals show a multistage 
sequence of reactions with falling temperature as these gabbros and troctolites traveled east from the 
EPR toward the HDR. The high temperature alteration stage near the EPR was driven by the ingress of 
small amounts of aqueous fluids to produce green spinel (Nozaka et al., 2016), corundum, amphibole, 
talc, and chlorite at ~750-400°C. Subsequent lower temperature alteration included more substantial 
hydration and included intervals of serpentinization (Nozaka et al., 2017), prehnitization and 
epidotization. The hydration was facilitated by increasing permeability provided by vein networks. Finally, 
clay minerals and zeolites formed during shallow faulting at the HDR. The stages of alteration are not only 
separate in time but their effects localized in space, with the primary mineralogy everywhere at least 
partially preserved. Moreover, the alteration products are neither in equilibrium either with each other nor 
with the magmatic minerals. 

These observations indicate that, whereas water molecules do penetrate the lower crust to induce 
metamorphic reactions and small-scale mobilization of elements (e.g., Kummerow et al., 2020), at high 
temperatures any water molecules that reach the lower crust are fixed in new mineral structures. 
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Consequently, hydrothermal fluids, as sampled at MOR events, cannot have originated from these 
depths, but paradoxically, significant alteration and hydration of the lower crust by high-temperature 
metasomatic reactions could be common near spreading axes. This and concomitant hydrothermal 
cooling need to be included in any models of deep oceanic crustal growth and geochemical cycling. 

 

Deasy RT, Wintsch RP, Meyer R (2021) Bulk composition of fast-spreading oceanic crust: insights from the 
lower cumulates of the East Pacific Rise and from Cocos-Nazca Rift basalts, Hess Deep. Journal of 
Petrology, 62(10): 1-10  

Kummerow J, Raab S, Schussler JA, Meyer R (2020) Non-reactive and reactive experiments to determine 
the electrical conductivities of aqueous geothermal solutions up to supercritical conditions. Journal of 
Volcanology and Geothermal Research (391): 106388  

Nozaka T, Wintsch RP, Meyer R (2017) Serpentinization of olivine in troctolites and olivine gabbros from 
the Hess Deep Rift. Lithos (282-283): 201-214.  

Nozaka T, Meyer R, Wintsch RP, Wathen B (2016) Hydrothermal spinel, corundum and diaspore in lower 
oceanic crustal troctolites from the Hess Deep Rift. Contributions to Mineralogy and Petrology (171:53): 
1-14.  

Wintsch RP, Meyer R, Bish D, Deasy RT, Nozaka TH, Johnson C (2022) A channel sampling strategy for 
measurement of mineral modal and chemical composition of drill cores: Application to lower oceanic 
crustal rocks from IODP Expedition 345 to the Hess Deep rift. Scientific Drilling (31): 71-84. 
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Despite evidence from high-temperature black smokers and from ophiolites, the lack of data from in-situ 
lower oceanic crust has hindered progress in understanding major geochemical reactions, and hence the 
complex physical, chemical, and biological cycles. To fill this gap, we report on high- and low-
temperature metamorphic alterations in drill cores from the lower crust at the East Pacific Rise. First, we 
define the composition of fast spreading (lower) oceanic crust, including average composition and error 
estimates for the upper volcanic and lower plutonic sections . With these samples we confirm that 
hydrothermal green spinel, corundum, and diaspore forms in situ at lower crustal levels. 
Geothermometry at 2 kilobars yields formation temperatures of 650т 750 °C for spinel + pargasite, 410т
690 °C for tremolite-hornblende + chlorite, 400т710 °C for corundum, and <400 °C for diaspore. The 
suggestion of CaO and Na2O loss via aluminous spinel replacement of magmatic plagioclase is 
confirmed by comparison of bulk compositions of variably altered gabbro and troctolite. Major element 
transfer is further supported by reactive hydrothermal experiments that show the high solubility of rocks 
in supercritical multicomponent aqueous solutions. However, these experiments also illustrated that 
elemental mobility will not be recorded in hydrothermal fluids reaching the surface due to intervening, 
lower temperature mineral dissolution and precipitation reactions. As a result, fundamental 
hydrothermal alteration reactions and fluxes can be underestimated by the compositions of fluids in 
high-temperature vents. Based on our high-temperature alteration studies of the lower oceanic crust we 
conclude that (1) the concentrations of aluminous phases in the lower oceanic crust are presently 
underestimated, and (2) chemical modification of the lower oceanic crust due to high-temperature 
hydrothermal metasomatic reactions could be common near spreading axes, which (3) suggests that the 
lower crust may cool too quickly to support a glacial model for lower crustal formation. 
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The Cu-Pb-Zn Bou Skour deposit is situated in the Eastern part of the Anti-Atlas belt, approximately 50 km 
to the east of Ouarzazate city, in the Sidi Flah т Bou Skour inlier. The deposit is divided into five ore bodies 
ƖĲŉĲƖƖĲĬШƣŸШċƚЯШŉƖŸůШŰŸƖƣőШƣŸШƚŸƨƣőаШѢÂċŰƣőĲƖЯѢШѢ9őċŔŊŰĲЯѢШѢ ŰŰĲШ~ċƖŔĲЯѢШѢ9őċƓĲċƨШĬĲШŉĲƖЯѢШċŰĬШѢÂċƣƣĲШĬќ§ŔĲЮѢШ
The latter is economically the most attractive ore body with copper-bearing sulfide mineralization 
occurring in the Cryogenian to Ediacaran andesitic to granodioritic rocks, locally intruded by a series of 
rhyolitic and doleritic dyke swarms.  

Subjected to atmospheric conditions, sulfide-bearing mineralization undergoes rapid oxidation through 
weathering processes generating secondary mineralization depending on (i) pH-Eh changes, (ii) enriched 
metals in the fluid, and (iii) the involved neutralization minerals (carbonates or silicates). In the Bou Skour 
deposit, the primary assemblage mostly consists of chalcopyrite, pyrite, galena, sphalerite, arsenopyrite 
and tennantite/tetrahedrite. The resulting acidic fluids derived from the oxidation of primary sulfides are 
neutralized by gangue minerals such as dolomite, calcite, and chlorite. This, combined with the large 
diversity of primary mineralogy, results in a diverse secondary mineral assemblage consisting of (i) 
secondary sulfides (chalcocite, covellite/digenite/djurleite), (ii) sulfates (brochantite), (iii) arsenates 
(duftite, olivenite), (iv) silicates (hemimorphite, chrysocolla), (v) carbonates (azurite, malachite, 
smithsonite) and (vi) Fe-Mn oxides. The different parts of the weathering profile are not clearly defined, 
the different levels merge and overlap. 
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The Manono-Kitotolo pegmatites in the Democratic Republic of Congo represent the largest known 
Lithium-Caesium-Tantalum (LCT-) pegmatite system in the world, stretching at least 13.5 km in length, 
with a thickness of 250-300 m and an unknown extent at depth (Dewaele et al. 2016). They consist of a 
series of flat-lying to steeply dipping subparallel sheet-like bodies, which include the Roche Dure, Kyoni, 
~ƓĲƣĲЯШċŰĬШÑĲůƓĲƣĲШƓĲŊůċƣŔƣĲƚШƽŔƣőŔŰШƣőĲШƚŸƨƣőƽĲƚƣĲƖŰШuŔƣŸƣŸũŸШƚĲĦƣŸƖЯШċŰĬШ9ċƖƖŔĿƖĲШ?ĲШxќEƚƣШċŰĬШ
Malata in the northeastern Manono sector. The alluvial and eluvial parts of the pegmatites were 
industrially mined for cassiterite between 1915 and 1985. Recent exploration led to a resource estimation 
of 842 million tonnes at 1.61 wt% Li2O, 709 ppm Sn, and 37 ppm Ta (AVZ Minerals Limited, 2024). 

Here, we present new geological, mineralogical and petrographic data obtained from fieldwork and drill 
core samples. The latter samples present three cross-sections through the pegmatite system (two at 
Roche Dure and one at Carrière De L'Est). Spodumene is the dominant Li-bearing phase throughout the 
pegmatites, occurring dominantly as white prismatic crystals, locally with rims of symplectitic 
spodumene-quartz intergrowths (SQI). It occurs less often as randomly oriented tabular crystals, and 
very locally as coarse grained SQI (Fig. 1). Prismatic spodumene typically shows unidirectional growth 
textures perpendicular to the outer pegmatite contacts. Columbite-tantalite group minerals (CGMs) and 
cassiterite are inferred to be early to late magmatic. Cassiterite is, however, also commonly found in 
muscovitized/greisenized and albitized areas. Accessory minerals include apatite, triphylite-lithiophilite, 
Ca-Mn-Fe phosphate alteration assemblages, garnet and tourmaline. The system appears to have a 
relatively Mn-Fe rich trend, allowing the crystallization of Li-Mn-Fe phosphates (rather than Li-Al-
phosphates), Fe-rich tourmalines classified as schorl, Mn-rich apatite, and muscovite with ~2 wt% FeO 
content.  

Meter-scale layering is visible from distance in outcrop, and fine aplite layering observed locally in 
outcrop. In the drill cores, alternations between greisen, aplite, K-feldspar, albite-, and spodumene-rich 
intermediate zones can be recognized. The classic internal zonation has thus not been recognized. 
Instead, a textural and mineralogical zonation appears to be repeated many times over a meter- to 
decimeter-scale. Furthermore, primary zoning is partially obscured by overprinting metasomatic 
alteration, i.e. albitization followed by greisenization. Geochemical assays of the core (AVZ Minerals 
Limited, 2023)ЯШċƣШΡΜШĦůШƚċůƓũŔŰŊШŔŰƣĲƖƻċũƚЯШƚőŸƽШůƨũƣŔƓũĲШћőŔŊő-ŊƖċĬĲќШxŔШǍŸŰĲƚЯШƽőĲƖĲШxŔ2O content 
exceeds 2%. These high-grade bodies appear to dip parallel to the overall pegmatite and may represent 
the intermediate zones of individual pegmatite sheets.  
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Based on these observations, we postulate that this world-class pegmatite system was formed through 
incremental emplacement of many smaller pegmatite bodies. Historic and recent age dating (Dewaele et 
al. 2016, Cahen & Ledent,1979) indicate a temporal discrepancy between nearby granite and the 
pegmatite, which does not support a genetic link. If the pegmatites are the result of extreme fractional 
crystallization, this implies a large granitic body hidden at depth. Alternatively, pegmatite melts may have 
been periodically formed by partial anatexis of an earlier granite, such as proposed in the two-stage 
melting model of Koopmans et al. (2023).  Further geochemical and geochronological data are required to 
test these two models. 

 

Dewaele S, Hulsbosch N, Cryns Y, Boyce, A, Burgess, R, & Muchez Ph (2016) Geological setting and 
timing of the world-class Sn, NbтTa and Li mineralization of Manono-Kitotolo (Katanga, Democratic 
Republic of Congo). Ore Geology Reviews, 72, 373т390. 2 

AVZ Minerals Limited (January 2024). ASX Announcement: Manono Project Mineral Resource increases 
47% to 842Mt.  https://shorturl.at/aglE2 3 AVZ Minerals Limited (May 2023). Geology, downhole surveys 
and assays for the three drill holes across the pegmatites (Internal communication).  

Cahen L, Ledent D (1979) Précisions sur l'âge, la pétrogenèse et la position stratigraphique des granites à 
étain de l'Est de l'Afrique centrale. Bull. Soc. Belg.   

Koopmans L, Martins T, Linnen R, Gardiner N J, Breasley C M, Palin R M, Groat L A, Silva D, and Robb L J 
(2023) The formation of lithium-rich pegmatites through multi-stage melting. Geology, 52(1): 7т11 

 

Figure 1: A. Prismatic spodumene showing unidirectional growth direction, perpendicular to the outer 
contacts of the core B. Tabular spodumene. C. Coarse quartz-spodumene intergrowths (SQI).
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In Flanders (Belgium), sustainability principles have been taken into consideration in extraction activities 
ŉŸƖШċШũŸŰŊШƣŔůĲЮШ~ŸƖĲШƚƓĲĦŔŉŔĦċũũǃЯШƣőĲШŉŸũũŸƽŔŰŊШƽċƚШĲƚƣċĤũŔƚőĲĬШĤǃШ?ĲĦƖĲĲШŔŰШΞΜΜΟаШљÑőĲШĤċƚŔĦШŸĤŢĲĦƣŔƻĲШŸŉШ
the surface minerals management policy is to sustainably supply the mineral resources necessary to 
ůĲĲƣШƣőĲШĦƨƖƖĲŰƣШċŰĬШŉƨƣƨƖĲШĬĲůċŰĬШŸŉШƚŸĦŔĲƣǃШŉŸƖШůċƣĲƖŔċũƚЮњШÑŸШċĦőŔĲƻĲШƣőŔƚЯШũŸŰŊ-term planning of raw 
materials management, based on data, is absolutely essential.   

Near-surface mineral resources, such as clay, sand, loam and gravel, are exploited by means of open pit 
methods. To collect data on the quantities required for industry, the Flemish Government has developed 
a monitoring system. Producers, traders and consumers of raw materials are periodically surveyed about 
their production, trade and consumption volumes of both mineral resources and all their alternatives, 
whether they are excavated geological layers from infrastructure projects, recycled granulates, slags or 
other alternatives. The differentiation between local and imported raw materials is being made, as well as 
a distinction on the level of application, e.g. for concrete, foundations, ceramics etc. The monitoring 
results show important differences between the individual mineral resource types in terms of availability 
of alternatives, partly due to quality requirements, and import dependence.   

The monitoring system is combined with a long term vision on research, both in-house and 
commissioned by the Flemish Government. Examples of recent outsourced research are a study on 
future availability of raw materials from abroad (Van den Abeele et al., 2019) and the development of a 
stock-flow model (Goelen et al., 2023). With this information, estimations of the future demand of each 
mineral resource can be made, taking into account the principles of circular economy. Data on reserves 
in the areas designated for mineral extraction are also collected, based on geological models and 
reported extracted volumes. All this information allows to propose future actions in the General Surface 
Mineral Resources Plan (AOD).     

 

Van den Abeele L, Christis M, Van Hoof V, Nielsen P (2019) Strategische kennisontwikkeling m.b.t. 
minerale grondstoffen: inzichten verzamelen rond de import van minerale grondstoffen naar Vlaanderen, 
studie uitgevoerd in opdracht van het Vlaams Planbureau voor Omgeving.   

Goelen T, Van den Abeele L, (2023) Stock & flow model voor grof zand, grind & steenslag, studie 
uitgevoerd in opdracht van het Vlaams Planbureau voor Omgeving. 
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Sedimentary basins are an important source of many base metals, and their percolating fluids are 
intricately associated with metal transport т which can begin from deep crustal levels т and deposition. 
Basinal brine migration, both on a regional and local scale, is generally related to the origin of many 
significant deposits of Pb-Zn, Ag-Pb-Zn(-Cu), U, Ba, and F. In the Central African Copperbelt, one of the 
largest sediment-hosted, stratiform to stratabound Cu-Co provinces in the world, numerous studies have 
been performed regarding the economic potential of different metals and the genesis of the 
mineralization. A well-accepted model of the Copperbelt involves at least two main stages of ore 
formation (Dewaele et al., 2006; El Desouky et al., 2009). Each of these two stages has a distinct 
signature of fluid salinity and temperature, the first associated with diagenesis of the sediments and the 
second taking place subsequently during deep burial and orogenesis. 

The Tenke-Fungurume mining district (TFMD), located in the northern part of the Katanga Copperbelt, DR 
Congo, hosts numerous mineralized carbonate-quartz veins that characterize the pre-, syn-, and post-
folding events related to the Lufilian Orogeny (Mambwe, 2023), a major tectonic event that occurred 
during the Pan-African orogeny. Pre-folding veins formed before folding and cleavage development and 
include bedding-normal, bedding-parallel, and stylolite-associated veins. Syn-folding veins were formed 
during the folding stage of tectonic deformation and consist of saddle reef and fracture-filling veins, 
hairline veinlets and bedding-parallel shear veinlets. Post-folding veins occur after the main 
deformational stage and are characterized by irregular orientations and cross-cut earlier vein generations 
and folds. All these vein types contain associated sulfide mineralization including chalcopyrite, bornite, 
and carrollite. 

Microthermometric and geochemical analyses, along with detailed cathodoluminescence petrography of 
dolomite and quartz crystals were performed to understand the type II fluid (cf., El Desouky et al., 2009) 
evolution throughout those stages. Primary fluid inclusions record a large range of Th (101-372°C) and 
salinity (36.4-65.0 wt.% NaCl + KCl eq.) for all stages, which cannot be differentiated according to these 
signatures. Crush-leach analysis of carbonate and quartz leachates yielded Cl/Br and Na/Br ratios 
pointing to fluids originating from the progressive evaporation of seawater followed by the dissolution of 
evaporates at high temperatures and deep fluid-rock interactions (Fig. 1a; cf. Heijlen et al., 2008; Selley et 
al., 2018). However, the fluid composition identified in the pre-, syn-, and post-folding events in the TFMD 
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indicates complex geochemical signatures, as observed with laser-ablation ICP-MS analyses from 
individual fluids inclusions. Samples from the aforementioned tectonic stages do not record 
compositions that aid in the distinction of each event, as their element content is remarkably similar (Fig. 
1b). High contents of Cu, Co, Ba, Zn, and Pb relative to Na were measured in all stages, suggesting 
mineralization was not restricted to any of them, and that the hydrothermal system probably operated 
during a large part of basin evolution and deformation. 

 

Dewaele S, Muchez P, Vets J, Fernandez-Alonzo M, Tack L (2006) Multiphase origin of the CuтCo ore 
deposits in the western part of the Lufilian fold-and-thrust belt, Katanga (Democratic Republic of Congo). 
Journal of African Earth Sciences (46): 455-469. El Desouky HA, Muchez P, Cailteux J (2009) Two CuтCo 
sulfide phases and contrasting fluid systems in the Katanga Copperbelt, Democratic Republic of Congo. 
Ore Geology Reviews (36): 315-332. Heijlen W, Banks DA, Muchez P, Stensgard BM, Yardley BWD (2008) 
The Nature of Mineralizing Fluids of the Kipushi Zn-Cu Deposit, Katanga, Democratic Repubic of Congo: 
Quantitative Fluid Inclusion Analysis using Laser Ablation ICP-MS and Bulk Crush-Leach Methods. 
Economic Geology (103): 1459-1482. Mambwe MP (2023) Sedimentological, stratigraphic and 
metallogenic study of the Katanga Supergroup in the Tenke Fungurume Mining District (Katanga, DRC). 
PhD Thesis, KU Leuven, 349 p. Selley D, Scott R, Emsbo P, Koziy L, Hitzman MW, Bull SW, Duffett M, 
Sebagenzi S, Halpin J, Broughton DW (2018) Structural Configuration of the Central African Copperbelt: 
Roles of Evaporites in Structural Evolution, Basin Hydrology, and Ore Location, in Arribas RAM and Mauk 
JL, eds., Metals, Minerals, and Society, 21, Society of Economic Geologists (SEG): 115-156. 

 

 

Fig 1. a) Na/Br vs. Cl/Br weight ratios of fluid inclusion leachates from samples of the post-folding stage; 
b) Diagrams of K/Na and element-to-Na ratios from fluid inclusions analysis in samples from this study. 
Comparison with literature data includes r
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Manuel SINTUBIN 1 
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Near Herbeumont (Belgium), two distinct types of quartz veins can be identified. Firstly, synorogenic 
veins were identified within the top-to-north Herbeumont shear zone (Schavemaker et al. 2012), 
reflecting the main compressional stage of the Variscan orogeny. Secondly, discordant veins were 
observed within a top-to-south extensional shear zone, attributed to the late orogenic gravitational 
collapse of the High Ardenne slate belt. These discordant veins are further classified into two types: Type 
I, where the foliation-ƓċƖċũũĲũШƚőĲċƖШĦŸŰƣŔŰƨĲƚШċĦƖŸƚƚШƣőĲШћƓƖĲĦƨƖƚŸƖШƻĲŔŰќЯШċŰĬШÑǃƓĲШffЯШƽőĲƖĲШƣőĲШƚőĲċƖШ
ǍŸŰĲШĬŔƚƓũċĦĲƚШċƣШƣőĲШũĲƻĲũШŸŉШƣőĲШћƓƖĲĦƨƖƚŸƖШƻĲŔŰќШċŰĬШŔƚШƣƖċŰƚŉĲƖƖĲĬШċĦƖŸƚƚШƣőĲШћƓƖĲĦƨƖƚŸƖШƻĲŔŰќШыéċŰШ
Baelen & Sintubin 2022). 

The veins were examined by a petrographic analysis and the fluid inclusions were analyzed using 
microthermometry and Raman spectroscopy. The characterization of the fluid inclusions within these 
quartz veins enables to constrain the evolution of the metamorphic fluids circulating in the High Ardenne 
slate belt in the later stages of the Variscan orogeny. 

Synorogenic veins contain aqueous fluid inclusions (H2O-NaCl-(CO2-N2-CH4)) with an average salinity of 
5.2 eq. wt% NaCl and a very low amount of gaseous content. Microthermometry indicates metamorphic 
conditions ranging from 335°C to 390°C and 245 MPa to 250 MPa. Both Type I and Type II veins show an 
H2O-NaCl-CO2-N2-CH4 system, with Type II veins displaying an increased presence of N2. Average salinity 
for Type I is 4.5 eq. wt% NaCl, while Type II records 3.7 eq. wt% NaCl. Pressure-temperature conditions 
show Type I veins formed within a range of 305°C to 380°C and 220 MPa to 270 MPa, while Type II veins 
formed between 280°C to 380°C and 200 MPa to 270 MPa. Late orogenic discordant veins exhibit high 
gaseous content in their fluid inclusions, which can be attributed to exhumation releasing the gaseous 
components in addition to a low saline fluid. In a closed fluid system, as is the case for the High Ardenne 
slate belt, gaseous species have multiple origins (Kenis et al. 2005). CO2 is derived from decarbonization 
of organic matter, while CH4 is derived from the maturation of organic matter. The relatively high N2 
content can partially be due to maturation of organic matter. However, during retrograde metamorphism, 
N2 is often the result of the release of nitrogen from NH4-rich phyllosilicates. A retrograde metamorphic 
trajectory can be fitted, from synorogenic veins to discordant veins, which correlates well with the 
increase in N2 content. 

