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The Royal Museum for Central Africa was 
pleased to welcome the 7th international 
Geologica Belgica Meeting 2021 in the recently 
renovated AfricaMuseum. Modern conference 
rooms and facilities within the Welcome Pavilion 
were ideally fitted to host the conference. The 
museum building itself is made of a variety of 
materials issued from Belgian quarries. The 

theme of the 
conference “Geosciences made in Belgium” opens a 
forum where Belgian scientists and colleagues 
exhibited the wide diversity of their activities, in 
Belgium and abroad. The RMCA promotes research 
activities in Africa and the organizers therefore 
welcome contributions by African scientists and/or 
focusing on African research questions.  

A total of 12 sessions were identified with 
188 abstracts covering various disciplines 
of Earth and Planetary Sciences. There 
were 271 registered participants from 14 
different countries. There were 1 Medal 
presentation (Van den Broek Medal 2021), 
3 Keynotes, 105 oral presentations, 83 
poster presentations and 1 Forum. There 
were 560 participant/day, 150 guided 
visits of the permanent exhibition and 89 
participants to the conference dinner.  

For many participants, this was the first 
meeting since the Covid-19 pandemic. 
There were a large proportion of young 
scientists, and for several of them this was 
the first international meeting. The 
organizers thank the attendees for their 
active participation, stimulating discus-
sions and fruitful exchanges. 
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Opening address by Guido Gryseels,  
Director of the AfricaMuseum 

 

Van den Broeck Medal 2021 lecture  
by Thierry Camelbeeck 

 
Coffee break in the lobby with poster display 

 

Conference room 

 
Corridor to the exhibition 

 

Guided visit of the permanent exhibition 
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Earthquake activity in Western Europe is typical of stable continental regions 
 

Thierry CAMELBEECK 
Royal Observatory of Belgium, 3 avenue circulaire, B-1180 Brussels, Belgium 

 
Despite the real societal challenge posed by their important potential of destruction, 

understanding the causes of infrequent moderate and large earthquakes in tectonically stable 
continental regions (SCR) stays a scientific challenge. In this context, studying the historical 
seismicity and appraising the possible traces of large prehistorical earthquakes in the region of 
Western Europe between the Lower Rhine Embayment and southern North Sea greatly 
contributed during the last 30 years to the study of the seismicity in SCR worldwide.  

Re-evaluated historical earthquake and present day seismological data show that an 
important part of the known seismic activity is concentrated in the Roer Valley Graben (RVG). 
The RVG is also the only area of Central and Western Europe where slow active faults have 
been identified and related to earthquake activity. However, the three largest historical 
earthquakes in this part of Europe with estimated magnitude around or greater than 6.0 occurred 
outside of the graben in 1382 (southern North Sea), 1580 (Dover Strait), and 1692 (Verviers, 
northern Belgian Ardenne). Therefore, most of the seismic moment release since the Middle 
Ages in this part of Western Europe occurred outside the RVG, despite the graben’s dominance 
in Western European tectonic activity over the Quaternary. The Quaternary activity of the 
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Sangatte and Hockay fault zones, which would have generated the large (M∼6.0) 1580 - Strait 
of Dover and 1692 - northern Belgian Ardenne earthquakes, is very elusive if it exists leading 
to the conclusion that such large earthquakes are very infrequent on these faults. These results 
support the episodic, clustered and migrating character of the seismicity in this stable 
continental region, which is already suggested by the observation that during the last 700 years 
moderate and large earthquakes always occurred at different locations.  