Pressures ranging from 200 MPa to 270 MPa correspond to depths of 8 to 10 km. The occurrence of large 
blocky quartz crystals indicates growth in fluid-filled open cavities. The existence of open cavities at 8 to 
10 km depth can only be the result of very high, up to supralithostatic, fluid pressures, typical for periods 
of tectonic inversion (Depoorter et al. 2014).  
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т the vestige of a late-orogenic dilational jog in the High-Ardenne slate belt (Belgium). Geologica Belgica 
17(3-4), 293-310.  Kenis I, Muchez P, Verhaert G, Boyce A, Sintubin M (2005) Fluid evolution during burial 
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15(3), 126-136.  Van Baelen H,  Sintubin M (2022) A new terminology for vein wall-foliation crosscutting 
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The Critical Raw Materials Act in Flanders: preliminary research on 
REE-content of coking coal  
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fŰШΞΜΞΟЯШƣőĲШEƨƖŸƓĲċŰШ9ŸůůŔƚŔŸŰШƓƨĤũŔƚőĲĬШŔƣƚШŉŔŉƣőШũŔƚƣШŸŉШљ9ƖŔƣŔĦċũШÅċƽШ~ċƣĲƖŔċũƚњЯШŔЮĲЮШƖċƽШůċƣĲƖŔċũƚШƽŔƣőШ
high economic importance and high supply risk for the European Union. Alongside this list of 34 critical 
ċŰĬШƚƣƖċƣĲŊŔĦШůŔŰĲƖċũƚШы9Å~ƚШċŰĬШÉÅ~ƚьЯШċШŉŔƖƚƣШƓƖŸƓŸƚċũШŉŸƖШƣőĲШљ9ƖŔƣŔĦċũШÅċƽШ~ċƣĲƖŔċũƚШ ĦƣњШы9Å~ ьШƽċƚШ
released. This European regulation establishes a framework for ensuring a secure and sustainable supply 
of the critical raw materials and was recently approved and signed by the European Parliament. The 
regulation sets benchmarks regarding the extraction, processing and recycling capacity within the EU, as 
well as for a diversification of import from third countries. Regarding extraction, it is the aim to be self-
ƚƨŉŉŔĦŔĲŰƣШŉŸƖШċƣШũĲċƚƣШΝΜӖШŸŉШƣőĲШEÖШċŰŰƨċũШĦŸŰƚƨůƓƣŔŸŰШŸŉШÉÅ~ЯШƣŸШƣőĲШĲǂƣĲŰƣШƣőċƣШƣőĲШÖŰŔŸŰќƚШƖĲƚĲƖƻĲƚШ
allow this (European commission, 2024).   

The only critical raw material (currently) known of relevance in Flanders is coking coal, in the province of 
Limburg. The coal mines in Flanders have been closed since 1992, but vast reserves are still present in 
the subsurface (e.g., Gullentops & Wouters, 1996). Additionally, some coalbasins, e.g. in Poland, the US 
and China, have shown to be locally enriched in Rare Earth Elements and other SRMs and CRMs (e.g., Dai 
& Finkelman, 2018; Zhang et al., 2024). So far, only limited research on the responsible minerals, 
processes and conditions of enrichment has been done.   

A full geochemical analysis (major, trace, rare earth elements) has been carried out on 62 samples (27 
coal samples, 35 sediment samples) from four boreholes in the eastern Campine Basin (Flanders), 
covering the whole Westphalian stratigraphy. Flemish coal samples show a higher total REE-content than 
the surrounding sediments (537 ± 409 ppm vs 191 ± 68 ppm, figure 1), mainly manifested in the light REE 
La, Ce and Nd. The observed REE-content is also high compared to literature values for coal (18 т 634 
ppm, average of 262 ppm). Additionally, the Flemish coal is relatively enriched in Ga, Ge, Be, V and the 
metals Co, Ni, Cu, Zn and Pb.  

Coal and sediment samples show distinct geochemical characteristics regarding the REE (figure 1). In the 
sediment samples, a strong correlation between the REE and Al, Th, Ti, V and Y is observed, as well as a 
less strong correlation for Na and Nb. This suggests adsorption of the REE in clay minerals such as 
kaolinite and possibly loparite. Coal generally has a higher geochemical variability, but the REE show 
positive correlations with P, Th and Y, indicating the occurrence of REE can be hosted in phosphates like 
monazite or xenotime. No correlation with ash content, Zr and Ca is observed, ruling out an important 
contribution of organic material, apatite or zircon. Future work will focus on the geochemical and 
petrographical results in view of the Westphalian stratigraphy as well as the relation between coal and 
surrounding sediment, in order to identify possible leaching processes or trends in sediment 
composition. 
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Dai S, Finkelman R B (2018) Coal as a promising source of critical elements: Progress and future 
prospects. International Journal of Coal Geology 186, 155-164. 

European Commission (2024) Critical Raw Materials https://single-market-
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Gullentops F & Wouters L (eds.) (1996) Delfstoffen in Vlaanderen. 180 pp.  

Zhang W et al. (2024) Enrichment of critical metals (Li, Ga, and rare earth elements) in the early Permian 
coal seam from the Jincheng Coalfield, southeastern Qinshui Basin, northern China: With an emphasis 
on cookeite as the Li host. Ore Geology Reviews 167, 105939 

 

 

Figure 1: geochemical composition of Westphalian coal and sediment in the Campine Basin, Flanders 
(selection)
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Investigating the origin of REE mineralisation in the Korsnäs Pb -REE 
deposit, Finland: Magmatic Carbonatite Dikes or Hydrothermal 
Veins? 
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Rare Earth Elements (REE) are crucial ingredients for renewable energy technologies such as wind 
turbines and electric vehicles. In the pursuit of new sources of REE, carbonatites and alkaline rocks are a 
primary target for research and exploration. This study focuses on a new exploration project in Finland, 
which is revisiting a former lead mine at Korsnäs, Finland. The deposit consists of white calcite veins rich 
in sulphides, with elevated REE contents in surrounding skarn-like rocks, that crosscut a migmatitic mica 
gneiss. The elevated content of REEs in Korsnäs has been known since the 1970s, as evidenced by a 
ƚůċũũШћũċŰƣőċŰŔĬĲШĬƨůƓќШŰĲċƖШƣőĲШőŔƚƣŸƖŔĦШÂĤШůŔŰĲЮШòĲƣШƣőĲШŸƖŔŊŔŰШŸŉШƣőĲƚĲШÅEE-rich sulphide-carbonate 
rocks remains a matter of debate. These rocks occur as a network of veins in an area of 10 km2. They are 
hosted by a north-south trending fracture zone dipping eastward at an angle of 40° to 60°. The veins range 
from only a few centimeters in width to several meters with the largest reaching 30 meters in width with a 
length up to 1.5km down to a depth of 350m (Al-Ani et al. 2018). Some have referred to the calcite veins 
as magmatic carbonatitic dikes (Sarapaä et al. 2013). In contrast, others suggested a meteoric origin for 
the fluids that precipitated these carbonate veins based on stable isotopic signatures of oxygen and 
carbon (Torppa and Karhu, 2013). An intrusive or hydrothermal origin appears to be obscured by a later 
stage of metamorphism, thus forming skarn-like assemblages. 

This study aims to uncover the origin of the Korsnäs REE-Pb deposit and identify where and in which 
minerals the REEs have accumulated. Microscope and SEM observations on samples obtained from 60-
year-old cores stored by the Geological Survey of Finland (GTK) have shown that while the carbonate 
veins themselves do not contain a significant amount of REEs, the contact between the carbonates and 
the silicate host rock does. The carbonate veins consist of coarse calcite crystals with sulphide mineral 
droplets (pyrrhotite, galena, pyrite). In the skarn-like assemblages, both calcite and dolomite form the 
bulk of the rock together with quartz, Ba-rich feldspars, pyroxenes, scapolite, and accessory titanite, 
monazite and fluorite crystals. Most of the REEs are hosted in monazite crystals. These occur both as 
discrete crystals, but also as fine-grained inclusions disseminated within larger apatite crystals (Fig. 1). 
The latter is especially true for rocks that have undergone severe alteration or metamorphic replacement. 
Those which have been altered also often contain barite as a vug-filling phase. Other REE minerals 
identified include calcioancylite and britholite.  Geochemical assay data of the drill cores provided by 
Prospech Ltd show REE grades above 3,000 ppm for 35 out of the 49 drill cores sampled (Prospech 
Limited, 2024a), with samples containing up to 49,324 ppm (Prospech Limited, 2024b).  

The petrography and mineralogy of the studied rocks potentially support an origin of a metamorphosed 
carbonatite. The geochemical data also show a similar pattern to other carbonatites, more specifically, 
post-collisional carbonatites. This would suggest that the stable isotope study that has been conducted 
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in the past, was influenced by later hydrothermal overprinting, potentially during low-grade regional 
metamorphism. 

 

Al-Ani, T Molnár, F, Lintinen, P, Leinonen, S (2018) Geology and Mineralogy of Rare Earth Elements 
Deposits and Occurrences in Finland. Minerals, 8: 356; doi:10.3390/min8080356  Prospech Limited 
(2024a, May) Rare Earth Element Resource Definition in Finland [Presentation to investors]. 
https://prospech.com.au/s/Prospech -Presentation-May-2024.pdf  Prospech Limited (2024b, March 26). 
Korsnäs т A Major REE Discovery in Europe Further Spectacular Assay Results. [Press release] 
https://prospech.com.au/s/pjn12129.pdf.  Sarapaä, O, Al-Ani, T, Lahti, S.I, Lauri, L.S, Sarala, P, Torppa, A, 
Kontinen, A (2013) Rare earth exploration potential in Finland. Journal of Geochemical Exploration. 133: 
25-41. Torppa, A., J.A. Karhu (2013) Stable isotope and trace element constraints to the origin of 
carbonate rocks in the Korsnäs Pb-REE deposit, western Finland. 12th SGA Biennial Meeting, 
Proceedings 4: 1746т1749. 

 

 

Figure 1: A) SEM image of monazite (Mnz) inclusions in apatite (Ap) crystal. The surrounding mineral is 
chalcedony (Ch). B) Monazite (Mnz) crystal in iron oxide matrix with smaller monazite crystals. Barite (Brt) 
as vug-filling phase 
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The evolution of the Earth surface is shaped by physical, chemical and biological processes at a range of 
temporal and spatial scales. These processes dynamically interact and respond to external tectonic and 
climatic forcings, leading to a variety of landforms. Calcareous environments are characterized by 
specific evolution associated with surface and sub-surface karstic processes. Geohazards are processes 
associated with sudden geological or geomorphological changes, that represent a threat to human 
communities. These processes can be studied, among others, through field work, lab experiments, 
remote sensing, or analogue or numerical modelling. This session welcomes contribution in the broad 
fields of geomorphology and geohazards. 

Specific topics include (not exclusive): fluvial, aeolian and coastal sediment transport; hillslope mass 
movements and soil erosion; karst processes and landforms; surface manifestation of volcanisms and 
tectonism; weathering and pedogenesis modelling; theoretical and quantitative geomorphology; 
geological records of Earth surface processes in relation to environmental change; impacts of past, 
current and future environmental change upon Earth surface processes; relationship between Earth 
surface processes, hazard, risk, and management. 

 

mailto:makervyn@vub.be
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SESSION 2 - GEOMORPHOLOGY, EARTH SURFACE PROCESSES, KARST AND GEOHAZARDS 

Invited Speaker  

Which came first: mountain or landslide?  

 

Benjamin CAMPFORTS 

 

Department of Earth Sciences, VU Amsterdam, The Netherlands 

 

Environmental change is increasingly linked to the occurrence of mass movements worldwide. This talk 
begins by discussing a 2022 rockslide in Rocky Mountain National Park and evaluates the impact of 
shifting environmental conditions in triggering it. Limitations of current observational data are identified, 
and large-scale landscape evolution models are proposed as an additional tool to understand 
interactions among stochastic mass movements, topography and sediment dynamics. I explore the 
impact of landslides on shaping terrain through a combination of field-based metrics and large-scale 
landscape evolution models. Simulating landslides enables us to identify the origins of several common 
features in mountainous topography. Model results illustrate how repeated landsliding can cause rivers 
and ridgelines to gradually but continually shift position over time, such that some mountain drainages 
grow while others shrink. This type of computer model, which describes how topography and landsliding 
influence one another, can help the scientific community understand the response of steep terrain to 
environmental changes, such as those related to climate and earthquakes. 
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Spatially distributed water balance model WetSpass was chosen to estimate spatial and temporal 
recharge and evapotranspiration of Mt. Guna. Field based data and remote sensing data were used to 
successfully run WetSpass Model. The observed meteorological input data were corrected to minimize 
topographical effect by developing a regression equation, which is crucial in recharge estimation for such 
mountain site. The model was calibrated based on observed average discharge data collected at six river 
gauges. The recharge estimated by Water Table Fluctuation (WTF) and Chloride Mass Balance (CMB) 
methods was used to validate the model. The comparison of calibrated WetSpass estimated mean 
monthly runoff and the mean monthly observed runoff shows a strong coefficient of determination (94%). 
The mean annual recharge estimated by WetSpass is 409 mm in Mt. Guna. The recharge accounts for 
about 28% of rainfall received in Mt. Guna. On the other hand, the mean annual recharge of Mt. Guna 
estimated from Water Table Fluctuation and Chloride Mass Balance methods respectively is 357 mm and 
417 mm. This confirms that WetSpass is effective to estimate spatial and temporal recharge in 
mountains. However, the meteorological inputs and water level data should be corrected to minimize 
topographic effect. Hence, we propose to use the methods we applied in our study to correct 
meteorological input data in similar mountains. 
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Tectonic processes sculpt the subterranean landscape, shaping distinct basins and fault systems. In 
turn, these geological formations exert a profound influence on hydrodynamics, water flow patterns, and 
geochemical compositions within their confines. Our research delves into this intricate relationship, 
focusing on the siliciclastic sub-basins of the Tunisian Oriental Atlas, a region situated in a climate 
change hotspot area. 

Through a comprehensive multidisciplinary methodology integrating geological mapping, geophysical 
modeling, and geochemical analysis, we aim to elucidate how tectonic structures orchestrate 
hydrogeological dynamics and geochemical signatures across the study area.  By discerning the spatial 
distribution of geological features such as NE-SW, NW-SE, E-W and N-S faults and sedimentary basins 
and sub-basins, we unravel their impacts on groundwater flow paths, aquifer recharge mechanisms, and 
solute transport processes.  

Water flow dynamics are significantly influenced by the lithological characteristics of the geological 
layers. This interplay between faulting and lithology plays a crucial role in shaping aquifer properties and 
groundwater chemistry. 

Our research underscores a notable deterioration in water quality, high values of Cl-, Na+, Ca2+, SO42- 
accentuated by a variety of factors exacerbated by the distinctive climatic conditions of the region. 
Additionally, the existence of sebkhas, or salt flats, introduces another facet to the hydrogeochemical 
dynamics of the area. These revelations offer valuable insights for policymakers and stakeholders, 
guiding the development of effective strategies to safeguard water quality and ensure water security in 
analogous geological and climatic settings. 
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The Virunga volcanoes, situated along the border of DR Congo, Rwanda, and Uganda, are renowned as 
the habitat of mountain gorillas. In the 1960s, Degroote (1962) studied the geomorphology of these 
volcanoes using panchromatic aerial photographs. Subsequent research focussed on specific aspects of 
the geology, geomorphology, and soils of the volcanoes (e.g. Albino et al., 2015; Barette et al., 2017; De 
Mulder, 1984; Dondeyne et al., 1993). However, an updated synthesis of the geomorphology of the 
Virunga volcanoes is lacking.  We aimed to compare insights derived from digital elevation models and 
satellite imagery with those from the study by Degroote that was based on aerial photographs. 
Additionally, integrating this knowledge with current geological, geomorphological, and soil studies, our 
objective was to produce an updated geomorphological map. 

Initially, terrain units were identified using geomorphometric characteristics extracted from a digital 
elevation model with a 12.5 m spatial resolution based on ALOS PALSAR data. Subsequently, recent lava 
flows were mapped using satellite images (Harmonized Sentinel-2 MSI). Combining the terrain and 
landform units with geological information, we generated a comprehensive geomorphological map. 
Finally, we compared the findings of Degroote with insights we obtained from the remote sensing data. 

Applying the Iwahashi and Pike method enabled us to identify 16 broad terrain classes, that we further 
subdivided based on smaller features identified through a landform classification using the Topographic 
Position Index. Satellite imagery facilitated the mapping of recent lava flows. The resulting 
geomorphological map shows the geomorphic structures and landforms of the Virunga volcanoes. 

Comparing our results based on remote sensing data, with those of Degroote based on aerial 
photographs, highlighted differences in resolution, accuracy, and temporal aspects. While aerial 
photographs provided fine spatial details, the modern remote sensing data and GIS software enabled 
more accurate mapping over the whole area. Additionally, multitemporal satellite imagery facilitated 
tracking recent changes such as lava flows. By incorporating these insights, we were able to draft an 
updated geomorphological map of the Virunga volcanoes. 

 

ũĤŔŰŸШ[ЯШÉůĲƣƚШ7ЯШĬќ§ƖĲǃĲШ ЯШuĲƖƻǃŰШ[ЮШΞΜΝΡЮШcŔŊő-resolution TanDEM-X DEM: An accurate method to 
estimate lava flow volumes at Nyamulagira Volcano (D. R. Congo): TANDEM-X DEM to derive lava flow 
volumes. Journal of Geophysical Research: Solid Earth 120: 4189т4207. DOI: 10.1002/2015JB011988 
<br> Barette F, Poppe S, Smets B, Benbakkar M, Kervyn M. 2017. Spatial variation of volcanic rock 
geochemistry in the Virunga Volcanic Province: Statistical analysis of an integrated database. Journal of 
African Earth Sciences 134: 888т903. DOI: 10.1016/j.jafrearsci.2016.09.018 <br> De Mulder M. 1984. 
Bijdrage tot de kennis van de geologie en de petrologie va de Karisimbi (Virunga; Rwanda en Zaïre). PhD 
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Geomorphologic units of the Karisimbi, Mikeno and Bisoke volcano, the central group of the Virunga 
volcanoes. (a) Excerpt of the 1962 geomorphologic map based on aerial photographs (Degroote, 1962); 
(b) Iwahashi and Pike terrain classification, and (c) TP
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Landslides and flash floods are geomorphic hazards (GH) that often co-occur and interact and frequently 
lead to societal and environmental impact. The compilation of detailed multi-temporal inventories of GH 
events over a variety of contrasting natural as well as human-influenced landscapes is essential to 
understanding their behavior in both space and time. It allows to unravel the human drivers from the 
natural baselines and cand be a valuable tool to develop early warning and disaster risk reduction 
strategies. Yet, creating multi-temporal inventories of these GH events, remains difficult and costly in 
terms of human labor, especially when relatively large regions are investigated. Current generation 
(machine learning-based) methodologies generally rely on accurate information on either the GH location 
(training samples) or the GH timing (pre- and post-event imagery), making them unfit in unexplored 
regions without a priori information on GH occurrences. We present two detection methodologies that 
we combined as part of our workflow to accurately detect both location and timing of landslide and 
flashflood events in previously unexplored areas without a prior information. The methodologies rely on 
change detection in the pixel time series and are aimed to perform in large and complex regions such as 
the tropics where data-scarcity is prevalent, landscape is contrasting and alternates between pristine 
forests and highly cultivated terrain, and where cloud cover is significant. We combine the advantages of 
both radar SAR and optical imagery from the publicly available, high spatial and temporal resolution (10-
20m; 5-12 days) Sentinel 1 and 2 constellation to achieve high spatio-temporal detection accuracies. We 
show the applicability of our workflow in the western branch of the East African Rift, where we have been 
able to detect more than 100 new landslide and flash flood events with a median timing of 6 days 
between 2017 and 2021. 
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When intense rainfall hits mountainous regions, it can trigger thousands of landslides within a few hours. 
The parameters that control the occurrence of these landslides, and the methods for modelling zones 
susceptible for landslide initiation have been extensively studied. Yet, in many of the most severe 
landslide disasters, the main impact from landslides on local communities occurred far from the 
initiation areas. The latter indeed largely depend on the landslide mobility (i.e. speed and travel distance). 
Sediments eroded high on slopes by shallow landslides can be transported kilometres downstream 
through a cascading chain of hazards т with e.g., debris landslides evolving into debris flows ultimately 
feeding debris-ƖŔĦőШǰŸŸĬƚШт thereby greatly increasing both the landslide destructive potential and its 
zone of impact. While considering landslide mobility and the potential for cascading hazards is critical for 
accurate risk mitigation, studies addressing it are remarkably few compared to those that do not. 
Additionally, existing studies often rely on complex, e.g. physically-based models, limiting their analyses 
to relatively small spatial scales. With this work, we aim at stressing how capturing the full landslide 
continuum (landslide initiation, runout and related debris-rich floods) is key for accurate landslide 
inventory, susceptibility and ultimately exposure mapping alongside some extreme climatic events. We 
demonstrate the benefits of our approach in terms of hazard and risk mitigation strategies for two 
districts of eastern Zimbabwe, which were severely affected by Cyclone Idai in March 2019. Using simple, 
replicable and open access methods, we gained insight into this extreme (in terms of magnitude and 
impact) event through accurate mapping of the impacts, and the production of comprehensive landslide 
susceptibility maps and detailed exposure products that account for the complete landslide continuum. 
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Ground collapses linked to underground cavities are frequent phenomena of varying scale in Wallonia 
and Hauts-de-France. The two regions share a similar geological context and industrial history. As a 
result, the underground objects (natural and man-made cavities) and the potential threats they represent 
are similar. The aim of the RISSC project (Interreg Programme 2018-2022) was to improve practices for 
managing the risk of ground movement (ground collapse, in the broadest sense) linked to the presence of 
underground cavities, by local stakeholders (public authorities, local authorities, emergency services, 
experts, etc.). 

One of the project's achievements was to carry out an accident analysis of past events. A simple 
statistical approach was applied to the existing databases for the two areas. This analysis, which was 
made difficult and limited due to gaps in the available databases, was nevertheless able to show at first 
glance the frequent involvement of water in the dynamics of collapses (Figure 1). The massive infiltration 
of water into the ground can be linked to specific, unforeseeable anthropogenic events (burst pipes, open 
sprinkler pipes, cisterns, etc.) but also to natural contexts (exceptional rainfall) which, combined with 
other parameters (local geology, topography, alternating drought and rainfall, etc.), can lead to the 
occurrence of collapses. However, the link between collapse and climatic conditions remains poorly 
understood and little studied. In the context of climate change, where extreme events are set to multiply, 
it seems essential to increase our knowledge of the context in which hydrological factors can lead to 
collapse. 