This analysis of the long-term seismicity of this part of Europe also support the 
hypothesis that large earthquakes in SCR can be explained by transient perturbations of local 
crustal stress or fault strength because the tectonic loading on faults is very slow. By using the 
basic principles of frictional fault reactivation, we explain why these temporary stresses play a 
more fundamental role in the initiation of large earthquakes in SCR than at plate boundaries. 
As these disturbances in stresses can be related to natural environmental phenomena, but also 
to human activities, we also debate about the potential role of man-made earthquakes in SCR 
seismicity and seismic hazard. This discussion highlights the need to better understand the 
contribution of man-made earthquakes in the observed seismicity. 
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Session 1- Geodynamics and Mineral Resources  

 
Conveners: 
Johan De Grave (UGent), Stijn Dewaele (Ugent), Philippe Muchez (KU Leuven), Johan 
Yans (UNamur), Anouk Borst (RMCA & KU Leuven), Thierry De Putter (RMCA), Max 
Fernandez-Alonso (RMCA). 
 
Invited speaker:  
Camille François, Commission for the 
Geological Map of the World (CGMW), 
France (Leader IGCP project 667) 
 
Mineral resources are at the heart of 
our modern societies, with high-tech 
technologies fuelling a fast-growing 
demand for commodities and rare 
elements or metals. The formation 
of ore deposits is intimately linked to 
major geodynamic events – 
magmatic activity, hydrothermal 
fluids circulation, vertical 
movements, weathering, etc. The 
objective of this session is to explore 
the various geological contexts in 
which ore deposits can form. Several 
conveners have an acknowledged 
expertise in Africa, and hence 
welcome contributions on African 
research topics. However, case 
studies from other regions are most 
welcome as geodynamic processes 
are never restricted to one specific 
area in the world. Contributions on 
the link between mineral resources 
exploitation and green techs or 
development goals are also most 
welcome. 
 
Specific topics include (not 
exclusive): the geodynamics and 
mineralization of Mesoproterozoic 
belts in Central Africa; ore-forming process in the Neoproterozoic of Central 
Africa; West Congo Belt in Africa and its counterpart in SE Brazil; supergene 
ores; metals for a green future; secondary metal resources. 
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Influence of geological structures on failure possibility around Meli area gold 
mine site, northwestern Tigray region, north Ethiopia  
 
Kaleab Adhena Abera1,2,3, Miruts HAGOS2, Gebremedhin BERHANE2, Tesfamichael 
GEBREYOHANNES2, Abdelwassie HUSSEN2 and Kristine WALRAEVENS1 

1 Laboratory for Applied Geology and Hydrogeology, Department of Geology, Ghent 
University, Belgium (kaleabadhena.abera@ugent.be) 

2 Department of Geology, School of Earth Science, Mekelle University, Ethiopia 
3 Department of Geology, Faculty of Mines, Shire Campus, Aksum University, Ethiopia 
 

Meli area is the only and very recently launched modern small-scale gold mining site in 
the Tigray region, Ethiopia. The gossan gold ore body of the Meli area is found as boudin 
structures necked into three domains (domains A, B and C). These domains are separated by a 
saddle morphology accompanied by sinistral strike-slip faults. Structurally controlled ore 
bodies are commonly complex in nature (Peters, 2001). All three domains are also intruded or 
crosscut by later quartz veins and the intersection of two mineralized conduits commonly results 
in an ore shoot (Rickard, 1902). Therefore, in addition to the existing gossan gold ore body, the 
younger quartz veins are also rich in gold mineralization which has its own contribution for the 
increment of gold concentration in the gossan area. Existing faults and fracture patterns 
combined with the physical properties of the host rock of the Meli gossan gold deposit present 
a high risk of slope failure, which has been identified as a key problem for profitable gold 
mining. Therefore, the main objective of this research is to evaluate rock mass characteristics 
and overall physical properties and geological structures of the study area.  

Landsat and Spot satellite images have been used to extract fractures, faults, contacts and 
lithological boundaries besides to fieldwork for ground-truthing (Figure 1). Engineering 
geological properties of the rock mass are also evaluated based on raw data from the Ezana 
private mining company.  