In a future project, currently being set up, the link between collapses and hydrological factors will be put 
under the microscope and contextualised in the light of climate change. The project will tackle this issue 
from two angles: firstly, through a global approach, on the scale of the areas concerned and based on 
statistical tools; and secondly, through a conceptual approach, on a more local scale, which will include 
an understanding of the mechanisms leading to collapse with regard to the influence of water infiltration 
(hydrogeology) on the stability of the soil and subsoil in a sub-cavity context (geomechanics). 
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Figure 1: Identified causes linked to collapses recorded in the Walloon and French databases (Source: 
BRGM, SPW).
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This study focuses on the impact of salinity, arid climatic conditions, and pollution on groundwater 
quality in the Bou-Omrane Bou-Saad Taleh plain, located in the Tunisian Southern Atlas. We investigate 
various sources of water salinization in our study area and examine the effect of arid climatic conditions. 
A thorough understanding of these factors is essential for effective water resource management and 
promoting sustainable use in the region. 

The aim of this research is to characterize the hydrogeochemical and isotopic properties of groundwater, 
while assessing the recharge mechanisms in the region. Our methodological approach combines 
thorough investigation with multivariate statistical analysis, integrating hydrogeological, 
hydrogeochemical, and isotopic data. 

Groundwater salinity and composition are primarily determined by the interaction between water and 
rocks. This process involves the dissolution of evaporite minerals and ion exchange. Additionally, salinity 
is influenced by the return of irrigation water and the use of agricultural fertilizers. 

The results of hydrochemical analysis highlight a predominance of Na-Cl and Ca-Mg-SO4 hydrochemical 
facies. Overall, groundwater shows significant degradation and high mineralization, as evidenced by 
ĲũĲƻċƣĲĬШĦŸŰĦĲŰƣƖċƣŔŸŰƚШŸŉШŔŸŰƚШы9ũҽЯШÉ§ΠЕϖ, Na+, Ca²ϕ, and Mg²ϕ). Isotopic data from groundwater 
samples reveal average values of oxygen-18 (͋ 18O) of -6.75ӗ  and deuterium (͋ 2H) of -41.98ӗ , 
suggesting evaporation during recharge. 
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On 27 August 2022, a collapse occurred in the Schieburg tunnel in Luxembourg (built in the 19th century) 
during repairs to the vault, after a particularly dry period. Around 400 m3 of debris flowed out in a matter 
of seconds, completely blocking the tunnel and the only railway line serving the north of Luxembourg 
towards Belgium. The landslide occurred 60 m from the southern entrance, at a point where the 
overburden above the tunnel is 31 m, and under forest cover. 

The geological and geotechnical studies carried out by our office included reconnaissance drilling with 
parameter recording to a depth of 80 m, geophysical prospecting using electrical resistivity tomography 
and seismic refraction surveying, and a structural study of all outcrops in the vicinity of the tunnel. 

These investigations revealed a highly complex geological and hydrogeological situation, with the 
landslide zone located at the intersection of a system of conjugate faults not recorded on the geological 
maps. The results made it possible to estimate the volume and shape of the deconsolidated zone above 
the landslide, and to propose safety measures to reinforce this zone, safely remove the pile of scree and 
repair the damaged vault.  

Safety measures consisted of injections and anchoring from the vault and from the surface. The final 
support system consisted of a metal T-beam and steel cleats. To comply with the CFL templates, the 
vault had to be partially sawn to accommodate the profiles.  

In addition to the electrical and seismic surveys carried out during the study phase, electrical resistivity 
tomography was also used throughout the grouting phase to monitor the filling of the deconsolidated 
zone and assess the effectiveness of the reinforcement measures. The results also were used to refine 
the initial geological and hydrogeological model.  

Geotechnical monitoring of the safety works was carried out from start to finish, enabling the tunnel to be 
reopened less than a year after the collapse, despite very difficult access conditions both for 
reconnaissance drilling and for carrying out the works. 

In particular, this monitoring revealed significant water ingress during the works, which complicated the 
stability of the face and was one of the main causes of the rock deterioration. 
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Cone of scree just after collapse and electrical resistivity tomography showing the presence of a fault in 
the area of the collapse
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Ngovo cave is located 8 km south-west of the town of Mbanza-Ngungu (Kongo Central, DR Congo), to the 
east of the ridge separating the Kwilu and Inkisi river basins. Most of the known caves in the region are 
located in the Kwilu basin, Ngovo, the largest cave known, being in the Inkisi basin. The cave is relatively 
sparse in speleothems, but is remarkable for its large chambers and a 25m-high waterfall. It also has an 
underground river whose source and outlet are still unknown.  

Since 2019, a team of geologists from the GeoRes4Dev project of UNIKIN, UMNG and the RMCA, as well 
as independent speleologists, have been studying the cave in order to understand the evolution of its 
network. 

Although a schema, probably drawn in the 1950s, was found in the collections of the Royal Museum for 
Central Africa (Belgium), its accuracy was not sufficient for our scientific purposes. A new map of the 
Ngovo network was produced during 4 field missions between 2021 and 2024. 

This map highlights new connections with other caves in the area. It also makes Ngovo the longest known 
cave with the longest underground river in Central Africa. The study has also updated knowledge of the 
hydrographic network by establishing connections between the Kwilu and Inkisi basins, with implications 
for endemic fauna. 
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Ngovo Cave Waterfall. © H. Nkodia
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Porous carbonate soils give rise to unconventional karstic landscapes. The related diffuse infiltration is 
expected to impede karstification and the establishment of dense drainage networks. In such terrain, the 
effect of tectonics and climate on drainage development and evolution remains poorly understood. To 
illustrate this topic we focus on the Messinian tuffaceous carbonate platform of Boukadir, that present 
karstic feature and a dendritic network, located in the Chélif basin in Algeria, a zone of transpressive 
deformation linked to the Afro-Eurasian collision. By integrating geomorphological observations with 
morphometric analyses of the drainage network, we assess the impact of tectonics and climate on the 
evolution of drainage. Our study reveals variable tectonic deformation and morphological anomalies 
within the drainage system, characterised by a variable platform tilt and pronounced anomalies to the 
west. The genesis of these features may be due to factors such as differential compaction and 
remobilisation of the marlstones, in parallel with the recent propagation of the Boukadir fault beneath the 
platform. 
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The Tigray war in northern Ethiopia has had significant environmental effects on the land, after two years 
of fighting, blockade and power outage (2020-2022). This study contrasts post-war observations at 56 
ƚŔƣĲƚШŔŰШÑŔŊƖċǃќƚШ?ŸŊƨќċШÑĲůĤŔĲŰШĬŔƚƣƖŔĦƣШƽŔƣőШΞΣ-year legacy data on land degradation, a rare study 
conducted by the same research team before and after a war. Unlike the war and environmental 
catastrophe of the 1980s in Tigray, unsophisticated soil conservation interventions such as stone bunds, 
check dams and forest conservation have now acted as a vital buffer against the repercussions of the 
armed conflict. However, there have been significant geomorphic changes on battlefields and along the 
downriver banks. A durable community sense, strong land management ancestry and self-reliance, in 
combination with the absence of large influxes of internally displaced people as recorded elsewhere in 
Tigray, all have contributed to the observed land resilience. 

 

Annys, S., Vanden Bempt, T., Emnet Negash, De Sloover, L., Ghekiere, R., Haegeman, K., Temmerman, D., 
& Nyssen, J. (2021). Tigray: atlas of the humanitarian situation. --- Emnet Negash, Emiru Birhane, Aster 
Gebrekirstos, Mewcha Amha, Annys, S., Rannestad, M., Daniel Berhe, Amare Sisay, Tewodros 
Alemayehu, Tsegai Berhane, Belay Manjur, Negasi Solomon, & Nyssen, J. (2023). Remote sensing reveals 
how armed conflict regressed woody vegetation cover and ecosystem restoration efforts in Tigray 
(Ethiopia). Science of Remote Sensing, 8, 100108. --- Nyssen, J., Emnet Negash, Van Schaeybroeck, B., 
Haegeman, K., & Annys, S. (2023). Crop Cultivation at Wartime т ÂũŔŊőƣШċŰĬШÅĲƚŔũŔĲŰĦĲШŸŉШÑŔŊƖċǃќƚШ ŊƖċƖŔċŰШ
Society (North Ethiopia). Defence and Peace Economics, 34(5), 618-645. --- Schulte-to-Bühne, H. (2022). 
The war in Tigray is undermining its environmental recovery. Conflict and Environment Observatory. ---   
Tesfaalem Ghebreyohannes, Nyssen, J., Emnet Negash, Hailemariam Meaza, Zbelo Tesfamariam, Frankl, 
A., Biadgilgn Demissie, Van Schaeybroeck, B., Alem Redda, Annys, S., & Fetien Abay. (2032). Challenges 
and resilience of an indigenous farming system during wartime (Tigray, north Ethiopia). Agronomy for 
Sustainable Development, 42. 
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The Euregio Meuse-Rhine border region between Belgium (BE), the Netherlands (NL) & Germany (DE) is 
being considered as a possible location for the Einstein Telescope, which will become an advanced 
gravitational wave observatory. In the frame of the Interreg Einstein Telescope EMR Site & Technology (E-
TEST) project, the complex and poorly known geological context of the BE-NL-DE transborder area of 
interest (AOI) was studied by numerous Belgian, Dutch and German project partners to demonstrate the 
feasibility of installation of such an infrastructure. In connection with the E-Test activities, the GERMANE 
project (Ground Deformation from Meteorological, Seismic and Anthropogenic Changes Analyzed by 
Remote Sensing, Geomatic Experiments and Extended Reality) was launched independently to  study 
possible climatically and seismotectonically influenced ground deformation hazards impacting the AOI. 
This research focused on the detection of fine changes of displacement rates in space and time with the 
use of InSAR measurements near faults and on landslides located in the vicinity of the possible Einstein 
Telescope location. This study was combined with regional ground deformation measurements, 
especially applying the Persistent Scatterer Interferometry (PSI), Small Baseline Subset (SBAS) and 
Parallel Small BAseline Subset (P-SBAS) methods. Through these remote sensing analyses, slope 
deformation induced by seismotectonic activities and meteorological conditions were characterized, 
also using a data cube, from the ESA Climate Change Initiative (land surface temperature-LST) and 
ƚĦŔĲŰƣŔƚƣƚќШƖĲƚĲċƖĦőĲƚШыƚŸŔũШůŸŔƚƣƨƖĲ-SM and precipitation-PR). The modelling part was combined with 
seismological and remote sensing results in an integrated model, which can now be visualised in Virtual 
Reality.  

Concluding, very small mean ground deformation velocities of approximately 2 mm/year were observed 
within the Einstein Telescope prospection area during the study period (2016-2022). The main area of 
interest thus revealed to be relatively stable over the last decade. In addition, an insignificant impact of 
weather conditions on ground deformations was determined. The InSAR results and geological data were 
placed in the virtual environment to enhance the understanding of the three-dimensional deformation 
pattern, which may appear to be very complex due to the locally changing geological conditions. This 
research adds new information to the just completed Interreg E-TEST project and may be of use when the 
final location of the Einstein Telescope should be determined. 
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In this project, we investigate the dynamics of high-mountain lakes and glacial lake outburst floods 
(GLOFs) in the northern Tien Shan region of Kyrgyzstan, Central Asia. The study is contextualized within 
the global phenomenon of glacier retreat, which leads to the formation and expansion of glacial lakes as 
glaciers lose mass. This phenomenon is a crucial indicator of climate change impacts on glacierized 
landscapes. The Kyrgyz Tien Shan is a hotspot for high-mountain risks despite its arid climate. GLOFs are 
common due to the extensive mountainous coverage and substantial glacial ice reserves. The study area, 
spanning over 280 km and encompassing 7520 km², is strategically selected for its proximity to the 
capital, Bishkek, and the renowned Ala-Archa National Park. This closeness amplifies the potential 
impact of GLOFs on urban and recreational areas, highlighting the necessity for thorough hazard 
assessment and proactive mitigation strategies. 

To address the challenges posed by the large-scale coverage, the remoteness, and inaccessibility of 
glacial lakes, we employ an image segmentation method based on high-resolution optical satellite 
images, such as those from Landsat (Google Earth® imagery) and Sentinel-2. With this approach, we 
divide the images into distinct regions (water bodies vs. non-water areas) based on pixel intensity values 
derived from the Normalized Difference Water Index (NDWI). The integration of NDWI calculation based 
on spectral combination, thresholding, and validation in the mapping process provides a semi-automatic 
way to detect water bodies, including glacial lakes. Although this automatic classification method can 
expedite the detection of glacial lakes, it cannot be applied to the entire region due to uncertainties 
created by atmospheric and physical processes. In such cases, a manual delineation method has been 
applied for mapping lakes. A morphological classification of the glacial lakes was performed by manually 
overlaying high-resolution lake images with Advanced Land Observing Satellite (ALOS) terrain data. The 
lakes were categorized as moraine-dammed, ice-dammed, landslide-dammed, bedrock-dammed, or 
combined-dammed. Potentially hazardous glacial lakes were identified, and their levels of risk were 
assessed based on their physical attributes, the morphology of the dams, the characteristics of the 
source glaciers, and the surrounding environment. This method enabled the creation of a new inventory, 
including 960 glacial lakes with detailed quantitative information about their locations, geomorphic 
parameters, and spatial distribution. It aims to understand the physical properties and spatial 
distribution of glacial lakes, identifying those with the highest potential for GLOFs. Ultimately, this 
research refines existing knowledge regarding Kyrgyzstan's glacial lakes, enriching our overall 
comprehension of the impact of glacier retreat on vulnerable mountainous regions and guiding future 
monitoring and risk management efforts. 
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In the Flemish Ardennes (Belgium), the occurrence of massive landslides has been known for a long time, 
mostly associated with the presence of clay belonging to the Aalbeke Member (Eocene). A recent 
collaboration between the Faculty of Engineering of the University of Mons (FPMs) and the Service Public 
de Wallonie (SPW) has focused on the characterisation of one of these landslides. The site is located 
along the N520 between the towns of Flobecq, Renaix and Brakel. The road is affected by the landslide 
and needs frequent repairs.  

A geotechnical survey focused on the affected road section has been conducted by SPW. It included 
cone penetration tests, inclinometric measures and drillings. The results have revealed the location of 
the slip surface. However, the geometry of the landslide and its position relative to the geological units 
remained unclear. 

A geophysical survey was conducted to provide observations over a broader area and try to better 
understand the context of the landslide. The geophysical acquisitions were made along two profiles. The 
first one is 232.5 metres long and the second one is 177.5 metres long. Both electrical resistivity 
tomography (ERT) and seismic refraction tomography (SRT) were conducted along these profiles.  The 
acquisition geometries of ERT and SRT were designed in a way to facilitate combined processing and 
interpretation. 

Open-source tools and in-house code were used to process and to invert electrical and seismic data 
independently. Discontinuities derived from the SRT inversion were then used to constrain a second 
inversion of the ERT datasets. The geophysical models were interpreted in the light of the geotechnical 
survey and regional geological, geophysical, and geotechnical data. The first aims were to try to identify 
the various lithologies and to locate the position of interfaces between lithological units. The location of 
the water table is also of interest. Based on this information, hypothesis about the landslide structure, 
including the position of the Aalbeke Clay were built and discussed. 

Subsequently, slope stability modelling was carried out on the landslide model using Geo5 software. 
Information from the geophysical survey and geotechnical characterisation helped to implement the 
failure model. The simulations of several cases helped to better understand the mechanisms that can 
lead to failure. 
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The Rhenish/Ardenne Massif (RAM) spreads across parts of Belgium, France, Germany and Luxemburg; it 
ŔƚШŸŰĲШŸŉШƣőĲШũċƖŊĲƚƣШыӂΠΜЯΜΜΜШťůЕьШċŰĬШůŸƚƣШљĲůĤũĲůċƣŔĦњШéċƖŔƚĦċŰШƚƣƖƨĦƣƨƖĲƚШũŸĦċƣĲĬШŰŸƖƣőШŸŉШƣőĲШ ũƓƚШ
ыƣőŔŰťШŸŉШƣőĲШљÅŸůċŰƣŔĦШÅőŔŰĲњьЮШfŰƣƖċƓũċƣĲШƨƓũŔŉƣШċŉŉĲĦƣĲĬШƣőĲШÅ ~ШĬƨƖŔŰŊШƣőĲШÂũŔŸ-Quaternary along with 
other Palaeozoic massifs located in the alpine foreland. However, its cause(s), shape and rates are still 
poorly understood and therefore remain debated (e.g., Demoulin & Hallot, 2009). This was, until recently, 
mainly due to a lack of reliable ages for uplift markers, such as the Quaternary terrace staircases along 
deeply incised valleys of the Rhine, Moselle and Meuse as well as their main intra-massif tributaries. 
Several studies based on numerical dating methods (i.e., in situ cosmogenic nuclides, electron spin 
ƖĲƚŸŰċŰĦĲЯШũƨůŔŰĲƚĦĲŰĦĲвьШőċƻĲШƚőĲĬШŰĲƽШũŔŊőƣШŸŰШƣőĲƚĲШƕƨĲƚƣŔŸŰƚШĤǃШċƚƚŔŊŰŔŰŊШŰƨůĲƖŔĦċũШċŊĲШ
estimates on key levels of fluvial terraces (e.g., the so-called main terraces; Rixhon et al., 2011; Cordier et 
al., 2012) or cave levels related to phases of regional base-level stability (Rixhon et al., 2020).  

This contribution first compiles all chronological data produced over the last twenty years and critically 
assesses their reliability to infer massif-scale spatio-temporal patterns of river incision. Plio-Quaternary 
incision rates are accordingly reconstructed. A similar trend of increase is reported throughout the RAM 
with a peak of incision occurring during the Early or Middle Pleistocene and matching the massif-wide 
geomorphological marker materialised by the main terraces (and associated cave levels if any). However 
т and importantly т age control reveals a significant time lag (>250 ka) between the south-eastern and 
north-western RAM margins. The high incision rates onset is consistently older along the Rhine/Moselle 
and tributaries (e.g., the Sarre) than along the Meuse and tributaries (e.g., Ourthe). This key finding is well 
ŔŰШũŔŰĲШƽŔƣőШ?ĲůŸƨũŔŰШċŰĬШcċũũŸƣќƚШыΞΜΜΦьШőǃƓŸƣőĲƚŔƚШċƖŊƨŔŰŊШŉŸƖШċШƽċƻĲШŸŉШƨƓũŔŉƣШůŔŊƖċƣŔŰŊШŰŸƖƣőƽċƖĬШ
throughout the RAM. It also supports regional tectonic causes for uplift (i.e., late, upper-crustal stress 
transfer from the Alps to their foreland) rather than more local ones (i.e., mantle plume below the Eifel 
Massif). Age constraints along the river valleys draining the easternmost part of the RAM т so far absent т 
along with a global geodynamic modelling will represent further steps to better understand the evolution 
of the uplift history. 

 

 

Cordier, S., Harmand, D., Lauer, T., Voinchet, P., Bahain, J.-J., Frechen, M., (2012) Geochronological 
reconstruction of the Pleistocene evolution of the Sarre valley (France and Germany) using OSL and ESR 
dating techniques. Geomorphology, 165-166: 91-106. Demoulin, A., Hallot, E. (2009) Shape and amount 
of the Quaternary uplift of the western Rhenish shield and the Ardennes (western Europe). 
Tectonophysics, 474(3-4): 696-708. Rixhon, G., Braucher, R., Bourlès, D., Siame, L., Bovy, B., Demoulin, A. 
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(2011) Quaternary river incision in NE Ardennes (Belgium)тInsights from 10Be/26Al dating of river 
terraces. Quaternary Geochronology, 6(2): 273-284. Rixhon, G., Braucher, R., Bourlès, D.L., Peeters, A., 
Demoulin, A., Leanni, L. (2020) Plio-Quaternary landscape evolution in the uplifted Ardennes: New 
insights from 26Al/10Be data from cave-deposited alluvium (Meuse catchment, E. Belgium). 
Geomorphology, 371: 107424. 
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Earth Observation through space- and airborne imagery has become a common approach to detect, 
map, and measure surface changes or ground movements associated with geohazards and geo-
hydrological hazards, such as, landslides, flash floods, earthquakes, and volcanic eruptions. In the 
context of data scarcity, remote sensing is an unvaluable approach to collect information about these 
hazards. However, research on such processes in such context remains overlooked and commonly 
challenging. In the present work, we show through examples how the use of imaging remote sensing 
allowed us to study geohazards and geo-hydrological hazards in poorly documented areas of tropical 
Africa, from individual features to regional distribution of hazard events. 

With high to very high spatial resolution imagery coming from UAV surveys, collections of historical aerial 
photographs, and satellite acquisitions, we characterised site-specific topographic changes and ground 
deformation patterns associated with landslides and volcanic processes. SAR (i.e. radar) interferometry 
remote sensing was particularly useful for centimetre-scale deformation, while digital image correlation 
was used on both radar and optical data to characterise larger deformations. These multi-sensor time 
series allowed tracking magmatic intrusions, volcanic eruptions and lava accumulation in active volcanic 
zones. They also allowed deciphering the role of climate and urbanisation on ground deformation 
associated with large slow-mowing landslides.  

At a regional scale, mixing both SAR and multispectral approaches allowed studying landslide-flash flood 
compound events to understand their spatial and temporal distribution with respect to climate and 
(human-induced) landscape drivers. Moreover, regional-scale historical photograph analysis allowed the 
reconstruction of multi -decadal forest cover changes and their impact on landslide risk.  

The scarcity of data does not only affect the hazard processes, but also the elements exposed. The 
absence of a recent population census, for example, means that remote sensing can also be used to 
estimate the population and its distribution. However, all these remote sensing approaches come with 
limitations associated with the spatial, temporal and spectral resolutions of the imagery used, potential 
atmospheric disturbance, and the lack of complementary field observations in difficult-to-access areas. 
We circumvent some of these limitations with the use of a digital article analysis tool and citizen science 
to answer at best the need for data and scientific information in these regions of Africa, where 
populations are increasingly impacted by natural hazards. 
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In the Arctic, recent studies show that air temperatures are rising up to 4 times faster than the global 
average. This polar amplification exposes permafrost т soil, sediment or rock frozen for at least two years 
т to thawing. This phenomenon could induce a permafrost-carbon-climate feedback, since it contains 
roughly half the soil carbon present in all other terrestrial biomes (0 - 3 m) and three times more than the 
carbon currently stored in the atmospheric pool. It is estimated that CO2 and CH4 emissions from the 
Arctic could add 55 - 230 Pg of carbon (in CO2 equivalent) to the atmosphere, and must therefore be 
considered in climate models. These estimates are based on simulated volumes of organic carbon (OC) 
that will be exposed by the increase in thickness of the seasonally thawing active layer, through a process 
commonly referred to as gradual thawing. In order to refine these estimates, rapid thawing processes 
such as thermokarst, thermo-denudation and thermo-erosion т which could represent an additional 
release of greenhouse gases т should benefit from further studies. Here, we study two different types of 
hillslope thermokarst landforms: an Active Layer Detachment (ALD) which is a one-time event, and a 
Retrogressive Thaw Slumps (RTS) which repeats annually during summer months. In the Cape Bounty 
Arctic Watershed Observatory (Canada), we analyzed the total element concentrations, mineralogy, total 
OC and mineral-OC interactions within the headwalls of two disturbances, as well as within 
corresponding undisturbed zones. Our results show that 64 ± 10% of total OC is mineral-bound either as 
organometallic complexes, associated with mineral surfaces or physically protected in aggregates. In 
addition, there was a lower proportion of mineral-bound OC in the deeper layers exposed by the 
retrogressive thaw slump. These results therefore suggest that the OC exposed by thermokarst 
disturbances at Cape Bounty is largely protected by interactions with minerals, but that deep thaw 
features could expose OC more readily accessible to microbial degradation. 
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The Hotton Cave, located in the UNESCO Global Geopark Famenne-Ardenne (Belgium) is a so-called 
swallow-hole-resurgence cave with an underground river, tributary of the Ourthe river. It develops in 
Givetian limestone (Calestienne limestone-belt). The cave consists of up to 5 levels of galleries in  ~60 
meters of limestone. A particularity of the cave is the 30 meters high underground canyon (Galerie du 
SCB) related to the vertical layering and multi-level karstogenesis favorizing collapses and leading to 
important voids. The cave is approximately 5 km long, including the ~1 km long touristic part.  

Former studies lead by Yves Quinif dated speleothems and underlying river deposits of potentially MIS 15 
to 11 in the upper levels, giving a minimal age for the nearby Ourthe river incision (Quinif, 1999). Current 
base-level, some 30 meters deeper is characterized by a ~20 cm-thick layer of decametric pebbles 
covered by sand and fine layered clay interpreted as the consequence of regular flooding during the Last 
Glacial period (Bessems, 1999).  

New investigations in the cave, (LEAP project - Learning from the past - Impact of abrupt climate changes 
on society and environment in Belgium), focusses on environmental changes of specific periods (9.3 ka; 
4.2 ka and 3.5ka). A flowstone located in a dry gallery, bypassing sump 2 in the Hotton cave is studied. 
The gallery is regularly flooded up to a certain level during rainy periods. During the exceptional 2021 rainy 
summer, even the pristine flowstone in the higher levels of the gallery, was covered by clay. A core taken 
in the flowstone displays several older clay layers. U/Th dating of the flowstone indicates older flood 
periods at  ~1.5 ~ 2.0 ka; ~3.0 to ~3.5 ka;  ~ 4.2 ka; and ~ 4.5 ka. A former studied stalagmite from the 
same gallery indicated regular flooding between 9 and 7.6 ka and at ~5.8 ka (Verheyden, 2012). Further 
work will extend the record to pre-anthropogenic times to investigate the anthropogenic impact on the 
sediment load of flood water related to soil erosion. Does the speleothem record all floods or only those 
where humans (over-)used the soil?  

Studies in the Hotton cave demonstrate the long history of the cave, the important potential for the study 
of regional environmental and landscape evolution from MIS15 or beyond up to recent times.  

°LEAP Project Members : K. Deforce & P. Pincé (RBINS), M. Boudin & M. Wojcieszak  (KIK-IRPA), G. 
Capuzzo, P. Claeys, H. Leonard & C. Snoeck (VUB), P. Crombé, I. De Groote, G. De Mulder (U-Ghent). 

 

 

Bessems I. (1999). Paleoklimaatsreconstructie en sedimentologisch onderzoek in de grot van Hotton. 
Unpubl. M.Sc. Thesis, U-Gent. 86p. Quinif Y., (1999). Karst et évolution des rivières: le cas de l'Ardenne. 
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Geodyn. Acta 12 (3 4): 267 277¬. Verheyden S., et al.., (2012). The 8.2 ka event: is it registered in Belgian 
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Figure: Hotton cave, Belgium. Profile of the core sample taken in the flowstone covering the sediments in 
the gallery above sump 2 with ages of the clay layers incorporated in the flowstone and related to 
successive floods.
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Speleothems, commonly called stalactites and stalagmites, are secondary mineral deposits usually 
composed of calcite or aragonite and typically found in karstic caves. Despite being naturally white when 
pure, some might exhibit unusual colors, such as red, black, blue, yellow, purple or green. The causes of 
these exceptional colorations are various and can be due to the presence of metals substituting for Ca in 
the aragonite, the presence of foreign mineral phases and/or organic matter, or light wave interferences 
due to the mineral structure. Among colored speleothems, the green ones are especially poorly 
understood, because they are extremely rare, hard to reach and barely reported in the literature. For the 
first time, we describe Ni-bearing nepouite in green aragonite and calcite speleothems, in the Aven du 
Mont Marcou (Hérault, France). Nepouite is mainly found as flat green lamellar crystals in the outer rim of 
green speleothems and crystallized alongside radially grown aragonite crystals. Our observation shows 
ƣőċƣШŰĲƓŸƨŔƣĲШĤĲŊċŰШƣŸШĦƖǃƚƣċũũŔǍĲШŰĲċƖШƣőĲШĲŰĬШŸŉШƣőĲШƚƓĲũĲŸƣőĲůƚќШŊƖŸƽƣőЯШĬƨĲШƣŸШċШĦőċŰŊĲШŔŰШƣőĲШ
chemical composition of the water leaching in the cave. The nepouite from the Aven du Mont Marcou also 
exhibits extensive substitution between Ni, Mg and Zn. The chalcophile elements responsible for 
nepouite precipitation (i.e. Ni and Zn) are thought to come from the weathering of pyrite crystals in the 
overlying rocks, which is consistent with the pH conditions of the cave and the Al-free composition of 
nepouite. This work will be followed by other studies on colored speleothems, such as blue stalactites 
from Malaval Cave (France) which seem to be linked to the presence of Zn and Pb-bearing minerals, or 
red and yellow-colored concretions from Belgian caves that might be caused by the presence of organic 
matter. These hypotheses will be further investigated. 
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Left: The Green Room in the Aven du Mont Marcou. Right: Secondary electrons view of nepouite crystals 
deposited on aragonite crystals.
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During the last three decades, land subsidence has been affecting several towns of the Belgian 
Provinces. Groundwater over-exploitation and recharge may have caused subsidence and uplifting of the 
ground surface. In the western part of Flanders, long and intensive exploitation of the deep aquifer 
systems (DAS) in the Paleozoic basement, Cretaceous and Landenian aquifers has led to very low 
piezometric levels and the development of regional-scale deep depression cones. The groundwater over-
exploitation due to the economic boom of the 1960s has generally been thought to cause land 
subsidence. Lowering of the piezometric levels by more than 100 m must have caused compaction of the 
pumped layers and possibly also the overlying thick aquitard. The combined effect of the compaction in 
all the affected layers results in land subsidence on a regional scale, considering the spatial extension of 
the enormous depression cones. In this study, a correlation between INSAR image-derived land 
subsidence rates and piezometric level trends is established. The land subsidence is quantified using a 
3D-groundwater  flow model of the DAS and a module for simulating layer compaction and land 
subsidence for the aquifers, and a 1D column model for assessing compaction of the Tertiary clay. The 
model results show that the high subsidence rates in the NW part of this region are likely related to the 
intense groundwater exploitation in the Landenian aquifer. However, the high subsidence rate in the SE 
zone is not correlated to the Landenian aquifer exploitation, which may be related to an underestimation 
of the extension of the Landenian depression cone in the DAS model by local non-licensed groundwater 
exploitations. No spatial correlation with the deep regional piezometric depression cone in the Paleozoic 
basement aquifer is observed, despite the large drawdowns (> 100 m). The hard rigid rocks in the 
basement must have a very low elasticity and thus very limited compaction. The result of the 1D column 
model shows possible compaction of the Tertiary clay by pumping from the underlying Landenian aquifer. 
It shows that compaction can continue even when groundwater levels in the Landenian are rising again or 
have stabilized. The 3D groundwater flow model for DAS does not reproduce the piezometric depression 
cone in the Cretaceous aquifer as it is observed in the monitoring network. This could likely be due to the 
presence of an important data gap in the pumping rates that were used in the model.  

 

 



 

 

107 
 

SESSION 2 - GEOMORPHOLOGY, EARTH SURFACE PROCESSES, KARST AND GEOHAZARDS 

Groundwater flow modeling and surface -groundwater interaction of 
Lake Tana Basin, northwest Ethiopia  

 

Alemu YENEHUN 1* , Mekete DESSIE 3, Mulugeta AZEZE 3, Fenta NIGATE 2, 
Ashebir Sewale Belay 2, Jan Nyssen 4 , Enyew Adgo 5 , Ann Van Griensven 6, Marc 
VAN CAMP 1, Kristine WALRAEVENS 1 

 

1 Laboratory for Applied Geology and Hydrogeology, Department of Geology, Ghent University, Krijgslaan 
281 (S8), B-9000 Ghent, Belgium; 2 School of Earth Sciences, Bahir Dar University, P.O. Box 79, Bahir Dar 
6000, Ethiopia; 3 Faculty of Civil and Water Resources Engineering, Bahir Dar University, P.O. Box 430, 
Bahir Dar 6000, Ethiopia; 4 Department of Geography, Ghent University, Krijgslaan 281 (S8), B-9000 
Ghent, Belgium; 5 Department of Natural Resource, Bahir Dar University, P.O. Box 79, Bahir Dar 6000, 
Ethiopia; 6 Department of Hydrology and Hydraulic Engineering, Faculty of Engineering, Vrije Universiteit 
Brussel, Pleinlaan 2, 1050 

 

Lake Tana, with its surface area of around 3,077 km2, occupies a significant part of the Lake Tana Basin 
area (15,089 km2) located in northwest Ethiopia. This account for 20.4% of the areal extent and means 
that the overall water balance of the catchment strongly depends on the water balance of the lake itself. 
Therefore, the groundwater balance of the whole catchment cannot be considered independently from 
the water balance of the lake and an integrated approach is needed, which incorporates exchange fluxes 
between groundwater and lake system. A conceptual water balance of the basin is constructed which 
defines the different components. Components that could be quantified based on available field data or 
derived from them on one side, and on the other side components that could only be obtained only from 
model calculations as these are not related to physical quantities that can easily be measured. The 
groundwater flow model, MODFLOW is used to integrate the different components of the groundwater 
flow system, while the Modflow LAKE module was used to incorporate the Lake Tana water balance. The 
combination allowed quantifying exchange fluxes between both systems. The WetSpass model was used 
to calculate groundwater recharge rates and surface runoff from meteorological and land data, and a 
baseflow/runoff separation program estimated baseflow and runoff rates from streamflow data. These 
were used to defined the Modflow boundary conditions. The Modflow model used a discretization into an 
upper and lower aquifer layers. The simulated piezometric levels approach the global piezometric pattern 
as seen in observation wells. In the water balance it can be seen that the stream inflow is about 62% of 
the total inflows into the lake. This river inflow consists of 60% baseflow as can be seen in the gauged 
sub-catchments. The other 40% may be highly variable with time as it is surface runoff depends on 
rainfall variation. Groundwater inflow is largely by means of baseflow contribution from the streams 
draining into the lake and not by direct subsurface inflow from the surrounding aquifers. However, as this 
water balance component is small compared to the other components, a large error may exist on its 
estimation.  

Keywords: Lake Tana Basin; Modflow; GMS; water balance; lake-groundwater interaction; river-
groundwater interaction. 
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Maarten VAN DAELE 2, Jürgen KONZETT 3, Ariana MOLENAAR 1, Jean Nicolas 
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(1) Institute of Geology, University of Innsbruck, Innsbruck, Austria. Katleen.Wils@UGent.be  (2) Renard 
Centre of Marine Geology, Department of Geology, Ghent University, Ghent, Belgium. (3) Institute of 
Mineralogy and Petrography, University of Innsbruck, Innsbruck, Austria. (4) Department of Botany, 
ÖŰŔƻĲƖƚŔƣǃЮŸŉЮfŰŰƚĤƖƨĦťеЮfŰŰƚĤƖƨĦťеЮ ƨƚƣƖŔċдЮёΨђЮxċĤŸƖċƣŸŔƖĲЮĬĲƚЮÉĦŔĲŰĦĲƚЮĬƨЮ9ũŔůċƣЮĲƣЮĬĲЮũѢEŰƻŔƖŸŰŰĲůĲŰƣЮ
(LSCE-IPSL), Université Paris-Saclay, Gif-sur-Yvette, France  (6) Laboratoire G-TIME, Department of 
Geosciences, Environment and Society Université libre de Bruxelles, Brussels, Belgium. (7) 
Departamento de Ingeniería Civil, Universidad de Concepción, Concepción, Chile. (8) Instituto de 
Ciencias de la Tierra, Universidad Austral de Chile, Valdivia, Chile. (9) Faculty of Environmental Sciences, 
University of Concepción, Concepción, Chile. (10) Fundación para los Estudios Patrimoniales 
Pleistocenos de Osorno, Osorno, Chile. 

 

In 1960, the Valdivia segment of the Chilean subduction zone hosted the largest earthquake that has so 
far been instrumentally recorded (Mw 9.5). Paleoseismic studies have revealed that such a ~1,000 km 
long rupture was not unique in the region and occurs on average once every ~300 years. These so-called 
full -segment ruptures alternate with more frequent great partial ruptures, which affect only one or few 
megathrust asperities. Their contribution to the overall stress release and how this affects the recurrence 
of full ruptures, however, remains unclear. This is mostly because most of these occurred in pre-
instrumental times, leaving their along-strike extent and down-dip location poorly constrained. 
Comprehensive studies evaluating the spatiotemporal rupture variability are thus crucial to validate 
earthquake cycle models and improve seismic hazard assessment in south-central Chile. In this respect, 
lakes have been extensively studied in the region, as they provide highly sensitive shaking records by 
identification of turbidites, mass transport deposits or in-situ soft sediment deformation structures in 
their sedimentary infill. So far, this allowed for paleoseismic reconstructions covering the last two 
millennia. A thorough understanding of the relation between the component(s) of earthquake strong 
ground motion (e.g., PGA, PGV, duration) and their resulting sedimentary signature in lakes is, however, 
still missing. As a result, characterization of the source parameters of paleo-earthquakes, such as 
magnitude and rupture extent, up to now relies solely on qualitative or semi-quantitative considerations. 

Here, we present some preliminary results from a newly obtained long lacustrine turbidite record from 
Lago Rupanco. As this record likely covers the last ~6,000-8,000 years, it can significantly extend the 
existing timeframe for the recurrence of 1960-like earthquakes as well as smaller partial ruptures, while 
also recording intraplate events. We consider that cumulative turbidite thickness, representing turbidite 
volume, is a good (relative) measure for the local shaking strength as empirically confirmed by a previous 
comparative study in several Chilean lakes based on event deposits of different types of earthquakes. 
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Therefore, it can be used to discern deposits resulting from past strong shaking from those that can be 
attributed to lower shaking strength, either originating from distant large earthquakes or smaller nearby 
events. Moreover, we found that the rather subjective macroseismic intensity values that have been 
considered so far can be approximated by a combination of PGV and shaking duration, opening 
perspectives towards quantitative characterization of the identified paleo-earthquakes. To strengthen our 
inferences, we correlate the Lago Rupanco record to other long lacustrine records in the region by 
matching geochemically identified tephra markers. In this way, we can more confidently distinguish 
between intraplate and interplate earthquake source mechanisms, allowing us to further constrain the 
long-term spatiotemporal variability of megathrust earthquakes along the Valdivia segment of the Chilean 
subduction in a quantitative way. 
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Igneous activity has affected all terrestrial planets as well as some satellites of gas giants. On Earth, the 
compositional variability of magmas is large and depends on the nature of the source, the conditions of 
partial melting as well as the on the effects of magmatic differentiation processes, such as crystal 
fractionation, mixing and assimilation in the crust and the mantle. On other planets, magmatic processes 
are linked to primordial crust formation during magma ocean solidification followed by mantle melting 
largely driven by cumulate overturn or simpler mantle convection. 

In the last decade, abundant rocky exoplanets were discovered in our galaxy. Some of them had or still 
hold a magma ocean, possibly resulting in the formation of volcanic atmospheres. Recent satellite 
measurements of super-Earth planets detected a basaltic surface. 

This session will highlight research on magma generation and differentiation starting from the formation 
of the solar system and meteorites, the partial melting of the mantle and crust formation on Earth and 
other terrestrial planets. We also welcome contributions on exoplanet evolution and magma-atmosphere 
interaction. 

 

mailto:olivier.namur@kuleuven.be
mailto:corentin.caudron%40ulb.be
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Trace element diffusion is a powerful tracer of kinetic magmatic processes such as recharge and fluid 
exsolution. However, the dependence of diffusivities (D) on melt water contents is poorly quantified, and 
most trace element diffusivities were determined in water-free melts unrealistic for most natural 
magmatic systems. Here, we investigate the diffusion of the alkali trace elements Li, Rb, and Cs as a 
function of water content in rhyodacite, high-silica rhyolite, and peralkaline rhyolite. For the diffusion 
experiments, homogenous hydrous glass cylinders were produced from trace element-doped and 
undoped powdered glass with 1т8 wt% H2O. Glass cylinders with the same water content but different 
trace element concentrations were paired along polished contact surfaces. Diffusion experiments were 
conducted between 720 and 1100 °C at 100т700 MPa for 5т25 min using gas pressure vessels or a piston 
cylinder apparatus. Resulting diffusion profiles were analyzed by LA-ICPMS and evaluated by a Monte 
Carlo iterative fitting procedure for full error propagation. At a given experimental temperature, measured 
log10D values increase linearly with melt water content, with one order of magnitude increase for Li, two 
orders for Rb, and three orders for Cs from least hydrous (1 wt%) to wettest (8 wt%) experiment, due to a 
linear decrease in activation energies. Variations in major element composition only have a minor effect. 
We illustrate the impact of differential diffusion in hydrous silicic magmas on their trace element budget 
by coupling our data to a two-phase mechanical model of channelized fluid transport in magmatic 
systems. Quantifying water-dependent diffusivities provides an important tool to track the exsolution, 
mass and rate of fluid transport within long-ũŔƻĲĬШƚőċũũŸƽШůƨƚőǃШůċŊůċШƖĲƚĲƖƻŸŔƖƚШŔŰШƣőĲШEċƖƣőќƚШĦƖƨƚƣЮ 

 

Troch J, Huber C, Kueter N, Guillong M, Ackerson MR, Ulmer P, Bachmann O (2024) The effect of water on 
alkali trace element diffusion (Li, Rb, Cs) in silicic melts. Geochimica et Cosmochimica Acta 365: 101-
113. 
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Time is a crucial parameter for assessing pre-eruptive dynamics, including the storage of crystals in the 
magmatic system, the dynamics of ascent, or the cooling of lava flows at the surface. Time has been 
estimated using different techniques, such as uranium-series disequilibria, diffusion zoning in crystals, or 
crystal size distribution (CSD) analysis. This latter method was first applied in a geological context by 
(Marsh, 1984; Cashman & Marsh, 1984). It is based on a steady-state population balance where the 
crystal population is characterized by the proportion of crystals in each size category. The slope and 
intercept values of these CSDs provide access to growth and nucleation parameters, respectively. When 
the growth rate parameter is known, CSD plots can also be used to constrain various magmatic 
processes, such as magma ascent or the residence time of crystals in the system. 

If the data necessary for the development of CSDs are easily accessible by scanning thin sections, the 
results will strongly depend on various parameters: (1) the quality of segmentation (separation of 
syneusis/agglomeration textures), (2) the various magmatic processes involved in the nucleation and 
growth of crystals, and (3) the growth rate considered. Some experimental studies, such as those by 
(Billon et al., in preparation; Brugger & Hammer, 2010b), have estimated growth rate values that can range 
between 10-6 to 10-09 cm/s for basaltic/andesitic composition and down to 10-11 for dacitic 
composition, depending on the composition and calculation method used. 

We propose here to estimate the plagioclase residence time in the main magmatic reservoirs of three 
different volcanoes (Osorno, Calbuco, and Villarrica) from the Central Southern Volcanic Zone of Chile 
(CSVZ). These three volcanoes, located within the same region, exhibit different eruptive conditions, 
partly due to variations in their water content. For this study, thin sections of samples ranging from basalt 
to dacitic compositions have been segmented for each volcano. Particular attention has been paid to the 
separation of the different crystals, particularly in the syneusis/agglomeration textures. The calculated 
crystal size distributions (CSDs) have been used with different growth rate values to constrain the 
residence timescales. Results indicate that the durations obtained with the CSD method (<<10-01-10+02 
years) are several orders of magnitude lower than those obtained with the Sr diffusion (10+02-10+03 
years) and Uranium series (10+03-10+05 years) methods (Cooper & Kent, 2014). The uranium series 
provides an overall absolute residence time, while the Sr diffusion and CSD methods measure only the 
various stages of growth. Additionally, several processes may alter the growth process: (1) a too low 
temperature (T < Tsolitus), resulting in high viscosity and cessation of growth; (2) too high a temperature (T 
> Tliquidus), resulting in crystal dissolution; and (3) critical crystallinity achieved. 
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Marsh BD (1984) Crystal-size spectra and kinetics of crystal growth in magma: I. Theory. Geological 
Society of America, Abstr. Programs, 16:585. ; Cashman, KV, Marsh, BD (1984) Crystal-size spectra and 
kinetics of crystal growth in magmas II. Application. Geological Society of America. Abstr. Programs, 
16:465. ; Billon, M, Vander Auwera, J, Namur, O, Faure, F, Charlier, B (in preparation) Plagioclase crystal 
size distributions, growth, and nucleation rates in an anhydrous arc basaltic andesite. Journal of 
Petrology. ; Brugger, CR, Hammer, JE (2010b) Crystallization Kinetics in Continuous Decompression 
Experiments: Implications for Interpreting Natural Magma Ascent Processes. Journal of Petrology 51: 
1941т1965. ; Cooper, K, Kent, A (2014) Rapid remobilization of magmatic crystals kept in cold storage. 
Nature 506: 480т483. 
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Crystallization in magmas, marked by chemical and textural changes, is responsible for the transition 
from a silicate melt to a completely solidified rock by two main processes: nucleation (J), which 
corresponds to the formation of initial crystals, and growth (G) of these nuclei that increases the 
mineral/melt proportion (Cashman, 1990). Numerous experimental studies have been realized to 
constrain these two processes using different crystallization paths (cooling, decompression, or 
isothermal crystallization) (Brugger & Hammer, 2010b; Shea & Hammer, 2013), a range of initial 
compositions (basalt, dacite, trachyte) (Brugger & Hammer, 2010b; Pupier et al., 2008), and focusing on 
several phases (plagioclase, pyroxene, olivine). However, only a few studies were performed on a basaltic 
andesite, a common rock in arc volcanic zones.  