The area is generally characterized by different generations of fractures or discontinuities. 
The nature and intensity of the discontinuities vary from place to place (Figure 2) and total of 
110 readings were taken from shear zones (SE-NW), foliations (N-S), faults and fractures of 
various orientations. The magnitude and intensity of the discontinuities are directly related to 
the degree of deformation. Metavolcanic and metasedimentary rocks host the gossan gold ore 
body of the area. A total of six trials of slope analysis using slope mass rating with assumed pit 
slope excavation angles of 60°, 45° and 30° in both directions against to the dip and parallel to 
the dip have been conducted. Toppling and planar failure types were found to be the main source 
of failure when using 60°and 45° excavation angles, while the deposit can be mined with no 
slope failure and are stable at an excavation angle of 300. Generally speaking, the economics of 
mining operations can be improved by steepening the excavation slope in order to reduce the 
amount of waste excavation. Excessive slope steepening could also result in failure, leading to 
potential loss of life and damage to property (Singh and Singh, 1992). The natural deformation 
and followed geological discontinuities of the study area have already become the basic 
challenge for developing slope design with desired economically profitable mining. 

In this work, the direct economic impact of mining operation due to structural and 
geotechniqual properties of the rock is evaluated. The geology of the study area is characterized 
by intensive and repeated deformation events which results in the presence of large fractures, 
faults and weak rock physical properties. The investigation of cumulative rock mass 
characteristics and fractured rock parameters helps in identifying the natural constraints for 
mining at economical rate. 
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Figure. 1. a)  Spot and b) Landsat satellite image interpretation of Meli (modified after Ezana, 
2014). 

 
 

Figure. 2.  Rose diagram showing the orientation of the fractures and major faults of Meli area.  
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Au Vein-Type Mineralisation at Escádia Grande (Portugal): A Microstructural 
and Geochemical Analysis  
 
Jolan ACKE1, Pim KASKES², Philippe CLAEYS², Dominique JACQUES1, Philippe 
MUCHEZ1 

1 KU Leuven, Department of Earth and Environmental Sciences, Celestijnenlaan 200E, B-
3001 Heverlee, Belgium 
² Analytical, Environmental & Geo-Chemistry Research Unit, Vrije Universiteit Brussel, 
Brussels, Belgium 

W-Sn bearing vein-type mineralisation in the Iberian Massif shows a close structural 
relationship with late-Variscan tectonics and oroclinal buckling. Previous structural analyses 
and Rb-Sr dating have demonstrated a strong kinematic and temporal relationship between 
regional late-orogenic fold-related jointing and the structural emplacement of W-Sn vein-type 
mineralisation (Jacques et al., 2018a,b, 2021). This knowledge is of major importance in 
fundamental ore geology research and towards mineral exploration. 

 
The Escádia Grande Au-bearing quartz vein system is situated in the vicinity of the world-

class W-Sn Panasqueira deposit in Central Portugal. The mineralised vein systems are hosted 
by Neoproterozoic-Cambrian metasedimentary sequences (Meireles et al., 2013), which are 
affected by three main deformation stages, and are peripheral to granitic cupolas at depth. From 
a macrostructural point of view, the Escádia Grande and Panasqueira vein systems show a 
similar geometric-kinematic relationship with late-orogenic folding, i.e. emplacement took 
place along subhorizontal to moderately-inclined cross-fold joints, orthogonal to steep late-
orogenic F3 fold axes (Jacques et al., 2018b). Despite the close temporal, spatial and kinematic 
relationship between the Panasqueira W-Sn and Escádia Grande Au-bearing vein systems, they 
appear to be characterised by a different fabric, microstructure and mineralisation style. To 
clarify this contrast in mineralisation, we conducted detailed microstructural and geochemical 
analyses.  

 
The Escádia Grande Au-bearing quartz veins display a laminated nature due to the 

alternation of coarse-grained and fine-grained quartz bands with wall-rock selvages parallel to 
the vein wall, which were incorporated during subsequent crack-seal events. While the coarse-
grained quartz represents the initial fabric formed upon sealing, the fine-grained quartz bands 
are interpreted as having been dynamically recrystallised by shear strain and pressure solution 
reactions. The microstructure in moderately-inclined and more steeply-inclined parts of the vein 
system varies regularly. In the moderately-inclined vein segments, wall-rock selvages display 
asymmetric boudinage and C’-type shear band cleavage. In the steeper vein segments, however, 
observed microstructures are mainly an oblique foliation defined by the quartz lattice preferred 
orientation in fine-grained quartz bands. These observations suggest the activity of post-sealing, 
normal-sense fault creep in an extensional setting.  