Here, plagioclase nucleation and growth rates have been experimentally investigated in a basaltic 
andesite from Osorno volcano (Central Southern Volcanic Zone, Chile). A series of experiments were 
performed at 1 atm under anhydrous conditions at the Ni-NiO oxygen buffer and with low cooling rates 
(1°C/h, 3°C/h, 9°C/h). After an initial equilibration at 1190°C (10 °C above the liquidus) for 24 hours, the 
samples were cooled at different rates and finally quenched at various temperatures from 1165°C to 
1000°C. Contrary to many studies, no high-temperature pre-heating was applied in order to preserve 
some pre-existing plagioclase seeds and to avoid nucleation delay. The main objective was to constrain 
the plagioclase nucleation and growth rates in these conditions and to compare growth results with 
literature data to identify the experimental parameters controlling crystal growth. Nucleation and growth 
rates were calculated considering various methods: Batch (characteristic size obtained as a ratio 
between the proportion of crystals and their number in the sample), lmax (average size of the 10 biggest 
crystals), and CSD (proportion of crystals per size ranges) methods.  

Despite strong variability of the 2D aspect ratio in the same run, the crystal shape and size are correlated 
during their growth, with the smallest (< 10 µm) and biggest crystals (> 30 µm) displaying respectively an 
equant/elongated and tabular/bladed 3D shape. Plagioclase shape varied also with the cooling rate, from 
2D tabular/elongated crystals at 1 and 3°C/h to hopper and swallowtail aspect at 9°C/h, suggesting a 
transition from interface- to diffusion-controlled growth. The nucleation and growth rates respectively 
comprised between 10+01-10+04 cm-3/s and 10-07-10-09 cm/s, show both a maximum close to the 
liquidus followed by a general decrease with cooling. This decrease becomes minimal at slow cooling 
rates, resulting in nearly constant G over time (after about 20 hours of cooling). 

The growth rate values estimated in this study are similar to those of (Kohut & Nielsen, 2004; Shea & 
Hammer, 2013) with basaltic/andesitic composition, but two orders of magnitude higher than data 
obtained for dacitic composition (e.g. Brugger & Hammer, 2010b). It appears that the growth rate values 
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mainly depend on the crystallization path followed (e.g. cooling/decompression rate, superheating), and 
the calculation method considered (lmax VS Batch methods). 

 

Cashman, K.V. (1990) Chapter 10. Textural constrains on the kinetics of crystallization of igneous rocks. 
In: Nicholls, J., Russel, J.K. (Eds.), Modern Methods of Igneous Petrology: Understanding Magmatic 
Processes. Rev. Mineral 24: 259т314. ; Brugger, C.R., Hammer, J.E. (2010b) Crystallization kinetics in 
continuous decompression experiments: implications for interpreting natural magma ascent processes. 
Journal of Petrology 51: 1941т1965. ; Shea, T., Hammer, J.E. (2013) Kinetics of cooling- and 
decompression-induced crystallization in hydrous mafic-intermediate magmas. Journal of Volcanology 
and Geothermal Research 260: 127т145. ; Pupier, E., Duchene, S., Toplis, M.J. (2008) Experimental 
quantification of plagioclase crystal size distribution during cooling of a basaltic liquid. Contributions to 
Mineralogy and Petrology 155: 555т570. ; Kohut, E., Nielsen, R.L. (2004) Melt inclusion formation 
mechanisms and compositional effects in high-An feldspar and high-Fo olivine in anhydrous mafic 
silicate liquids. Contributions to Mineralogy and Petrology 147: 684т704. 
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Villarrica and Osorno are two active stratovolcanoes in the Central Southern Volcanic Zone (CSVZ) of the 
Chilean Andes that share several geochemical characteristics: near-primary, tholeiitic parent magmas 
(50-53 wt. % SiO2), overlapping major/trace element differentiation trends, and comparable storage 
conditions [1-4]. Yet, their eruptive styles contrast each other significantly. Villarrica is a steady-state, 
open-vent stratovolcano with a lava lake since 1985, which produced ~100 low to moderate intensity 
Strombolian eruptions and lava flows since 1579 CE. Osorno is a closed-vent stratovolcano with 10x less 
eruptions for the same period. We initially proposed that differences in eruptive style and frequency 
could be due to a relatively higher degree of crustal permeability under Villarrica than Osorno due to the 
Liquiñe-Ofqui Fault Zone [5]. Preliminary analyses show that both volcanoes have broadly similar olivine 
chemistry ranges and multimodal distributions, with minor differences in olivine and melt 
chemistry/textures between Villarrica (Fo72-87) and Osorno (Fo66-82) [4,5]. Diffusion timescales for both 
volcanoes are mostly < 150 days, with few crystals recording > 250 days. This suggests the degree of 
crustal permeability underneath the volcanoes are likely comparable, prompting consideration of other 
factors. In this contribution, we evaluate the role of magma supply rate, storage conditions, and slab 
input in modulating eruptive styles at Osorno and Villarrica based on an updated dataset of magma 
storage conditions, diffusion timescales, geochemical data compilations, and inferences drawn from 
published literature. We find that magma storage conditions of both volcanoes are similar to each other 
at T~1100°C, P~200 MPa, along with comparable input of fluids released from the down-going slab. The 
multimodality in olivine chemistry, diversity in types of olivine growth zones and textures, timescale 
ranges, coupled with the relatively high magma supply rate estimates for Villarrica from the literature 
suggest magma supply rate could modulate eruptive style at Villarrica and Osorno. With this 
contribution, we aim to further current understanding of subduction zone magmatism and geodynamics, 
with implications on volcanic hazard reduction. 

 

1. Vergara, M., López-Escobar, L., Palma, J. L., Hickey-Vargas, R., & Roeschmann, C. (2004). Late tertiary 
volcanic episodes in the area of the city of Santiago de Chile: New geochronological and geochemical 
data. Journal of South American Earth Sciences, 17(3), 227-238. 2. Morgado, E., Parada, M. A., Contreras, 
C., Castruccio, A., Gutiérrez, F., & McGee, L. E. (2015). Contrasting records from mantle to surface of 
Holocene lavas of two nearby arc volcanic complexes: Caburgua-Huelemolle Small Eruptive Centers and 
Villarrica Volcano, Southern Chile. Journal of Volcanology and Geothermal Research, 306, 1-16. 3. 
Pizarro, C., Parada, M.A., Contreras, C. and Morgado, E., 2019. Cryptic magma recharge associated with 
the most voluminous 20th century eruptions (1921, 1948 and 1971) at Villarrica Volcano. Journal of 
Volcanology and Geothermal Research, 384, pp.48-63. 4. Bechon, T., Billon, M., Namur, O., Bolle, O., 
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Fugmann, P., Foucart, H., Devidal, J-L, Delmelle, N. Vander Auwera, J. (2022). Petrology of the magmatic 
system beneath Osorno volcano (central southern volcanic zone, Chile). Lithos, 426:106777. 5. Romero, 
J.E., Morgado, E., Pisello, A., Boschetty, F., Petrelli, M., Cáceres, F., Alam, M.A., Polacci, M., Palma, J.L., 
Arzilli, F. and Vera, F., (2022) Pre-eruptive conditions of the 3 march 2015 lava fountain of Villarrica 
volcano (southern Andes). Bulletin of Volcanology, 85(1): 2. 
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Apatite [Ca10(PO4)6(F, Cl, OH)] is a ubiquitous mineral in igneous, metamorphic, and sedimentary rocks. 
Its crystal structure can accommodate a variety of trace elements. As a common accessory phase, 
apatite is weakly affected by later alteration, preserving information about the parent magma and making 
it of significant importance in petrology. When tracing magma evolution based on the composition of 
apatite, it is necessary to elucidate the partitioning behavior and controlling factors (P, T, fO2, and crystal-
melt composition) of various elements between apatite and melt. 

To better constrain the trace elements partitioning between apatite and silicate ± carbonatite melts, we 
conducted experiments at pressures of 5 kbar and temperatures of 960-1100 ᴈ in a piston cylinder 
apparatus, and run products were analyzed for trace elements by laser ablation inductively coupled 
plasma-mass spectrometry (LA-ICP-MS). We report new experimental apatite/melt partition coefficients 
for a wide range of trace elements (REEs, Rb, Ba, Y, Sr, Zr, Hf, etc.). Using these measured trace element 
partition coefficients, we established a lattice strain model formalism for apatite and silicate melts, 
allowing us the estimate the physical properties of the crystallographic sites hosting the trace elements. 
Combining our results with previously published data, we propose a general model to predict partition 
coefficients between apatite and alkaline melts under a wide range of P-T conditions. 
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Informations about the mantle sources and their melting conditions can be obtained from the 
composition of liquidus phases of the mantle melts. In basalts, forsteritic olivine and Cr-spinel usually 
crystallize first and are stable together on a restricted range of temperatures. Their compositions have 
thus recorded the geochemical signature of the parent/near primary magmas and of the liquidus 
temperature. In this study, we have analyzed 150 olivine-Cr spinel couples from pyroclasts collected in 
four different subduction zone stratovolcanoes (Osorno, La Picada, Villarrica, Mocho Choshuenco) and 
two of their associated Minor Eruptive Centers (MEC) (Cordón Cenizos, San Jorge) belonging to the 
Southern Volcanic Zone (SVZ) of the Andean arc (Chile). Temperatures have been calculated with the 
empirical regression of Coogan et al (2014), which takes into account the Al exchange between the two 
phases and the spinel Cr# (molar Cr/Cr+Al), and with the three equations recently proposed by Zhang et 
al. (2023). The first is a thermodynamic formalism comprising spinel compositional parameters (Si, Ti, Fe, 
~ŊЯШ9ƖЯШ ũЯШ~ŰьЯШƣőĲШƚĲĦŸŰĬШŔƚШċШƖĲŉŔŰĲůĲŰƣШŸŉШƣőĲШ9ŸŸŊċŰћƚШůŸĬĲũШĤċƚĲĬШŸŰШċШůŸƖĲШĲǂƣĲŰĬĲĬШ
experimental database and in the last one, the possible coupled substitution of Al and Cr in olivine is 
considered. The thermodynamic model includes the Fe-Mg exchange in spinel whereas one of the 
empirical regressions depends on Cr substitution in olivine. As both are sensitive to re-equilibration, the 
temperatures are possibly underestimated. When considering the highest temperature obtained in each 
sample for each equation (Osorno: 1131-1255°C, La Picada: 1060-1280°C, Villarrica: 1102-1197°C, 
Mocho Choshuenco: 1070-1157°C, Cordón Cenizos: 1031-1133, San Jorge: 1177-1283°C), results from 
the different geothermometers usually overlap when errors are considered and are close to the 
temperatures derived from petrological data. The trace element (Ni, Ca, Mn) composition of olivine (Fo90-
76) indicates a peridotitic mantle source for the different volcanoes: NiO (0.09 т 0.035 wt.%), MnO (0.15 т 
0.36 wt.%) et CaO (0.14 т 0.45 wt.%). Finally, the H2O content of the parent magma calculated with the 
Gavrilenko et al. (2016) regression which is based on the partition coefficient of CaO between olivine and 
melt gives H2O contents that are usually higher than those derived from petrological data except for 
Mocho-Choshuenco (2.6-6 wt.% H2O). 
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The observation of low viscosity lava flows and shield volcanoes on radar maps, combined with in-situ X-
ray fluorescence analyses performed by three Soviet landers, strongly suggests that Venus' crust is 
primarily basaltic. Still, some of the most intriguing features of Venus are its crustal plateaus, 
characterized by heavily deformed terrains, which have long been suggested to bear a superficial 
ƖĲƚĲůĤũċŰĦĲШƣŸШEċƖƣőќƚШĦŸŰƣŔŰĲŰƣċũШĦƖƨƚƣШċŰĬШůŸƨŰƣċŔŰШƖċŰŊĲƚЮШfŰŉƖċ-red emissivity spectra from the 
Galileo and Venus Express missions tend to support the presence of a larger fraction of felsic minerals in 
the plateaus compared to the surrounding basaltic plains [1-2]. 

On Earth, flux melting of the mantle wedge at subduction zones, followed by fractional crystallization or 
partial melting of hydrous basalts, are believed to be the two primary mechanisms generating the large 
volumes of intermediate to felsic rocks that make up the continental crust. By contrast, igneous 
differentiation of water-poor basaltic melts typically yields negligible amounts of felsic melts. The 
possibility that highland plateaus are dominated by intermediate to felsic rocks will be evaluated by the 
EnVision and Veritas missions, in the hope of providing evidence for the presence of water oceans and, 
therefore, habitable conditions in Venus' distant past. 

In this work, we show, using thermodynamic calculations (Perple_X), that the melting of dry eclogite is 
another viable mechanism that can produce large volume of intermediate to felsic melts, in the absence 
of water. An average basaltic crust, of composition identical to the ones analyzed at the Venera 14 and 
Vega 2 landing sites, would transform to a quartz eclogite at a depth of 50 to 60 km. Partial melting of this 
material can produce 15-25 % of dacitic melts. The crust of Venus could have reached this depth under 
crustal plateaus, according to gravity and topography investigations [3]. It has also been suggested that 
the current young surface of Venus could indicate that abundant basaltic material was recycled to the 
mantle [4]. Remelting of this material could fuel occasional but large-scale magmatic events and 
account for the formation of felsic crustal plateaus in the absence of water. Confirmation that crustal 
plateaus are dominantly felsic by future missions might therefore not necessarily indicate that wetter and 
more hospitable conditions prevailed on early Venus. 

 

[1] Hashimoto GL et al. (2008) Felsic highland crust on Venus suggested by galileo near-infrared mapping 
spectrometer data. J. Geophys. Res.: Planet 113: E00B24. [2] Gilmore MS, Mueller N, Helbert J (2015) 
VIRTIS emissivity of Alpha Regio, Venus, with implications for tessera composition. Icarus 254: 350т361. 
[3] Maia JS, Wieczorek MA (2022) Lithospheric structure of Venusian crustal plateaus. J. Geophys. Res.: 
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Planet. 127: e07004; [4] Smrekar SE, Davaille A, Sotin C (2018) Venus Interior Structure and Dynamics. 
Space Science Reviews 214(5): 88. 
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Volcanism along the Andes results from the subduction of the Nazca and Antarctic plates under the 
South American plate. Mocho-Choshuenco is a Chilean volcano located in the Central Southern Volcanic 
Zone (CSVZ). Formed during the late Pleistocene to early Holocene Period, this volcano has been highly 
explosive ever since. The combination of this explosivity and the rapidly increasing population in the 
region makes Mocho-Choshuenco a hazardous volcano. Therefore, tighter constraints on its magmatic 
system are needed. To achieve this, a selection of tephra from different eruptive events of Mocho-
Choshuenco was analyzed to determine the pre-eruptive conditions (P, T, % H2O and fO2) of the magma 
reservoir. Various geothermobarometers based on mineralтliquid equilibria were used to estimate these 
parameters.  Pressure was calculated using different geobarometers (clinopyroxene-liquid, clinopyroxene 
only and amphibole only) with average values ranging from 1.4 to 2.8 kbar (approximately 7 km depth). 
Temperatures were estimated to range from 1012°C to 1215°C using models based on clinopyroxene- and 
olivine-liquid equilibria. Amphibole appears to be a late crystallizing phase, as lower temperatures were 
deduced from its composition, and the calculated composition of melts in equilibrium with amphibole 
are SiO2-rich. The amphibole composition also allowed for the estimation of an oxygen fugacity of about 
NNO+1.6 and a water content of 5.8 wt. % in the evolved melts. The water content of the parental magma 
ƽċƚШŉƨƖƣőĲƖШĦċũĦƨũċƣĲĬШƽŔƣőШƣőĲШÅċǃũĲŔŊőќƚШĬŔƚƣŔũũċƣŔŸŰШũċƽШċƣШċĤŸƨƣШΟШƽƣЮШӖЮШÑőŔƚШƽċƣĲƖШĦŸŰƣĲŰƣШŔƚШőŔŊőĲƖШ
than those estimated for nearby volcanoes such as Osorno and La Picada but is similar to the value 
obtained for the parent magma of Calbuco. 
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Impact cratering is a fundamental process in the Solar System, with collisions strongly influencing both 
the evolution of planets and the development of life throughout their evolution history. Impact structures 
and craters resulting from these collisions are preserved on all rocky and icy bodies and represent the 
most common geological landform at their surfaces. Nevertheless, processes such as erosion, tectonic 
deformation or burial tend to reduce the number of impact structures on Earth, leaving gaps in the impact 
cratering record of the terrestrial surface. In contrast, the surface of Mars is covered by 60% of early, 
ancient Noachian crust and the impact cratering history of Mars is well preserved. The Martian crust is 
currently the centre of interest of the NASA-ESA Mars Sample Return missions, drilling and collecting 
samples from Jezero crater. As the majority of the Martian surface is covered in volcanic or volcanically 
sourced sedimentary units, terrestrial impact craters and structures formed in basaltic target rocks 
represent excellent analogues to study Martian planetary surface processes and products, although such 
sites remain relatively rare on Earth.  

This work focuses on three basaltic impact structures: Vargeão Dome (Brazil, 12.4km diameter), Vista 
Alegre (Brazil, 9.5 km diameter, and the Lonar crater (India, 1.88 km, 570 ± 47 kyr3), with the aim to 
understand impact-related processes affecting basaltic targets based on detailed petrographic, bulk 
geochemical, and isotopic analyses. 

The different types of impactites (monomict and polymict impact breccias, both melt-bearing or not and 
lithic) have been petrographically studied to trace impact-induced processes such as shock, melting and 
mixing of the targets to better understand how impact events affect basaltic target rocks and their 
associated minerals. Bulk geochemical compositions (major and trace elements) have also been 
determined to trace variations induced by impact processes, but also to evaluate the level of post-impact 
alteration (impact-induced or not), before applying less conventional stable isotope systems (e.g., Fe, Cu, 
Zn, Ge) to trace the thermodynamic history of the studied lithologies. 

[1] Crósta, A. P. et al. (2019), Geochemistry 79 (1), 1-61. [2] Pittarello, L. et al. (2015a), Meteorit. Planet. 
Sci. 50, 1228т1243. [3] Jourdan, F. et al. (2011), Geology 39(7), 671-674 
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Mocho-Choshuenco volcano has produced several highly explosive eruptions during over the past 18 ka, 
which make it one of the most hazardous volcanoes in the southern volcanic zone of Chile. However, this 
volcano is still relatively little studied to date, and detailed characterizations and trigger mechanisms of 
its sub-Plinian to Plinian eruptions are needed.  

The present work focus on a geochemical study of the products of the sub-Plinian, andesitic, Enco 
eruption that occurred ca.1600 years ago. Major and trace elements compositions, as well as the volatile 
(H2O, CO2, Cl, and S) contents of melt inclusions (MIs) trapped in minerals (olivine, plagioclase, and 
pyroxene) were determined using electron microprobe, ion microprobe (SIMS), and 3D confocal Raman 
mapping.  

Though the whole-rock composition of the Enco magma is andesitic (60.2± 1.1 wt.% SiO2), the melt 
inclusions have SiO2 contents ranging from 50.3 to 67.3 wt.%, following the magmatic series of Mocho-
Choshuenco. Two main "clusters" can be identified: (1) the olivine-hosted MIs with basaltic to basalte-
andesitic compositions (50.3т55.9 wt.% SiO2), and (2) the pyroxene- and plagioclase-hosted MIs with 
andesitic to dacitic compositions (56.3т67.3 wt.% SiO2). The compositions of the most mafic MIs are 
close to those of the most mafic erupted magmas. Geochemical modeling of major and trace element 
compositions indicates that mixing occurred between a mafic magma and an andesitic-to-dacitic 
magma.  

In melt inclusions, glass analysis revealed typical parental arc magma values for H2O (2.6т3.8 wt.%), S 
(116т1936 ppm), and Cl (620т1439 ppm). However, CO2 contents in the glass are very high in some melt 
inclusions with concentrations up to 2836 ppm in olivine-hosted MIs and more than 4000 ppm in 
plagioclase-hosted MIs (4213 and 4430 ppm measured in two MIs). These suggest trapping depths>~17т
22 km. Presence of solid carbonates inside inclusion-hosted bubbles clearly indicates that the CO2 
contents measured in the glass phase were minimum values. Corrections were applied to take into 
account the CO2 trapped in MI bubbles, showing that 41 to 93% of the total CO2 amount can be trapped 
in the MI bubbles.  

We conclude that a CO2-rich basaltic magma ascended and mixed with a shallower andesitic magma. 
The magma cooled and exsolved high amounts of CO2, which may have dramatically increased the 
pressure and triggered the highly explosive Enco eruption. Additionally, a CO2-flushing event cannot be 
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excluded. Questions remain regarding the origin of the CO2 in the magma (crustal assimilation of 
carbonate material? from the subducting lithosphere?...) and if other explosive eruptions from Mocho-
Choshuenco were also characterized by the emission of CO2-rich magmas. 

 

Feignon JG, Cluzel N, Schiavi F, Moune S, Roche O, Clavero J, Schiano P, Auxerre M (2022) High CO2 
content in magmas of the explosive andesitic Enco eruption of Mocho-Choshuenco volcano (Chile). 
Bulletin of Volcanology 84:40, 20 p. 

 

 

Figure 1. Raman 3D-map of bubble in olivine-hosted melt inclusion (Ol6-15_MI1), showing the 
distribution of carbonates inside the bubble (represented in light blue). The yellow area corresponds to S, 
indicating that melt inclusion bubble is also a reservo
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Atmospheres of hot sub-Neptunes (equilibrium temperatures > 1000 K) are being characterised by the 
James Webb Space Telescope (JWST). Recent modelling efforts suggest that the magma-atmosphere 
coupling of hot sub-Neptunes strongly impacts their atmospheric chemistry, enriching the atmosphere in 
refractory element-bearing gases, e.g., SiO, SiH4. To determine atmospheric chemistry, we implement a 
new state-of-the-art code, atmodeller, that models an equilibrium chemistry reaction network. Based on 
the calculations for atmosphere chemistry in the Si-O-H system with mass conservation for H between 
the atmosphere and the interior, we can classify sub-Neptune populations into steam worlds, hydrogen 
worlds, and silicon worlds. We quantify the strong impact of including non-ideal gas behaviour and gas 
solubility in magma on these populations. These populations should exhibit distinct atmospheric 
signatures that are detectable with JWST transmission and emission spectroscopy. 
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Magmatic rocks in the East African Rift (EAR) are characterized by a wide compositional heterogeneity 
associated with different mantle sources and conditions of melting (Rooney, 2019). However, this 
variability of magma composition remains poorly constrained in some regions of the EAR, as well as 
differentiation processes.  