 
Petrographic and µXRF analyses indicate that Au-enrichment is present within 

arsenopyrite, consistently associated with pressure solution seams (stylolites) at the interface of 
sheared wall-rock selvages and laminations of dynamically recrystallized quartz. Pressure 
solution and non-coaxial creep in an extensional tectonic regime is interpreted to have passively 
concentrated Au (cf. Voisey et al., 2020). 

Primary two-phase aqueous-carbonic fluid inclusions occur within the vein quartz. 
Microthermometric measurements, combined with the results from Raman spectroscopy, 
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demonstrate the presence of a low saline H2O-NaCl-CO2-CH4-N2 fluid with minor amounts of 
H2S detected in several inclusions. This fluid composition is indicative of a metamorphic origin 
of the mineralising fluid (cf. Fu et al., 2014). Combining a lithostatic geothermal gradient of 
40-50°C/km (Ferreira et al., 2019) with the isochores calculated from the fluid inclusion data 
(reflecting the P-T evolution of the fluid in equilibrium with the host rock), fluid trapping 
conditions are estimated at 400-450°C and 200-250 MPa. These values are consistent with P-T 
estimations from the Panasqueira vein system (Cathelineau et al., 2020). 

 
The presence of minor H2S in the fluid and abundant arsenopyrite in which Au is 

concentrated, indicates that destabilisation of Au(HS-)2 complex during fluid-rock interaction 
caused Au mineralisation in locally deformed zones within the vein.  
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A long-lasting Archean deformation history in the Sangmelima terrane, NW 
Congo Craton, Southern Cameroon  
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Bernhard SCHULZ4, Elson P. OLIVIERA5 
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Joseph.Martial.Akame@ulb.be) 
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Petrology, Brennhausgasse 14, D, 09599, Freiberg, Saxony, Germany 
5. Department of Geology and Natural Resources, University of Campinas-Unicamp, 

P.O.Box 6152, 13083-970 Campinas, Brazil 
 

The Sangmelima granite-greenstone belt (SGB) belongs to the Ntem Complex (NW Congo 
craton), and is represented by granite-gneiss terranes, granite-greenstone associations, mafic-
ultramafic complexes, and mafic dyke swarms. Here, we present a new tectonic evolution 
model based on an aeromagnetic map, structural analysis, and geochronological data. Regional 
strain D1 is characterized by the development of steep foliations, steeply plunging lineations 
occasionally associated with vertical stretching of granitic dykes. D1 shear sense is top-to-NNE 
oblique normal motion, inferred from the S1 mylonitic fabric and the finite strain suggested that 
the vertical flow component dominates at the regional scale compared to the horizontal motions 
(Akame et al., 2020b). Syn-D1 melts, mineral assemblages and microstructures indicate that 
D1 took place under high-grade metamorphic conditions. D2 comprises deformation associated 
with sinistral strike slip and granitic dyke extractions. The C2 shear zones are locally clogged 
by granitic melt and epidote-chlorite-biotite mineral recrystallizations, showing that the D2 
transpressive deformation occurred from ductile to brittle conditions. The basement has thus 
been affected by a progressive D1-D2 strains induced by the bulk EW sub-horizontal shortening 
associated with vertical stretching in a transpressive tectonic style (Fig.1). U–Pb zircon and U–
Th–Pb EPMA monazite data from the granulites and synkinematic granites indicate that D1 
deformation took place at ca. 2840–2820 Ma, and D2 between ca. 2760 Ma and ca. 2740 Ma, 
suggesting a protracted tectonic evolution (Akame et al., 2020a, 2021). 