In this study, we investigate magma chamber processes and reservoir conditions through textural and 
compositional features in historical lavas of Nyamulagira, an active volcano of the western branch of the 
EAR, located in the Virunga Volcanic Province, in Eastern D.R. Congo. 

Our results indicate evidence for multiple reservoirs beneath Nyamulagira in which magma compositions 
and textures evolve through magma recharges, mixing and convections. We distinguished three different 
storage regions beneath Nyamulagira, extended from ~ 30 km to ~ 2 km. 

We propose a differentiation model for Nyamulagira that combines fractional crystallization, crystal 
accumulation as well as magma mixing. These processes take place at the different reservoir levels 
although our results suggest that crystal accumulation is dominant in the deep region, whereas fractional 
crystallization and mixing-homogenization are mostly taking place in the upper reservoirs. 

 

Rooney, T. O., (2020) The Cenozoic magmatism of East Africa: Part V т Magma sources and processes in 
the East African Rift, Lithos, Volumes 360т361, 105296, ISSN 0024-4937. 
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Introduction: The flux of extraterrestrial (ET) material to the Earth does not appear to have been constant 
over time, but so far, no consistent reconstructions of the flux through time have been compiled. This 
results from the conventional proxies used to assess variations in ET input (iridium concentrations, 
osmium isotope ratios, 3He content and/or ET spinel chromites minerals) coming with inherent biases 
and stochastic large-scale events documentation of the sedimentary record. Global ET flux estimates 
vary over 3 orders of magnitude from hundreds to thousands of tons per year [1], but the cause of this 
variation is likely linked to neither short time scale cosmic events, nor to terrestrial biases [2]. 
Estimations of the ET flux variation in abundance and composition is limited to data from collections with 
ƖĲũċƣŔƻĲũǃШƚőŸƖƣШċĦĦƨůƨũċƣŔŸŰШƽŔŰĬŸƽƚШыӅΡΜШťċШŸũĬЯШƨƓШƣŸШΝ-3 Myr for sedimentary deposits) and based on 
ũŔůŔƣĲĬШШůŔĦƖŸůĲƣĲŸƖŔƣĲƚШы~~ƚьШƓŸƓƨũċƣŔŸŰƚШƽŔƣőШũċƖŊĲШċƻĲƖċŊĲШƚŔǍĲƚШĤĲƣƽĲĲŰШΞΜΜШċŰĬШΠΜΜШ͓ůШяΟѐЮШìőŔũĲШ
most of the arriving ET material weathers away quickly under the oxidizing conditions at the Earth surface, 
MMs and other specific refractory minerals may resist alteration and diagenesis [4]. As such, assessing 
the complete ET flux is necessary in order to understand the nature and magnitude of changes in the 
intensity and composition of this ET influx, and recovering full fossil MMs from terrestrial sediments could 
represent a solution. In addition, assessing periods of higher ET material flux arriving on Earth could 
provide insights into the past atmospheric composition due to oxidation of the cosmic spherules (CSs) 
during atmospheric entry [e.g. 5]. 

Results: In this study, we have extracted MMs from Belgian carbonates, with in total 1222 MMs identified 
from 26 kg of carbonates. This collection includes well preserved 3 types of CSs, with a large I-types 
collection, and the oldest confirmed silicate-rich G-types and S-types. We also assess information about 
their parent body origin and alteration history of the MMs using oxygen isotopic composition. The present 
study provides the first fossil MMs collection recovered from Late-Devonian samples, dated from over 
350 Myr ago, and represent a new proxy to investigate the composition and abundance of the past ET flux 
to Earth. Their alteration history will allow us to assess the alteration conditions during Late-Devonian, 
ċŰĬШĦŸƨũĬШƖĲƓƖĲƚĲŰƣШċШŰĲƽШƓƖŸǂǃШŉŸƖШċƚƚĲƚƚŔŰŊШEċƖƣőќƚШċƣůŸƚƓőĲƖŔĦШŸǂŔĬŔǍŔŰŊШĦŸŰĬŔƣŔŸŰƚШĬƨƖŔŰŊШƣőĲШxċƣĲ-
Devonian. This study will try to reconstruct a first ET flux at high resolution and identify all potential 
variations in the ET material across the stratigraphic interval. In addition, by analyzing conventional 
proxies in the sediments, we plan to identify differences between these various applied techniques and 
define optimal strategies to trace noticeable variations of the ET flux with time, proposing an effective 
multiparameter method for future reconstructions. 
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[1] Prasad et al. (2013). J. Geophys. Res.: Planets 118:2381т2399. [2] Genge et al. (2017). Geology 45:119т
122. [3] Suttle & Folco (2020). J. Geophys. Res.: Planets 125(2):e2019JE006241. [4] Meier M.M.M. et al. 
(2010) Earth Planet Sci Lett 290:54т63. [5] Rudraswami et al. (2022). The Astrophysical Journal 940(1):25. 
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Understanding the formation and evolution of planet Mercury is crucial to comprehend the processes 
that have shaped the solar system and other exoplanetary systems. The observational work initiated by 
  É ќƚШ~EÉÉE ]EÅШůŔƚƚŔŸŰШƽŔũũШĤĲШĤƨŔũƣШƨƓŸŰШĤǃШƣőĲШ7ĲƓŔ9ŸũŸůĤŸШůŔƚƚŔŸŰШы7ĲŰťőŸŉŉШĲƣШċũЮЯШΞΜΞΝьЯШċШ
ŢŸŔŰƣШĲŰĬĲċƻŸƖШŸŉШEÉ ШċŰĬШs ñ ЮШ§ŰĤŸċƖĬШŸŉШƣőĲШ7ĲƓŔ9ŸũŸůĤŸШƚƓċĦĲĦƖċŉƣЯШƽőŔĦőШƽŔũũШĲŰƣĲƖШ~ĲƖĦƨƖǃќƚШŸƖĤŔƣШ
in late 2025, the Mercury Imaging X-ray spectrometer (MIXS, Bunce et al., 2020) will measure the atomic 
composition of the top 10 to 20 µm of the surface by fluorescence spectroscopy. MIXS will use X-rays 
ĲůŔƣƣĲĬШŉƖŸůШƣőĲШƚŸũċƖШĦŸƖŸŰċШċƚШŔƣƚШƚŸƨƖĦĲЮШfƣƚШƓƖŔůċƖǃШŊŸċũШŔƚШƣŸШŊĲŰĲƖċƣĲШċШŊũŸĤċũШůċƓШŸŉШ~ĲƖĦƨƖǃќƚШ
regolith atomic composition but specific locations will undergo higher-resolution measurements by 
rotating the device to increase the dwell time. 

~fñÉќƚШƚŔŊŰċũШĦċũŔĤƖċƣŔŸŰШƖĲũŔĲƚШŸŰШŰƨůĲƖŔĦċũШůŸĬĲũŔŰŊШŸŉШñ-ray radiative transfer and laboratory 
ĲǂƓĲƖŔůĲŰƣƚЮШcŸƽĲƻĲƖЯШĬƨĲШƣŸШƣőĲШƨŰŔƕƨĲШĦŸůƓŸƚŔƣŔŸŰШŸŉШ~ĲƖĦƨƖǃќШƚƨƖŉċĦĲШыőŔŊőШƚƨũŉƨƖШċŰĬШũŸƽШŔƖŸŰШ
content), usual reference geochemical standards provide incomplete calibration of the MIXS data. 
Moreover, the signal will be influenced by factors such as observation geometry and grain size. To address 
these challenges, a ground facility has been established to simulate space observations on Earth. 
Various samples will be analyzed to mimic possible regolith compositions (with differing compositions 
and textures), in order to fine tune data processing protocols and instrument parameters. 

We are producing pressed pellets of known chemical compositions for this purpose, chosen to address 
ĦƖŔƣŔĦċũШƚĦŔĲŰƣŔŉŔĦШƕƨĲƚƣŔŸŰƚШƖĲŊċƖĬŔŰŊШ~ĲƖĦƨƖǃќƚШĦŸůƓŸƚŔƣŔŸŰШċŰĬШĲƻŸũƨƣŔŸŰЮШÑőĲШ~EÉÉE ]EÅШůŔƚƚŔŸŰШ
őċƚШƖĲƻĲċũĲĬШƓĲĦƨũŔċƖШĦőċƖċĦƣĲƖŔƚƣŔĦƚШŸŉШ~ĲƖĦƨƖǃќƚШƚƨƖŉċĦĲЯШƚőŸƽŔŰŊШċĤƨŰĬċŰƣШƓŸƣċƚƚŔƨůШċŰĬШƚƨũŉƨƖЯШ
indicative of high volatile content. Understanding the spatial distribution of these elements is crucial as 
they are linked to pyroclastic volcanism and the formation of hollows (i.e. depressions believed to form by 
sublimation). Therefore, we prepared pellets with a range of K2O and S concentrations relevant to the 
surface of Mercury (0 т 2 and 0.5 т 10 wt.%, respectively). Calcium is added to the samples containing 
potassium as the peaks of these elements overlap, complicating potassium detection. Besides these 
global characteristics, different geochemical provinces, probably formed by partial melting of a 
heterogeneous mantle, have been identified. Sodium is more abundant in the northern smooth plains, 
hinting at a mantle source richer in clinopyroxene. Sodium detection is however challenging due to the 
overlap with the magnesium K emission line. Hence, we also prepared samples with varying Na2O 
content (ranging from 0.1 to 8 wt.%) and a fixed MgO concentration. These samples, along with other 
additional materials produced by other teams, will enable accurate and precise measurement of the 
surface atomic composition of Mercury. 
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Evacuated silica tube experiments are designed to investigate multi-phase interactions within a closed 
system, operating under low pressure (below 1 bar), high temperatures (up to 1400°C), and controlled 
oxygen fugacity (ranging from ~IW+2 to IW-6). The experimental setup comprises a crucible containing 
the sample and a solid buffer within an evacuated silica tube that enables gas-melt interaction under 
controlled temperature. Complete or partial melting of the sample enhances evaporation of volatile 
elements and the production of a vapour in thermodynamic equilibrium with the silicate glass. This is 
particularly valuable for replicating natural systems involving gaseous components (e.g., fluid inclusions, 
vapor), as well as magmatic melts and crystals, and allows the investigation of a wide range of magmatic 
processes such as moderately volatile element solubility, crystallization, element partitioning, diffusion, 
or degassing processes. Various magmatic environments can be reproduced, ranging from the formation 
of chondrules in the protoplanetary disk to exogenic planetary processes (e.g., volcanism, ore formation, 
sulfidation). While this technique is highly adaptable and offer versatility, it comes with experimental 
limitations, including the potential reactivity between the sample and SiO(g) produced from the silica 
tube, challenges in determining gas speciation and their partial pressures, the impact of partial pressure 
of volatile species on the C-CO buffer equilibrium if a graphite crucible is used, and temperature 
limitation due to the softening point of silica (~1400°C). We provide an overview of this technique along 
with the applications conducted in our laboratory, encompassing the study of metal-silicate equilibria 
(Cartier et al., 2024), elemental speciation in reduced magmas (Pommier et al., 2023), sulfur isotope 
fractionation, volatilization, sulfidation processes (Renggli et al., 2021), as well as the development of 
geochemical standards. 

 

Cartier C, Llado L, Pirotte H, Tissandier L, Namur O, Collinet M, Wang S-J, Charlier B (2024) Partitioning of 
nickel and cobalt between metal and silicate melts: Expanding the oxy-barometer to reducing conditions. 
Geochimica et Cosmochimica Acta 367:142-164. Pommier A, Tauber MJ, Pirotte H, Cody GD, Steele A, 
Bullock ES, Charlier B, Mysen BO (2023) Experimental investigation of the bonding of sulfur in highly 
reduced silicate glasses and melts. Geochimica et Cosmochimica Acta 363:114-128. Renggli, C. J., S. 
uũĲůůĲЯШ ЮШ~ŸƖũŸťЯШsЮШ7ĲƖŰĬƣЯШfЮШìĲĤĲƖЯШcЮШcŔĲƚŔŰŊĲƖЯШċŰĬШÂЮШxЮШuŔŰŊЮШΞΜΞΞЮШљÉƨũŉŔĬĲƚШċŰĬШcŸũũŸƽƚШ[ŸƖůĲĬШ
ŸŰШ~ĲƖĦƨƖǃќƚШÉƨƖŉċĦĲШĤǃШÅĲċĦƣŔŸŰƚШƽŔƣőШÅĲĬƨĦŔŰŊШÉ-ÅŔĦőШ]ċƚĲƚЮњШEċƖƣőШċŰĬШÂũċŰĲƣċƖǃШÉĦŔĲŰĦĲШxĲƣƣĲƖƚШΡΦΟ 
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xƨǂĲůĤŸƨƖŊќƚШxċŰĬШÅĲŊŔƚƣƖǃШċŰĬШÑŸƓŸŊƖċƓőǃШ ĬůŔŰŔƚƣƖċƣŔŸŰШƓƖŸƻŔĬĲƚШƚŔŰĦĲШΞΜΝΦШċŰШŸƓĲŰШċĦĦĲƚƚШőŔŊő-
resolution national LiDAR database (https://lidar.geoportail.lu). During a systematic geomorphological 
study of the LiDAR data from the UNESCO Global Mëllerdall territory, an exceptional ellipse structure was 
noticed NW of the village Berdorf. Furthermore, a spatially coherent small circular anomaly can be 
observed on the 1994 Belgian Geological Survey radiometric airborne measurements. This observation is 
of utmost importance as the area around the Sauer and Moselle rivers shows in the border region 
between Luxembourg and Germany multiple signatures of young and ongoing large scale geodynamic 
processes. Kreemer et al. (2020) report highest ongoing central European uplift rates (1 mm/a) from that 
region. Meyer et al. (in prep.). mapped new mofettes and naturally CO2-rich hydrogen carbonate water 
sources are all spatially linked to faults and are located within a radius of 13 km around the elliptic 
structure. The emitted pristine gas in the area is CO2 dominated (around 97%) and a significant He 
content of 540-800 ppm. This strong He component of the gas phase is contrary to a shallow crustal gas 
source due to carbonate dissolution. Finally, Dillman & Negendank (1982) reported the furthest 
ƚŸƨƣőƽĲƚƣĲƖŰШŊĲŸũŸŊŔĦċũũǃШǃŸƨŰŊШљEŔŉĲũњШƻŸũĦċŰŸШċƣШƣőĲШÂĲƣƖŔƚĤĲƖŊШŔŰШÑƖŔĲƖШ- less than 25 km SE of the 
present study area.  

To cast light on the origin of this structure a geophysical survey consisting of two 700 m gravimetric 
profiles with 74 gravity stations had been measured in December 2023. In addition, gamma 
spectrometric data (K, U, Th) along two gravity profiles and continuous acquisition magnetic 
measurements were acquired by the company GexplOre, France. Due to the complex topography the 
gravimetry survey was far from easy. The residual of the simple Bouguer anomaly suggests a small 
ŰĲŊċƣŔƻĲШċŰŸůċũǃШыӇШ-0.15 to -0.35 mGal) in the center of the study area. While positive gravity anomalies 
(+0.140 up to +0.4 mGal) are observed on the edges of the survey area. The residual of the complete 
Bouguer anomaly confirms the small negative anomaly in the center of the structure. The residual 
magnetic field data are mainly increased within the structure boundaries (4 to 8 nT) except for the 
ŰŸƖƣőĲƖŰШƓċƖƣШŸŉШƣőĲШ ìШũŔŰĲШƽőŔũĲШƣőĲШĬċƣċШŸƨƣƚŔĬĲШƣőĲШƚƣƖƨĦƣƨƖĲШċƖĲШӅШΜШŰÑЮШÑőŔƚШĬŔƚƣƖŔĤƨƣŔŸŰШċgrees with 
trends observed on other Maar structures. The spectrometry data show all the same element trends. The 
area outside the structure boundary has higher contents of the radioactive elements in contrast to up to 
detection limit low concentrations within the structure. However, the maximum concentrations are 
observed at the SW ridge of the structure. A plausible hypothesis for the studied structure would be that it 
might be the remanent of a Maar volcano. But further geological and geophysical studies are needed as, 
despite of a negative gravity anomaly and positive magnetic anomaly within the elliptic structure, the 
observed anomalies are smaller compared to reported data from other Maars. However, these Maar 
structures are located within significantly different geological settings, where the density contrast 
between the maar lake sediments, the diatreme fillings and the surrounding bedrock are much larger. 



 

 

134 
 

 

Dillmann W, Negendank JFW (1982) Ein Lapilli-Tuffschlot südlich Trier, das südlichste Vorkommen 
kretazisch-känozoischen Vulkanismus in Eifel und Hunsrück. Mainzer Geowiss Mitt (11): 29т32 Kreemer 
C, Blewitt G, Davis PM, (2020) Geodetic evidence for a buoyant mantle plume beneath the Eifel volcanic 
area, NW Europe, Geophysical Journal International (222,2), 1316т1332 
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The Nyiragongo volcano, part of the Virunga Volcanic Province (VVP) in the Democratic Republic of Congo 
is a uniquely silica-undersaturated (32 т 49 wt.% SiO2) and alkali-rich (7 т 17 wt.% Na2O + K2O ) volcanic 
system. Through alkaline volcanism in the western branch of the East African Rift System is by no means 
rare, the compositions erupted by Nyiragongo are extreme even within this context, and the other 
volcanoes in the VVP predominantly erupt silica-saturated compositions.  

In order to address the origin of the geochemical character of Nyiragongo it is imperative that the mantle 
source feeding the volcanic system is well-understood. We approach this issue through the combined 
use of primitive whole-rock compositions and detailed geochemical analysis of early-crystallized olivine 
hosted by these samples.  

Major and trace element compositional data of the olivine indicates a Ca-rich, but otherwise 
conventional geochemical signature indicative of melt derivation from a peridotite restite. However, 
whole-rock data requires the melting of K-rich phlogopite and/or amphibole in the presence of apatite, 
garnet, and clinopyroxene since this would produce Si-undersaturated, Ca-, and K- rich melts. 
Geochemical modelling using recently acquired partition coefficients suggests that such melting must 
primarily occur at high pressures (3 GPa), outside of the stability field of amphibole, in line with the thick 
lithosphere bordering the Tanzanian craton.  

Combining the peridotite restite-signature from olivine compositions with the phlogopite-pyroxenite 
melt-source inferred from whole-rock data results in a model of metasomatic vein-melting, wherein veins 
emplaced in the subcontinental lithospheric mantle during the Pan-African orogeny are preferentially 
molten through a breakdown reaction of phlogopite at temperatures of 1150 to 1350 °C. 
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The Kasai craton covers the southern part of the Democratic Republic of the Congo and is т like other 
Archean granitoid-greenstone terranes т composed of a range of felsic igneous to metamorphic rocks, in 
among mafic-ultramafic rocks (Batumike et al 2009, De Bruyne et al 2019). As a much-needed 
petrological pilot reconnaissance study, a total of 39 samples of felsic granitoids, banded gneisses and 
migmatites were collected from across for the southern Sandoa-Kapanga half of this craton, including an 
alleged Paleoproterozoic meta-sedimentary rock sequence of the Luiza Complex. Texturally, samples can 
be subdivided into less deformed granitoids, more banded/foliated gneisses, as well as potential 
ћůŔŊůċƣŔƣĲƚќШыƽŔƣőШĬŔƚƣŔŰĦƣШĤŔŸƣŔƣĲ-ƖŔĦőШћůĲũċŰŸƚŸůĲƚќШċŰĬШŉĲũƚŔĦШћũĲƨĦŸƚŸůĲќШƻĲŔŰƚьЮШ9ŸůƓŸƚŔƣŔŸŰċũũǃЯШ
samples are subdivided into a (1) dominant granitic and (2) a less exposed Tonalite-Trondhjemite-
Granodiorite (TTG) suite (cf., Fig. a-b). TTGs tend to have relatively low HREE concentrations, together with 
a lesser depletion in Sr and Eu, consistent with some garnet amphibolite to eclogite crustal source. I-type 
granitoids are LILE/HFSE-enriched, with distinct Nb-Ta troughs, and most of these are depleted in Sr, Eu 
and Ti; attributed to both plagioclase and oxide fractionation. Positive Sr and Eu anomalies among other 
I-type granitoids may be attributed to plagioclase accumulation. Rare A-type granites are more HFSE-
enriched (including Nb-Ta and HREEs) yet also relatively low Ti concentrations, suggestive of oxide 
fractionation. Zircon U-Pb geochronology (Fig. c) identifies one Paleoproterozoic alkali granite sample 
(~2.11 Ga) and two Neoarchean granitoid samples (~2.85 & ~2.65 Ga), while a gneissic sample from 
within the Luiza Complex provided the most obvious igneous ~2.76 Ga age and one migmatite sample is 
dominated by ~2.85 Ga spot analyses. The other gneissic and migmatitic samples provide wider and 
ƓƖĲĬŸůŔŰċŰƣũǃШ~ĲƚŸċƖĦőĲċŰШċŊĲШƚĦċƣƣĲƖƚЯШŔŰĦũƨĬŔŰŊШƓŸƚƚŔĤũĲШћŔŊŰĲŸƨƚќШƓĲċťƚШċƣШӈΟЮΞΣШċŰĬШΟЮΝΤΡШ]ċЯШ
respectively. Apart from rarer Paleoproterozoic A-type alkali granites and Neoarchean I-type granites, 
there is no obvious correlation between textural, compositional and geochronological groups, where 
older migmatites and gneisses tend to be granitic and a younger (but not Paleoproterozoic!) Luiza gneiss 
is trondhjemitic. Despite such discrepancies, the petrological and geochronological record provided by 
this pilot study on sampled felsic basement rocks compares overall well with existing sparce results from 
the southern Sandoa-Kapanga half of the Kasai craton (cf., references in de Wit and Linol 2015), as well 
as emerging alluvial zircon data from a neighbouring northern half of the Kasai craton (Debruyne et al 
2019) and more comprehensive in situ zircon rock age databases from distal Sao Francisco, Angolan, 
Ntem and Bomu cratons (Teixeira et al 2017, Jelsma et al 2018, Debruyne et al 2019, Turnbull et al 2021, 
respectively) within a Greater Congo Craton. Further research of a similar kind is required to test if Paleo-
Mesoarchean remnants within these Archean blocks amalgamated during a common Neoarchean 
orogen and/or if younger orogens т like the Umbendian/Kibaran orogen separating a Tanzanian(-Bomu) 
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block т subsequently added to the growth of a Greater Congo Craton and/or what Archean fragments 
across the World may have detached from it during intervening supercontinental break-ups. 