The Sangmelima greenstone belt, like most of the world's Archean greenstone belts, is a 
deformed zone that comprises iron-rich chemical sediments (BIFs). Soil analyses in areas of 
high magnetic anomaly show Fe contents of between 30-56% (Fig.2a). The analyzed BIF 
samples in this greenstone belt are essentially low-grade siliceous BIF with Fe content range 
from ~ 23 to 56 wt% Fe2O3total, and low REE content (∑REE = 2.5–9.3 ppm). Positive Eu-
anomaly (Eu/Eu*= 1.62–3.42) in the Post-Archaean Australian Shale (PAAS)-normalized 
patterns (Fig.2b) and superchondrictic Y/Ho value (21.66–35.71) from these BIFs suggest an 
oceanic hydrothermal source. Towards the south-eastern extension of the belt, the Nkout BIFs 
are the major deposits of iron ores of the area, with resource estimates of 1.190 million tonnes 
at 32.9% Fe indicated, and 1.330 million tonnes at 30.3% Fe inferred (De Waele et al., 2015). 
 
Keywords: Archean, deformation mode, BIF, U–Pb zircon and U–Th–Pb EPMA monazite 
geochronology 
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Fig. 1. Schematic 3D block diagram of the general tectonic framework of Archean Ntem 
Complex (Akame et al. 2020b). 
 

 
Fig.2. (a) Fe vs. SiO2 in the soil samples of Sangmelima belt. (b) PAAS normalized 
fractionation diagrams for REE composition of BIFs in the SGB.  
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Alkaline magmatism and critical metals in Angola: Field observations and 
petrography of the Nejoio nepheline syenite complex  
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Alkaline igneous rocks and carbonatites form important resources for technology metals 
such as rare earths elements (REE), Nb, Ta, Li and P. These metals appear on the European list 
of Critical Raw Materials 2020, due to continued growth in demand and ongoing supply 
concerns (European Commission, 2020). Angola hosts a series of Cretaceous to Tertiary 
alkaline igneous rocks and carbonatite complexes that are emplaced along a NW-SE trending 
structural lineament known as the Moçamedes Arch (Woolley, 2001; Comin-Chiaramonti et al. 
2011). Closely associated with the opening of the Atlantic, this ‘failed rift zone’ extends into 
Brazil (e.g. Ponta Grossa Arch) and lies parallel to a similar rift structure in Namibia (i.e. 
Damara Belt) where coeval alkaline-carbonatite magmatism led to the formation of deposits 
with significant Nb, REE, U, Th and fluorite. The Angolan intrusives are generally less well 
studied although some recent work has focussed on carbonatite and associated enrichments in 
high field strength elements (HFSE), notably Nb and light REE. The alkaline silicate complexes, 
however, remain poorly studied but may exhibit favourable enrichments in the more valuable 
REE (Nd, Pr, Dy). 

Here we present field and petrographic observations from the Nejoio (also Nendjoio) 
syenite complex in southern Angola and consider its economic potential. Nejoio is a small oval-
shaped subvolcanic complex measuring 2 by 1.5 km (Rodrigues, 1972; 1978). It is emplaced 
into a Paleoproterozoic granitic-gneissic basement and dated to be 104 ± 0.8 Ma by Rb-Sr 
(Allsopp & Hargraves, 1985). It lies approximately 20 km to the SW of the 40 by 17 km Lutala 
complex which forms a prominent 1.5 km high mountain range (Serra de Neve) along the 
northern border of the Namibe province. Nejoio and Lutala were both reported to host 
transitional or agpaitic mineral assemblages (Woolley, 2001 and references therein), i.e. 
containing complex Na-HFSE silicate phases such as eudialyte, rosenbuschite, wöhlerite and 
låvenite, indicative of highly evolved peralkaline magmas. The complex comprises an inner 
and outer zone of intrusives, both made up of medium to coarse grained feldspathoidal syenites 
and separated by an intrusive breccia (Rodrigues, 1972; 1978). The complex is bound to the 
east by fenitised gneissic-granitic country rock, in which fenitisation is marked by the 
introduction of Na-pyroxene, mica and amphibole (Rodrigues, 1972). All syenites contain 
variable amounts of perthitic alkali feldspar, sodalite, nepheline, cancrinite, fluorite, pyrite, 
titanite, Na-pyroxene, Na-amphibole and various accessory phases. 