 

De Wit M, Linol B (2015) Precambrian Basement of the Congo Basin and Its Flanking Terrains. In: M.J. de 
Wit et al. (eds.), Geology and Resource Potential of the Congo Basin, Regional Geology Reviews. 19-37.  
Debruyne D, Dewaele S, Muchez P., Oliveira E.P (2019) Detrital zircon UтPb ages from the 
Paleoproterozoic Lulua and Luiza volcanosedimentary Groups in the Kasai Shield, Congo Craton: 
Implications for the source of sediments and the Kasai-Ntem and São Francisco Craton relationship. 
Precambrian Research 333: 105448. Jelsma HA, McCourt S, Perritt SH, Armstrong RA (2018) The Geology 
and Evolution of the Angolan Shield, Congo Craton. S. Siegesmund et al. (eds.), Geology of Southwest 
Gondwana, Regional Geology Reviews, 217-239. Teixeira W, Oliveira EP, Marques LS (2017) Nature and 
Evolution of the Archean Crust of the São Francisco Craton. In: M. Heilbron et al. (eds.), São Francisco 
Craton, Eastern Brazil, Regional Geology Reviews. 29-56. Turnbull RE, Allibone AH, Matheys F, Fanning 
CM, Kasereka E, Kabete J, McNaughton NJ, Mwandale E, Holliday J (2021) Geology and geochronology of 
the Archean plutonic rocks in the northeast Democratic Republic of Congo. Precambrian Research 358, 
ΝΜΣΝΟΟЮ§ůŔƣƣĲĬШƖĲŉĲƖĲŰĦĲƚаШ7ċƣƨůŔťĲШs~ЯШ]ƖŔŉŉŔŰШìxЯШ§ќÅĲŔũũǃШÉòЯШ7ĲũŸƨƚŸƻċШE ЯШÂċƽũŔƣƚĦőĲťШ~ШыΞΜΜΦьШ
Crustal evolution in the central Congo-Kasai Craton, Luebo, D.R. Congo: Insights from zircon UтPb ages, 
Hf-isotope and trace-element data. Precambrian Research 170(1-2): 107-115. Cahen L, Snelling NJ, 
Delhal J, Vail JR (1984) The Geochronology and Evolution of Africa. Oxford: Clarendon Press. pp 512. 
Delhal J and Liègeois JP (1982). Geochronological and Isotopic Investigations on the Precambrian of 
Central Africa. Tervuren: Royal Museum for Central Africa. pp 187. Mukonki KP (2024). Petrology and 
geochronology of basement granitoids, gneisses and migmatites accross the southern Kasai craton 
(DRC). Unpublished Master Thesis. Stellenbosch University. pp 68. 

 

 

(a-b) Geochemical classification of 39 felsic rock samples and (c) summary of geochronological results 
for seven selected samples from the southern Sandoa-Kapanga region of the Kasai craton. Preferred 
igneous ages (in Ma) indicated in bold. Number of U-Pb
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The study of the chemical behavior of elements is a powerful tool to gather insights on the geological 
evolution of planetary bodies. Here, we investigate the effect of highly reducing conditions on the 
ƓċƖƣŔƣŔŸŰŔŰŊШŸŉШĲũĲůĲŰƣƚШĤĲƣƽĲĲŰШƣőĲШƚŔũŔĦċƣĲЯШůĲƣċũШċŰĬШƚƨũŉŔĬĲШůĲũƣƚШƨŰĬĲƖШƣőĲШĦŸŰĬŔƣŔŸŰƚШŸŉШ~ĲƖĦƨƖǃќƚШ
bulk silicate part during its primordial differentiation (Pirotte et al., 2023). We performed experiments at 
various temperatures, pressures and oxygen fugacity (1500 т 1700°C, 0.1 т 3 GPa and IW т 8 to IW т 1) on 
synthetic powders representative of the bulk silicate Mercury, which yield partition coefficients data for 
more than 30 minor and trace elements. Combined with data from the literature, we model the behavior 
ŸŉШÖЯШÑőШċŰĬШuШĬƨƖŔŰŊШƣőĲШƓũċŰĲƣќƚШĬŔŉŉĲƖĲŰƣŔċƣŔŸŰШċŰĬШƣőĲШŉŸƖůċƣŔŸŰШŸŉШũċƻċƚЮШìĲШĦŸŰŉŔƖůШƣőċƣШƣőĲƚĲШ
elements are strongly lithophile for most conditions, with U becoming chalcophile only at very low oxygen 
fugacity (<IW т 6). We also show that U is constantly ~20 more chalcophile than Th over the range of 
oxygen fugacity considered. As such, we find that the formation of an FeS layer at the core т mantle 
boundary, hypothesized by some author (e.g. Cartier et al., 2020), would fractionate U and Th as the 
former is more chalcophile than the latter under reducing conditions. Such a fractionation is inconsistent 
with the surface Th/U data obtained by MESSENGER. We suggest that an FeS layer should not have 
formed on Mercury under reducing conditions (<IW т 4), or that the bulk Th/U of Mercury was sub-
chondritic. If an FeS did not form on Mercury, it implies that heat-producing elements (U, Th and K) are 
concentrated into the thin silicate part. Our model also show that the surface K/Th and K/U ratios are 
respectively 2 т 4 times and 3 т 6 times lower than expected if the planet formed from chondritic material. 
These findings imply that the planet may have lost a significant amount of K, via mechanisms that are yet 
to be identified. 

 

Cartier C, Namur O, Nittler LR, Weider SZ, Crapster-Pregont E, Vorburger A, Frank EA, Charlier B (2020) No 
FeS layer in Mercury? Evidence from Ti/Al measured by MESSENGER. Earth and Planetary Science Letters 
534:116108 

Pirotte H, Cartier C, Namur O, Pommier A, Zhang Y, Berndt J, Klemme S, Charlier B (2023) Internal 
differentiation and volatile budget of Mercury inferred from the partitioning of heat-producing elements at 
highly reduced conditions. Icarus 405:115699 
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Planet Mercury has unique chemical characteristics and physical properties among the terrestrial 
bodies1. In particular, Mercury is the smallest terrestrial planet of our Solar System and is characterized 
by a large metallic core. It is now widely accepted that during accretion, the heat liberated from 
radiogenic decay and early large accretional impacts was sufficient to completely melt Mercury. This 
ĲċƖũǃШƚƣċŊĲЯШƖĲŉĲƖƖĲĬШƣŸШċƚШљ~ċŊůċШ§ĦĲċŰњЯШőċƚШĤĲĲŰШŉŔƖƚƣШŔŰƻŸťĲĬШŉŸƖШƣőĲШ~ŸŸŰШċŰĬШŔƚШƣőŸƨŊőƣШƣŸШőċƻĲШ
affected most terrestrial planets. As the silicate and metal portions separate, the progressive 
crystallization of the silicate part results in the formation of the primordial solid mantle. What occurs 
during this critical period of differentiation sets the stage for all subsequent events that shaped Mercury 
as we see it today. This includes mantle remelting and the production of a secondary magmatic crust, as 
well as the stability and storage of heat-producing and volatile elements that are crucial for planetary 
ĬǃŰċůŔĦƚШċŰĬШƓŸƣĲŰƣŔċũШĤƨŔũĬŔŰŊШŸŉШċŰШċƣůŸƚƓőĲƖĲЮШÑőĲШŊĲŸĦőĲůŔĦċũШĬċƣċШƖĲƣƨƖŰĲĬШĤǃШ  É ќƚШ~EƖĦƨƖǃШ
Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) spacecraft revealed an 
unusually high concentration of sulfur of surface volcanic units coupled with the paucity of iron. This 
pointed to highly reduced conditions (low oxygen availability) of formation of surface lavas. Sulfur is 
therefore thought to be a major mantle volatile, with profound implications for melt temperatures, phase 
equilibria and, as a consequence, the vertical structure of the mantle2. The central objective of this 
project is to investigate the structure of the primordial mantle of Mercury as a direct result of the 
crystallization of its magma ocean, thus providing a revised standard model for the evolution of the 
planet in its early history. To tackle these issues, laboratory experiments are now being performed on 
Mercury-like mantle compositions, at high temperature and different pressures, in conditions of low 
oxygen fugacity and sulfur saturation. Experimental results (phase equilibria, major element distribution) 
are then combined with thermodynamical modelling (inspired by the studies on the lunar magma 
ŸĦĲċŰΟьШƣŸШƚŔůƨũċƣĲШƣőĲШŉƖċĦƣŔŸŰċũШĦƖǃƚƣċũũŔǍċƣŔŸŰШŸŉШ~ĲƖĦƨƖǃќƚШůċŊůċШŸĦĲċŰЯШŔŰШŸƖĬĲƖШƣŸШƖĲĦŸŰƚƣƖƨĦƣШƣőĲШ
ƚƣƖċƣŔŊƖċƓőŔĦШƚĲƕƨĲŰĦĲШŸŉШ~ĲƖĦƨƖǃќƚШƓƖŔůŸƖĬŔċũШůċŰƣũĲЮШÂƖĲũŔůŔŰċƖǃШƖĲƚƨũƣƚШƚőŸƽШƣőċƣШŸƖƣőŸƓǃƖŸǂĲŰĲШċŰĬШ
olivine are the main silicate minerals making up the primordial mantle of Mercury, and that the presence 
of sulfur in the MMO stabilizes orthopyroxene over olivine. Our final outcomes will therefore help 
understand not only the early evolution of Mercury, the structure and heterogeneities of its mantle, and 
the formation of its crust, but also the evolution of Mercury-like terrestrial exoplanets. 

 

[1] Charlier, B, Namur, O, (2019) The Origin and Differentiation of Planet Mercury. Elements 15, 9-14 

[2] Namur, O, Charlier, B, Holtz, F, Cartier C, McCammon, C, (2016) Sulfur solubility in reduced mafic 
silicate melts: Implications for the speciation and distribution of sulfur on Mercury. Earth and Planetary 
Science Letters 448, 102-114 
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[3] Charlier, B, Grove, TL, Namur, O, Holtz, F, (2018) Crystallization of the lunar magma ocean and the 
primordial mantle-crust differentiation of the Moon. Geochimica et Cosmochimica Acta 234, 50-69. 
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Alkaline magmas, characterized by high K2O and Na2O, occur at a variety of settings worldwide, 
including continental rifts, ocean-islands and arc-settings.  They encompass a wide range of 
compositional and mineralogical diversity, and include both silica-saturated and undersaturated 
compositions.  The crystallization of feldspathoids, a family of aluminosilicate minerals formed when too 
little silica is available to form feldspars, is one of the most obvious mineralogical features of silica-
undersaturated alkaline magmas. However the boundary between the stability fields of plagioclase 
feldspar and the feldspathoids in the compositional space of alkali basalts, and the effects P, T, volatiles 
and fO2 on the evolution of residual liquids during progressive cooling and crystallization are poorly 
defined. Oxygen fugacity in particular, which affects the stability of Fe-bearing phases through control of 
melt Fe2+/Fe3+ ratios, has the potential to influence the path of alkaline melt differentiation significantly, 
and warrants closer study. 

This study examines the dry phase equilibria and liquid lines of descent (LLDs) in mafic alkaline magmas, 
with the aim of understanding differentiation processes in shallow crustal storage regions. Five primitive 
(9.3-11.1 wt.% MgO) and four evolved (5.0-5.6 wt.% MgO) alkaline samples, from Fogo (Cape Verde), 
Terceira (Azores), Tristan da Cunha, Nyamulagira (Democratic Republic of the Congo; DRC) and 
Nyiragongo (DRC) were used as starting compositions. Equilibrium crystallization experiments were 
performed in a gas mixing furnace at 1 atm, between 1220-1100°C and 1170-1050°C for experiments 
using primitive and evolved compositions respectively. Oxygen fugacities corresponding to the fayalite-
magnetite-quartz (FMQ) buffer, FMQ-1, FMQ+1.5 and FMQ+3 were chosen to reflect natural variability. 

Saturated phases in primitive samples include olivine ± spinel ± clinopyroxene ± plagioclase ± 
pseudobrookite. Evolved samples saturate spinel ± olivine ± clinopyroxene ± plagioclase ± nepheline ± 
ilmenite ± pseudobrookite ± whitlockite ± rhönite. Nepheline is the only feldspathoid to saturate in these 
experiments, and is restricted to the evolved starting composition from Nyiragongo, the most silica 
under-saturated, at 1050°C. Experiments at higher fO2 produce LLDs that evolve towards increasing 
silica-saturation due to crystallization of phases poor in silica relative to the melt. This effect 
predominantly results from enhanced stability of spinel  under oxidising conditions, alongside 
clinopyroxene and Fe-Ti oxides. Melt FeO content also reflects the crystallization of spinel and Fe-Ti 
oxides, the latter controlling melt TiO2 in addition. Melt CaO content however, is largely controlled by the 
volume of clinopyroxene, which is further reflected in the composition of other CaO bearing phases, such 
a plagioclase. Finally, the absence of highly alkaline phases, this increased crystallization at high fO2 
enriches the melt in alkalis, while melt fractions fall.  
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These experiments demonstrate that redox conditions exert a strong control on mineral assemblages, 
and the degree of melt evolution, with oxidising conditions producing smaller volume, silica-enriched 
residual liquids at a given temperature. Additionally they show the limited stability of feldspathoids under 
the conditions investigated. Subsequent work will explore the effect of pressure and volatiles on feldspar 
and feldspathoid stability, and the evolution of alkaline magmas. 

 

 



 

 

143 
 

SESSION 3 - PLANETS, MAGMAS AND VOLCANOLOGY 

An improved model for post -entrapment crystallisation of olivine -
hosted melt inclusions: constraining complex uncertainties  

 

T. D. VAN GERVE 1*; A. BORST 1, 2; O. NAMUR 1 

 

1 Department of earth and environmental sciences, KU Leuven, Belgium. 2 Royal Museum for Central 
Africa, Belgium 

 

While compositions of glassy olivine-hosted melt inclusions provide unique information about deep 
magmatic plumbing systems, magma storage depths and the early differentiation of primary mantle 
melts, they are almost always altered by post-entrapment crystallisation (PEC) processes (van Gerve et 
al., 2024). Various algorithms exist to calculate PEC extents and the composition of the melt inclusions 
prior to partial crystallization (e.g. Danyushevsky and Plechov, 2011; Rasmussen et al., 2020; Brahm et 
al., 2021). These algorithms depend on calculated parameters such as melt iron speciation, olivine-melt 
Fe-Mg partition coefficients [Kd(Fe-Mg)] and crystallisation temperature. These parameters can be 
modelled in various ways and as such the model choice potentially significantly influences calculated 
PEC extents and corrected melt compositions. However, currently available PEC correction algorithms 
are either static and only implement a single model for each parameter or rely on dated models.  

We provide an improved PEC correction Python code that includes a wide selection of up-to-date models 
for each parameter (fig. 1). Moreover, the code is flexible and can be extended with additional models by 
the user if needed. Our results show that calculated crystallisation extents can vary by more than a factor 
of two by changing a single model, highlighting the importance of their careful selection. This is especially 
important for melt iron speciation models, as they significantly impact equilibrium olivine compositions 
though the calculated Fe-Mg partition coefficients. Moreover, many iron speciation models are only 
applicable at 1 bar, while crystallisation of melt inclusions can take place at greater pressure, potentially 
up to 20 kbar.  

Errors on each model are included in the PEC correction code and can be propagated to the calculated 
PEC extents in a Monte-Carlo simulation. Additionally, analytical errors on melt and olivine compositions 
can be included in the error propagation, constraining all potential sources of error. Using melt inclusion 
data from the Azores (van Gerve et al., 2024), we show that typical errors on PEC extents are below 50% 
of their calculated values. These errors are small compared to the range in PEC extents calculated with 
different model settings and selecting appropriate models is therefore crucial for calculating accurate 
PEC extents. Our PEC correction code provides the flexibility needed to do this and as such presents a 
significant improvement over existing algorithms. 

 

Brahm, R., Zellmer, G. F., Kuritani, T., Coulthard, D., Nakagawa, M., Sakamoto, N., Yurimoto, H. & Sato, E. 
(2021). MushPEC: Correcting Post-entrapment Processes Affecting Melt Inclusions Hosted in Olivine 
Antecrysts. Frontiers in Earth Science 8, 1т20.  Danyushevsky, L. V. & Plechov, P. (2011). Petrolog3: 
Integrated software for modeling crystallization processes. Geochemistry, Geophysics, Geosystems 12. 

Rasmussen, D. J., Plank, T., Wallace, P. J., Newcombe, M. E. & Lowenstern, J. B. (2020). Vapor-bubble 
growth in olivine-hosted melt inclusions. American Mineralogist 105, 1898т1919. 
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van Gerve, T. D., Neave, D. A., Wieser, P., Lamadrid, H., Hulsbosch, N. & Namur, O. (2024). The Origin and 
Differentiation of CO2-Rich Primary Melts in Ocean Island Volcanoes: Integrating 3D X-Ray Tomography 
with Chemical Microanalysis of Olivine-Hosted Melt Inclusions from Pico (Azores). Journal of Petrology 
65, 1т24. 

 

 

Figure 1. PEC extents of Azorean melt inclusions (van Gerve et al., 2024) calculated with various [a] melt 
Fe3+/Fe2+  and [b] Kd(Fe-Mg) models. Results between individual models can vary by more than a factor 
of two.
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Geo-electric methods such as Electrical Resistivity Tomography (ERT) and Induced Polarization (IP) have 
become increasingly important in the characterization of volcanic and geothermal systems. The methods 
rely on the electrical properties of the subsurface. In volcanic settings, the main influences are 
temperature, gas content, mineral precipitation, and the presence of alteration clays. 

The ERupT project aims to assess the suitability of ERT to visualize the dynamics in volcanic hydrothermal 
systems. With the long-term aim of improving hazard assessment associated with phreatic/hydrothermal 
eruptions. The Reykjanes Geothermal field was chosen for the experiment, in September 2022 the field 
was characterized using geo-electric methods allowing us to identify zones of high and low activity and 
areas where new surface manifestations are likely to occur.  

The monitoring profile is situated in an area where we expect the most changes to occur, it was installed 
in October 2022 and automatically measures one profile per day with currently 19 months of almost 
uninterrupted data. The profile Is 355 meters long and has a depth of investigation of 30 to 50 meters.  

The 2021 eruption at Fagradalsfjall marked a new age of volcanism in the Reykjanes peninsula, since the 
start of the ERT monitoring 5 occurred. The first eruption happened in the Fagradalsfjall system on July 
10th  2023, after that activity moved towards the Svartsengi system, which has been periodically erupting 
since December 18th 2023. The eruptions are located at respectively 10 and 25 km from the field site.  

Although the ERT system is located at a considerable distance from the eruption sites and the 
investigation depth is shallow, we observed signals possibly related to both eruptions and accompanying 
unrest, manifesting as a significant increase in resistance (figure1). When visualizing this with the 
earthquake magnitude on the peninsula, a pattern can be observed. An increase in resistance is followed 
by an earthquake swarm and later a volcanic eruption. In the case of Fagradalsfjall these events follow 
each other quickly, i.e. a few days, whilst for the Svartsengi case it's months. In this context, an increase 
in resistance is likely caused by a drop in saturation due to high gas levels, which can be caused by 
magma degassing during the uprise. This raises the question of the time difference, possible factors are 
the difference in morphological context and preferential flow paths relative to our monitoring site.   

It should also be noted that this behavior is not observed in all data points, hence advanced processing is 
needed combined with interpretation using data from other methods. Tremor and soil temperature data 
are available along the ERT profile, together with one CO2 sensor. 

To our knowledge, this is the first time that ERT has been used for daily monitoring of a volcanic system. 
With joint interpretation to deduce the signal origin, we believe that ERT can be a valuable addition to 
volcanic monitoring networks. 
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Evolution of the Resistance in one pseudo-point, with an indication of the earthquake magnitude on the 
peninsula and volcanic eruptions.
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As the search for habitable exoplanets becomes more prominent, plenty of exoplanetary research is 
needed to deepen our understanding of the formation and evolution of all types of exoplanets. Although, 
as surface and interior compositions of rocky exoplanets still cannot be directly determined, rocky 
exoplanets are assumed to have similar refractory element ratios, e.g. low Mg/Si vs. high Mg/Si, as their 
stars considering they have formed from the same cloud of gas and dust. This assumption allows to 
examine different compositions and their effect on the interior of a planet with that composition. The 
aims of this MSc research are (1) to determine the melting behaviour of non-peridotitic mantles of low-Mg 
planets, and (2) to determine the composition of melts produced in a non-peridotitic mantle and the 
formation of a secondary volcanic crust, and (3) to get first order constraints on the atmospheric 
composition.  

The selected compositions are based on the EH composition of Berthet et al. (2009), as enstatite 
chondrites are assumed to be one of the potential building blocks of reduced planetary bodies. From the 
three selected compositions, with a varying molar Ca/Al ratio (0.76, 0.85, and 0.95), synthetic samples 
are prepared using the following pure oxide powders: SiO2, Al2O3, Fe2O3, MgO, CaSiO3, and Na2SiO3. 
High temperature experiments are run with the samples in a vertical tube gas-mixing furnace at five 
different temperatures (1300°C, 1325°C, 1350°C, 1375°C, and 1400°C), at an fO2 of FMQ-2 for 50 to 100 
hours. Afterwards, the samples are chemically analysed by the Scanning Election Microscope, 
developing a thermodynamic model of mantle melting for various lithological sources. The SEM is also 
used to attain BSE images to determine the distribution of melt and crystals in the samples. Electron 
Dispersive X-ray Spectroscopy is used to chemically analyse the experimental products.  

The main crystallising phases present in the experimental products are orthopyroxene and quartz. They 
both occur as anhedral to euhedral crystals within the melt, with quartz occasionally being trapped in 
Opx crystals at lower temperatures. The composition of the melt has decreasing amounts of Si and Al, 
and increasing amounts of Mg with increasing temperatures, i.e. degree of partial melting. The melt 
composition is also slightly influenced by the increasing Ca/Al ratio in the starting composition, where an 
increase of Mg and Ca is visible and a decrease of the amounts of Na and Si. However, these are not 
highly significant differences as they only vary up to 2 oxide% with increasing Ca/Al ratio. Further, the 
estimated fraction of melt in the samples range from 25% to 55%. This wide range is mostly due to the 
occurrence of melt blobs in certain samples, greatly affecting the estimations. An increasing Ca/Al ratio 
also increased the melt fraction present in the experiments, although only at higher temperatures. At 
lower temperatures a more dubious trend is visible. In general only a minimal influence of the Ca/Al ratio 
is visible within the samples of this research, causing more CaO and slighly less Al2O3 to be present in 
the melt at higher Ca/Al ratios. Lastly, predictions for volatile saturation in the produced melts show the 
following general evolution in dominant volatile species: H2-CH4 -> H2 -> CO -> CO-CO2. An increasing 
H as H2O concentration shift the atmospheres with reduced oxygen fugacities (IW-3 to IW-6) from a CO-
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rich to H2 and CH4 rich atmospheres. At more oxidized conditions (IW to IW+3) the atmospheres are 
always CO-CO2 rich. 

 

Berthet S, Malavergne V, and Righter K (2009) Melting of the indarch meteorite (eh4 chondrite) at 1 gpa 
and variable oxygen fugacity: Implications for early planetary differentiation processes. Geochimica et 
Cosmochimica Acta 73(20): 6402т6420. 
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Rocky exoplanets with high core mass fraction (CMF) are broadly defined as Mercury-analog planets due 
to their high bulk densities. Mercury, in our solar system, serves as a benchmark due to its exceptionally 
high CMF of 0.7 [1]. Mercury also has distinctive chemical attributes, with a mantle nearly free of Fe (0.17 
wt.% [1]) and differentiated under an extremely reduced conditions (oxygen fugacity, fO2: IW-3 to IW-6 
with IW referring to iron-wüstite equilibrium; [2-3]), which results in a significant amount of light elements 
partitioning into its core [2]. In this study, we are interested in asking: what are the compositions and 
interior structures of Mercury-analog planets, how do they form, are they rare or common, are there 
multiple pathways to forming a Mercury-analog planet?  

We consider the elemental abundances of key rock forming elements (O, S, Na, Si, Mg, Fe, Ca and Al) 
from the host star in the solar neighborhood (< 200 parsec). We employ a devolatilization model based on 
elemental condensation in a steady protoplanetary disk that considers size and temperature distribution 
of the star to predict the compositions of hypothetical Mercury-analog planets. Crucially, the extent to 
which oxygen can condense into solid silicates during planetary formation significantly influences their 
core size, and compositions of both core and mantle. We found that only 5-7% of the stars may form 
Mercury-analog planets. Mercury-analog planets can have CMF spanning from 0.3 to 0.6, with bulk planet 
fO2 varies between IW-2.5 to IW<-7. Their mantle typically has low Fe/Si ratio (< 0.1), while the core can 
be Si dominated (50 wt.% Si + ~ 50 wt.% Fe). These distinct compositions imply that Mercury-analog 
planets likely have different interior structures and may preserve unique atmospheric compositions. Our 
models are then used to classify whether the identified exoplanets may resemble Mercury-analog or not. 
Additionally, we highlight the uniqueness of Mercury within our solar system, suggesting a lateral event 
such as a giant impact or mantle evaporation may have stripped its mantle, contributing to its unusually 
high CMF. 

 

[1] McDonough & Yoshizaki 2021 [2] Namur et al., 2016 [3] Cartier & Wood 2019 
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fŰШƣőŔƚШƚĲĦƣŔŸŰШ7ĲũŊŔƨůќƚШƖŔĦőШŊĲŸũŸŊŔĦċũШőĲƖŔƣċŊĲШŔƚШĬĲƓŔĦƣĲĬШŔŰШŔƣƚШŔůƓċĦƣШŸŰШũċŰĬƚĦċƓĲƚШċŰĬШŔƣƚШƓƖŸƻŔƚŔŸŰШ
of the mineral base of the built environment, past and present. The link between the geological substrate 
and cultural heritage were created and maintained by many generations of inhabitants with profound 
knowledge of their environment, but this link seems to be broken today. Much of the traditional 
knowledge has been lost on where to find and how to use local mineral resources or on the hazards 
related to former exploitations or land use. Geoscientists have become essential partners to 
ċƖĦőĲŸũŸŊŔƚƣƚЯШőŔƚƣŸƖŔċŰƚЯШċƖĦőŔƣĲĦƣƚЯШĦŔƣǃШƓũċŰŰĲƖƚЯШƣŸƨƖŔƚƣШċŊĲŰĦŔĲƚШвШŔŰШƖĲĦŸŰƚƣƖƨĦƣŔŰŊШƣőĲƚĲШũŔŰťƚЯШĤƨƣШ
also to quarry operators, construction companies for providing sound bases for efficient and ecological 
ĲǂƣƖċĦƣŔŸŰШċŰĬШƨƚĲШŸŉШƣőĲШƚƨĤƚƨƖŉċĦĲШůċƣĲƖŔċũƚЮШÑőĲШŊĲŸũŸŊŔĦċũШĬŔƻĲƖƚŔƣǃШŸŉШ7ĲũŊŔƨůќƚШũċŰĬƚĦċƓĲƚШŔƚШ
gradually becoming acknowledged as a valuable resource for education and tourism and integrated into 
global protection and management schemes. 

 

mailto:capucine.bertola@pierresetmarbres.be
mailto:jan.elsen@kuleuven.be
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In recent decades, the increased consumption of fossil fuels has led to a dramatic rise in atmospheric 
CO2 levels. To mitigate this increase, measures to limit greenhouse gas emissions and other pollutants 
have been implemented in recent years. The possibility of carbon capture and storage (CCS), as well as 
the capture of other pollutants, offers new perspectives in regulating these parameters, which are 
primarily responsible for current and future climate changes. Among the processes for capturing and 
storing CO2, approaches focusing on the ability of organisms to induce carbonate precipitation seem 
particularly promising through the accumulation of carbonate deposits in rivers. Long considered to 
result from abiotic processes attributed to chemical precipitations, carbonate concretions contain a 
significant microbial component, suggesting an active role in the formation of these carbonate deposits. 
Therefore, carbonate concretions result from a balance between abiotic and biotic processes. While the 
functioning of microbial systems and their role in carbonate precipitation are relatively well understood, 
significant gaps remain in quantifying the volumes of carbon that can be stored and the kinetics of 
mineralization. By defining optimal bio-physico-chemical conditions and constraining mineralization 
kinetics, it becomes possible to predict the volumes of CO2 and pollutants captured and stored in the 
form of carbonates induced by microbial community activity. One potential use for the resulting 
carbonated products could be in construction materials or bioremediation through pollutant 
mineralization. 
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The world-famous black marbles of Belgium are not marbles in the petrographic sense. Rather, they 
consist of fine-grained, well-cemented Paleozoic limestones devoid of veins or fossils. Consequently, 
they exhibit a uniform pure black color, and can be finely polished. Several detailed studies have been 
dedicated to these ornamental stones, including those focused on Basècles (Overlau, 1966) and Dinant 
(Mottequin, 2004) (see also Dusar et al., 2009). 

Five varieties of Belgian black marbles were recently investigated for discrimination purposes (Boulvain et 
al., 2020). They span in age from Frasnian (Golzinne) to Visean (Dinant, Theux, Basècle, Lives). Three 
methods were employed: petrography, magnetic susceptibility (MS), and geochemical analysis of major 
elements and REE. 

The MS results clearly differentiate the Frasnian black marble from its Visean counterparts. However, MS 
fails to distinguish between the various Visean black marbles. Petrographic analysis revealed various 
microfacies reflecting predominantly quiet environments, occasionally interrupted by more energetic 
phenomena such as turbidites or storms. These microfacies were integrated into two depositional 
models: a calm offshore setting, situated below or in close proximity to the storm wave base (Salet, 
Basècles), and a shallow yet highly sheltered zone protected from waves and currents (Lives and 
Golzinne). 

Nevertheless, all these techniques are destructive and require sampling, with sample sizes ranging from 
approximately 1 g for geochemical analyses, around 10 g for MS, to the preparation of thin sections for 
petrography. 

The aim of the present study is to evaluate spectrophotometry, a non-destructive method, for identifying 
black marbles. This method may be complemented by portable MS, eliminating the need for sampling. 

Spectrophotometric analysis of 170 samples was conducted using a CM-700d/600d spectrophotometer 
from Konica Minolta. This device features openings with diameters ranging from 3 to 8 mm, allowing for 
averaging over a relatively large surface area. The parameters provided by this instrument include: L* for 
luminance, a* representing the position of the sample color on the red-green axis, and b* representing 
the position of the sample color on the yellow-blue axis. The device employs a pulsed xenon lamp as its 
light source and covers a spectral range from 400 to 700 nm. Specular reflection can be either included or 
excluded. 

Comprehensive tests were conducted using various parameters and capabilities of the device, with the 
best discrimination achieved through the L* and a* values. Experiments were also carried out to assess 
the effect of surface treatment on marble samples, revealing that the most favorable results were 
obtained from acid-etched or polished surfaces. 

 



 

 

153 
 

Boulvain F, Poulain G, Tourneur F, Yans J (2020) Potential discrimination of Belgian black marbles using 
petrography, magnetic susceptibility and geochemistry. Archaeometry 62: 469-492. 
https://doi.org/10.1111/arcm.12530 

Dusar M, Dreesen R, De Naeyer A (2009) Renovatie en Restauratie. Natuursteen in Vlaanderen т 
versteend verleden, Mechelen: 562 p. 

Mottequin B (2004) Paléoécologie et interprétation sédimentologique du "marbre noir" de Denée (Viséen 
inférieur, Belgique). Geologica Belgica 7: 3-19. 

§ƻĲƖũċƨШÂШыΝΦΣΣьШxċШƚĳĬŔůĲŰƣċƣŔŸŰШƻŔƚĳĲŰŰĲШĬċŰƚШũќ§ƨĲƚƣШĬƨШcċŔŰċƨƣШ7ĲũŊĲЮШUniversité catholique de 
Louvain, unpublished PhD thesis: 130 p. 
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Through the main historical building of Liege Medival city center, we have designed a stroll allowing to go 
through 550 Million years of the geological history of Wallonia. This tour combines information on the 
Geology of Wallonia and on the history of extractive activities in Belgium.   

Our tour starts Place Saint Lambert. We can see Cambrian or Ordovician slates on top of some historical 
buildings. Then the Pavés de Quenast (Silurian magmatic rocks) are the testimony of a subduction phase. 
The Society of Quenast porphyr was one of the most active producing cobbles in the 19th century, with 
those cobbles in the Grand Place de Bruxelles, Champs Elysées and Place Rouge.  

After the building of the Caldeonian mountain belt, the following sediments are the preliminary result of 
the erosion of this mountain belt, with conglomerate, sandstones and slates (on top of the Palais des 
Princes Evèque).  When the mountain belt is partially eroded and provides less detrital material, 
ĦċƖĤŸŰċƣĲƚШƚƣċƖƣƚШƣŸШĬĲƻĲũŸƓШċŰĬШƽĲШĦċŰШŸĤƚĲƖƻĲШƣőĲШĤĲċƨƣŔŉƨũШљ~ċƖĤƖĲШÅŸƨŊĲњШůƨĬШůŸƨŰĬШƓũċĦĲШÉċŔŰƣШ
xċůĤĲƖƣЯШċƚШƽĲũũШċƚШŸŰШƣőĲШĲůĤũĲůċƣŔĦШÂĲƖƖŸŰЮШÑőĲШÄƨċƖƖŔĲƚШŸŉШљ~ċƖĤƖĲШÅŸƨŊĲњШőċƻĲШĤĲĲŰШƻĲƖǃШċĦƣŔƻĲШ
from the 16th century and the Marbre Rouge has been used among other in the Versaille Chateau. We 
continue our tour to the Saint George area, at the rue sur les Foulons and we observe the Rhisnes 
Formation, lateral equivalent of the mud mound, with bioturbated limestones. In the place Saint 
7ċƖƣőĲũĲůǃЯШƽĲШĦċŰШƚĲĲШƣőĲШxƨƚƣŔŰШ[ŸƖůċƣŔŸŰШљƖĲĲŉċũШĬĲƓŸƚŔƣƚњЯШċƚШƽĲũũШċƚШƣőĲШ[ċůĲŰŰŔċŰШƚċŰĬƚƣŸŰĲƚШċƚШ
cobbles.  

fŰШƣőĲШĦŸƨƖƣШÉċŔŰƣШ ŰƣŸŔŰĲЯШƽĲШőċƻĲШƣőĲШƣƖċŰƚŔƣŔŸŰШƣŸШƣőĲШ9ċƖĤŸŰŔŉĲƖŸƨƚШƽŔƣőШƣőĲШŉċůŸƨƚШљÂĲƣŔƣШ]ƖċŰŔƣњШŉƨũũШ
ŸŉШĦƖŔŰŸŔĬƚЮШÑőĲШљÂĲƣŔƣШ]ƖċŰŔƣњШƕƨċƖƖŔĲƚШċƖĲШċĦƣŔƻĲШƚŔŰĦĲШƣőĲШΝΤƣőШĦĲŰƣƨƖǃЯШőŸƽĲƻĲƖЯШŔŰШxŔĲŊĲЯШƣőĲШůċƣĲƖŔċũШŔƚШ
used mostly after the 19th century. Then we reach the court of the Musée de la Vie Wallonne, with the 
љÂŔĲƖƖĲШĬĲШxŸŰŊƓƖĳњЯШƖŔĦőШŔŰШŸŸŔĬƚШċŰĬШĦƖŔŰŸŔĬƚШċŰĬШƣőĲШљÂŔĲƖƖĲШĬĲШéŔŰċũůŸŰƣњШƖŔĦőШŔŰШŸŸŔĬƚШыƽŔƣőШĤĲċƨƣŔŉƨũШ
ĦƖŸƚƚШċŰĬШőĲƖƖŔŰŊĤŸŰĲШƚƣƖċƣŔŉŔĦċƣŔŸŰƚьЮШìĲШĦċŰШċũƚŸШƚĲĲШƣőĲШљÂŔĲƖƖĲШĬĲШ~ĲƨƚĲњШĬŔƚƓũċǃŔŰŊШĬċƖťШũŔůĲƚƣŸŰĲƚШ
with corals, or stromatolites.  

ÑőĲШ ċůƨƖŔċŰШљ]ƖĿƚШĬќ ŰĬĲŰŰĲњШĦċŰШĤĲШƚĲĲŰШŔŰШƣőĲШƖƨĲШÂŔĲƖƖĲƨƚĲЮШfƣШŔƚШŰŸƣŔĦŔċĤũĲШƣőċƣШƣőŔƚШƚƣŸŰĲШŔƚШ
actually a very sturdy quartzite, and has been used in most of the numerous steep streets of Liege. We 
reach the Terrasse des Minimes, with the Westphalian sandstone. This stone was easily extracted in and 
around Liege and so, has been largely used, but it is easily altered.  

ÑőĲШ7ċŢŸĦŔċŰШљÂŔĲƖƖĲШĬĲШxŸŰŊƽǃњШŔƚШĲǂƓŸƚĲĬШŔŰШƣőĲШĦŸƨƖƣШĬĲƚШ~ŔŰŔůĲƚШċŰĬШŔƚШċũƚŸШƚƣƖŸŰŊũǃШċũƣĲƖĲĬЮШìĲШŊŸШ
ĤċĦťШƣŸШƣőĲШÂċũċŔƚШĬĲƚШÂƖŔŰĦĲШEƻĿƕƨĲШƣŸШƚĲĲШƣőĲШљ~ċċƚƣƖŔĦőƣŔċŰШĦőċũťњШċŰĬШƣŸШƖĲƻŔƚĲШƣőĲШůƨũƣŔƓũĲШ
occurrence of Lower Carboniferous stones in the court of the Palace. We finish with the place Saint 
xċůĤĲƖƣШċŰĬШƽŔƣőШƣőĲШÂċũĲŸŊĲŰĲШљÂŔĲƖƖĲШĬĲШ]ŸĤĲƖƣċŰŊĲњШŉƨũũШŸŉШũċƖŊĲШĤŔŸƣƨƖĤċƣŔŸŰƚЮШ 
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UGGp Famenne Ardenne 

 

Since 2024, there have been two UNESCO Global Geoparks (UGGps) in Belgium, Schelde Delta a new 
geopark labelled this year and Famenne Ardenne labelled in 2018 (Verheyden, 2024). A UNESCO Global 
Geopark are single, unified geographical areas where sites and landscapes of international geological 
significance are managed with a holistic concept of protection, education and sustainable development. 
The purpose of a UGGp is not exclusively on geology but to explore, develop and celebrate the links 
between that geological heritage and all other aspects of the area's natural, cultural and intangible 
heritages. (https://www.unesco.org/en/iggp/geoparks/about). 

The Famenne Ardenne UNESCO Global Geopark has highlighted the Devonian stratigraphy and its 
emblematic karst. This karst, mainly swallow holes resurgence systems and underground meander cutt-
offs type due to the underground pathways of rivers, in Appalachian relief, is developed mainly in a 
Givetian limestone band known locally as the Calestienne. The Calestienne is characterised by a high 
density of karst phenomena with a particularly high population and anthropization. 

The designation is not permanent but for a period of four years after which the functioning and quality of 
each UNESCO Global Geopark is thoroughly re-examined during a revalidation process.  

In 2023, our geopark successfully received a revalidation mission extending our recognition until 2027. To 
achieve this, we focused on our actions. The Starting point, the identification, characterization, 
digitalization, study, and management of geoheritage and geological sites. The establishment of the 
geopark has had a profoundly positive impact by raising awareness among the public, including 
policymakers, about the significance of geology. While there is still progress to be made, these initiatives 
have fostered a greater appreciation for geoheritage and its role in enhancing our understanding of Earth 
processes through research. The public, whether residents or tourists, has shown keen interest and 
curiosity in exploring these territories in novel ways. Geo-heritage is now also taken into account in the 
development of nature parks. 

The Durbuy Anticline stands as an easily accessible and captivating geological feature, drawing in a 
diverse audience. Its significance is deeply ingrained in the local culture and heritage, actively embraced 
and promoted by the medieval town of Durbuy.  

This site represents an archetype anticline and as such it is a classical site used for the education of 
geology and geoscience for students from Belgium and neighboring countries.  

In 2023, with the help of the NCGS (National Committee for Geological Sciences, Belgium), the Durbuy 
Anticline was proposed as a candidate geosite to feature in the esteemed Second 100 IUGS Geological 
Heritage Sites in the History of geosciences (Verheyden, 2024). 
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An IUGS Geological Heritage Site is a key place with geological elements and/or processes of 
international scientific relevance, used as a reference, and/or with a substantial contribution to the 
development of geological sciences through history (https://iugs-geoheritage.org/). 

 

Delaby S. et Verheyden, S. 2022. Le karst du Géoparc mondial UNESCO FamenneȤArdenne. 18th 
International Congress of Speleology - Savoie Mont Blanc 2022 - Vol. 1 - Karstologia Mémoires n°25 : pp 
183-186 d'Omalius d'Halloy, J.B.J. (1807). Notice sur la disposition des couches du coteau de Durbuy. 
Journal des Mines, 21, 475-480. Verheyden S, Delaby S, Walstra J., Devleeschouwer X., Jacobs J., Jonkers 
W. & Heyvaert V. UNESCO Global Geoparks in Belgium - added value and perspectives. Proceedings of 
the  37th International Geological Congress 2024, Busan, Korea. Verheyden S., Dejonghe L., Delaby, S , 
Devleeschouwer X., Dusar M. and Speijer RP. 2024. The Durbuy Anticline: a top geoheritage site in the 
UNESCO Global Geopark Famenne-Ardenne, Belgium. Proceedings of the 37th International Geological 
Congress 2024, Busan, Korea. 

 

 

The wonderfully exposed Durbuy Anticline in the medieval town of Durbuy taken by drone was first 
described in 1807 by the famous Belgian geologist Jean-Baptiste-Julien d'Omalius d'Halloy. (photography 
Christian Burlet). 
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Archaeological excavations in the medieval city centre of Antwerp, due to the renovation of the Scheldt 
quays, uncovered under the Noorderterras a stone deposit, which was studied for its lithological content. 
In total more than 7.5 tons of stone were excavated, cleaned and classified into >17% of Tournaisian 
stone from on-site or nearby demolished buildings, unexpectedly <20% of septaria from clay pits along 
the Scheldt and Rupel rivers, 58% of ship ballast stone, the remainder composed of other building 
stones, utensils and artificial stone. Among the ballast stones, 15% was composed of flint, probably 
deriving from the coastline in actual northern France. 43% of ballast stone material was composed of 
mostly siliciclastic rocks, mainly vein quartz, veined quartzite and quartzite. Among these, Lower 
Devonian Taunus and Koblenz quartzites were predominant, deriving from the southern edge of the 
Rhenish Massif but likely collected from downstream river Rhine terraces. Building stones and utensils 
allowed even more precise provenance determination. Basaltic millstones from the East Eifel used to be 
recycled as building stone; more special were occasional finds of pestles in garnet-amphibolite from the 
Caledonides of middle Norway and the Eidborg whetstone from southern Norway. Lede stone was 
obtained from the nearest-by occurrences in the area between Brussels and Mechelen (Malines), due 
south of Antwerp. Glauconiferous sandstone from local Neogene sands found its way into the stone 
deposit, although not known as a building stone. Calcareous tufa and Carboniferous sandstones, 
probably both from the Liège basin, are similar to nearby finds in gallo-roman context, hence are likely 
recycled. Calcareous sandstone of Boulogne, Connincthun calcareous sandstone т the first record in 
Belgium т and Marquise oolite of Jurassic age, together with the Cretaceous flints point to coastal trade in 
direction of Boulogne-sur-Mer. Building stones composed of volcanic tuff of the Römer Tuff type and 
Triassic Bunter Sandstone suggest a Rhenish origin, no longer persisting in the existing historical 
buildings. This Rhenish origin is further supported by unique rock types such as Reimerath Trachyte, 
Palagonite Tuff, Nahe Red Porphyry, Oligocene Hydrobienkalk from the Neuwied Basin. It can be 
concluded that the area of Cologne to Mainz along the river Rhine was the major trade destiny for 
Antwerp harbour, serving as a port of transshipment for coastal trade along the southern North Sea shore, 
in the period from the 9th to the 14th century. 
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Provenance map of natural stones recognised in the Noorderterras stone deposit, assumed or proven 
depending on the stone type: : local glauconiferous sandstones, lithified Quaternary sand; 1: Tournai 
limestone; 2: calcareous tufa, Carboniferous sandstones; 3: volcanic tuff, basalt(lava), scoria, Reimerath 
trachyte; 4: Macquenoise arkose; 5: melaphyre, Nahe-porphyry; 6: septaria; 7: Lede stone; 8: Artois 
sandstone; 9: flint, chalk, Boulogne calcareous sandstone, Connincthun sandstone, Moulin-Wibert 
limestone, Marquise oolite; 10: Hydrobia limestone; 11: Taunus quartzite, Koblenz quartzite, vein 
quartzite, vein quartz; 12: Paleozoic sandstones; 13: Bunter sandstone; 14: chloritoid-vein quartz, 
Revinian quartzite; 15: Ypresian sandstone (veldsteen); 16: Aquaduct-Marmor; 17: Haybes arkose; 18: 
speleothem; 19: garnet-amphibolite, Eidborg whetstone (Norway); 20: granite, lydite, metaquartzite 
(Vosges); 21: granite (Channel Islands) (Atlas of Belgium, Plate 2). 














































































































































































































































































































































































































































































