The inner zone consists of various medium to coarse grained nepheline-sodalite syenites 
that display complex mush-mush mingling textures between mafic and felsic peralkaline 
magmas. Local outcrops of circular igneous layering were observed with stark contrasts in 
feldspar lamination between melanocratic and leucocratic bands, likely recording turbulent 
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magma chamber conditions with repeated injections of magma and/or crystal mush. Mingling 
and mixing textures were seen to intensify towards the outer margin of the inner zone. The outer 
zone comprises coarse-grained cancrinite-sodalite-nepheline syenites with less Na-mafic 
phases and thus lighter coloured than most inner zone syenites. Outer zone syenites contain 
variable amounts of photochromic blue sodalite (hackmanite variety), occasionally forming 
hexagonal prisms poikilitically enclosed in large  perthitic feldspars (1-3 cm), suggesting they 
may have replaced early nepheline through increasing Cl and/or SO4 activity. The syenites in 
the outer zone also exhibit extensive hydrothermal overprinting which replace primary 
aluminosilicates by hydrous or carbonate-bearing feldspathoids or zeolites, including natrolite, 
analcime and cancrinite, indicating extensive late-stage fluxing with H2O and CO2-rich fluids.  

Titanite is the dominant Ti-phase and is particularly abundant in the pyroxene-rich inner 
zone syenites. They form euhedral lozenges or bladed crystals which can be identified as 
orange-yellow glassy crystals in hand sample. Zircon was also identified in some samples as 
large bipyramidal clusters in clay-rich float samples. Outer zone syenites locally contain 
pockets and crosscutting veins with radial, acicular or long-prismatic crystals of Na-Zr-Ti 
silicates. EDS analyses suggest these to include rosenbuschite, hiortdahlite and catapleiite. 
Other Ti, Zr and REE-bearing phases identified include pyrochlore (Ca(Nb,Ti)2(O,OH6)OH), 
pyrophanite (MnTiO3) and a REE-fluorocarbonate, possibly (burbankite). The presence of 
these Na-HFSE silicates and REE-fluorocarbonates as late-stage overprinting or crosscutting 
assemblages suggests that HFSE and REE were mobile at the late-magmatic or hydrothermal 
stages. Veins of fluorite, pyrite and calcite are also abundant in the outer zone syenite, 
suggesting the presence of F, S and CO2-rich hydrothermal fluids in the very final stages of 
crystallisation. 

Our observations confirm that Nejoio is mildly peralkaline, dominantly containing 
miaskitic Zr-Ti assemblages (i.e. zircon and titanite). Transitional-agpaitic HFSE and REE-
bearing minerals such as rosenbuschite and catapleiite as well as pyrochlore and fluorcarbonates 
crosscut and overprint the earlier miaskitic paragenesis in the outer zone syenites, suggesting 
that the outer zone syenites are more peralkaline and chemically evolved than the inner zone 
syenites. Whole rock data and mineral chemical analyses will further constrain the 
emplacement history and petrogenetic evolution of the Nejoio complex. A better understanding 
of Nejoio’s geochemical evolution will allow us to draw comparisons with coeval mineralised 
complexes in Brazil and Namibia, and to understand better the mineral potential of Angolan 
alkaline complexes by placing them within the broader geodynamic context of the Parana-
Angola-Etendeka magmatic province.  
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The rare earth element (REE) mineralization of Gakara (Burundi) was discovered in 
1936 and has periodically been the subject of geological studies because of economic REE 
concentrations (Thoreau et al., 1958; Aderca & Van Tassel, 1971; Lehmann et al., 1994). The 
Neoproterozoic Gakara REE mineralization is situated in the Western Domain of the 
Mesoproterozoic Karagwe-Ankole belt (Tack et al., 2010) and is spatio-temporally associated 
with alkaline and carbonatitic magmatism along the Western Rift Valley of the East African 
Rift (Woolley, 2001). Despite the economic importance of this deposit, recent geological 
studies are largely lacking (Ntiharirizwa et al., 2018). 

Using a series of mineralogical and geochemical techniques (e.g. optical microscopy, 
SEM-EDS, Raman spectroscopy and LA-ICP-MS), we investigated one of the present-day 
richest REE deposits in the world (Buyse et al., 2020). This work contributes to our further 
understanding of the formation history of the Gakara REE mineralization and its association 
with the Neoproterozoic alignment of alkaline complexes and carbonatites along the present-
day Western Rift. 

The mineral paragenesis of the Gakara deposit can be subdivided into 3 stages: primary 
ore deposition, brecciation and supergene alteration. Mineralogical and chemical evidence 
(e.g. comb-textured quartz, low thorium content of monazite) confirms the deposition from 
hydrothermal solutions in open fissures. However, evidence of fenitization processes 
(brecciation stage, pinkish-red cathodoluminescence of K-feldspar) and the strong enrichment 
of light REEs in both bastnäsite-(Ce) and monazite-(Ce) also point to a strong affinity with a 
carbonatitic source. Following the mineralogical-genetic classification of Mitchell (2005), the 
REE mineralization at Gakara qualifies as carbothermal residua derived from an unidentified 
potassic-suite carbonatite at depth. 

Recent structural and lithological re-interpretation of geophysical data (Titley, 2020) 
suggests the presence of at least three large carbonatitic bodies at depth, but a direct 
petrogenetic relation with these carbonatitic intrusions still need some further investigations. 
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New observations and chemical-mineralogical analyses of willemite (Zn2SiO4) 
mineralization from non-sulfide Zn-Pb deposits of La Calamine (Eastern Belgium) and Bou 
Arhous (Moroccan High Atlas) have been carried out. This study aims at evaluating the critical 
element distribution and migration, in order to establish the potential of such deposits. In both 
cases, willemite occurs as a variety of types that continuously formed between the protore stage 
(sulfides) and the late supergene stage (carbonates and hydrated phases).  

Based on microscopic observations, different types of willemite may be distinguished 
by their shapes and zoning characteristics, supporting 1) a polyphase non-sulfide 
mineralisation, after the protore stage, 2) local dissolution–reprecipitation processes of 
willemite and 3) coprecipitation of willemite and secondary Pb minerals such as cerussite and 
galena. A significant change of major elements composition obtained by EPMA in the different 
generations of willemite is recorded. LA-ICP-MS measurements of minor and trace elements 
also reveal a strong variability between the various willemite types. 

In the La Calamine samples, we measure abnormal high contents in P, Cd, As, Pb, Ag 
and Sb, the three latter ones being related to tiny galena inclusions. The Ga and In contents are 
very low (less than 4 ppm) or below detection limits, respectively. Significant Ge contents up 
to 250 ppm are observed. In the samples from Bou Arhous, willemite is variably enriched in 
Ge (up to 1000 ppm). Depending on the willemite generation, this substitution is positively or 
negatively correlated to the Zn-Pb substitution. According to the nature of zoning (sector versus 
oscillatory), the incorporation of Ge was either controlled by crystallographic factors or by the 
nature of the mineralizing fluids. 

While, in the case of Belgium, the Ge concentrations measured in willemite are very 
similar to those in sphalerite (averaging 250 ppm), the Moroccan willemite are enriched 
compare to the primary sulfides (less than 100 ppm). This may indicate that sphalerite played 
a role of precursor, but an additional input of minor and trace elements by external fluids is also 
necessary. This conclusion is in agreement with the current models suggesting that a strict 
supergene origin of willemite in numerous deposits is disputable and a contribution of low 
temperature hydrothermal fluids for willemite precipitation should be considered. 
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Dans le fossé de la Basse-Sangha, hormis les Diamictites inférieure et supérieure, la 
sédimentation détritique est représentée par les shales et les grès de Sansikwa et de la Petite Bembezi 
ainsi que par les conglomérats, les shales et les grès de la Mpioka. 

L’interruption de cette sédimentation détritique par les dépôts carbonatés de la Formation des 
Calcaires noirs de Sekelolo et du Sous-groupe Schisto-calcaire implique les transgressions de ce 
fossé par les eaux salées du paléo-océan Adamastor en provenance du bassin d’Araçuai au Brésil 
(Tack et al., 2001 ; Pedrosa-Soares et al., 2008). Par contre, la réinstauration des dépôts silico-
clastiques de faible profondeur à mudcracks, ripple-marks, empreintes de gouttes de pluies, chips 
argileux du Sous-groupe de la Mpioka traduit l’abandon par la mer du domaine jusque-là submergé. 
De mouvements de basculement par les failles, de la surélévation orogénique et de gauchissements 
divers, facteurs provoquant généralement le retrait de la mer, lequel a supprimé cette 
accommodation marine dans le bassin en pull-apart de la Basse-Sangha.  

L’analyse tectonique atteste que l’occurrence du conglomérat de Bangu-Niari situé à la base 
du Sous-groupe de la Mpioka résulte de l’érosion des hauts-plateaux étagés calcaires (Nicolaï, 
1954 ; Cibambula et al., 2013). Ceux-ci sont issus de la réactivation des failles du socle ayant affecté 
les calcaires sous-jacents antérieurement à la poussée orogénique Pan-africaine. Cette dernière 
serait responsable de l’inversion tectonique des failles normales en failles inverses de direction 
N153° et des uplifts de plus en plus surbaissés vers l’est (Cibambula, 2016). Les mouvements de 
basculement par les failles seraient donc la principale cause du retrait total de la mer et de 
l’affaissement du compartiment inondé ultérieurement par le lac du Sous-groupe de la Mpioka. 
Dans ce lac, l’espace disponible ne dépassait guère le rejet des failles bordières. Cette faible 
accommodation limite ainsi les roches de la Mpioka au seul plateau de Bangu, compartiment 
affaissé à la fois des failles normales et des failles inverses respectivement orientées N25°/53°ONO 
et N72°/8°SSE.  
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The Karagwe-Ankole belt (KAB) is a poorly understood deformation belt in the Great 
Lakes area of Central Africa, with several hypotheses put forward considering the emplacement 
of the various generations of granites (Tack et al., 2010; Fernandez-Alonso et al., 2012; 
Koegelenberg & Kisters, 2014; Debruyne et al., 2015). The youngest generation of granites 
(G4; 1000 Ma) are spatially associated with Sn-W-Ta ore deposits, and are considered as the 
parental granites. The paragenesis of these mineral resources have been extensively scrutinised 
(Dewaele et al., 2016; Hulsbosch et al., 2016), but the geodynamic context and characterisation 
of these parental granites has been neglected. Tectonic models for the formation of this plutonic 
suite range from an intra-cratonic to a full-scale continent–continent collision setting (Tack et 
al., 2010; Debruyne et al., 2015).  

Zircon U-Pb dating of several granites in the Gitarama region identified two main 
populations of U-Pb zircon ages in the G4 granites at 1370–1420 Ma and 950–1020 Ma (De 
Clercq et al., 2021). The older population is attributed to inheritance of the bimodal magmatic 
Kibaran event, while the younger population is ascribed to the new crystallisation. Geochemical 
analysis, as well as the presence of different xenocrystic zircons, implies that the younger G4 
granites are derived from the recycling of older crustal rocks with a localised, heterogenous 
source region obtained in intra-continental setting (De Clercq et al., 2021). The Th/U ratios of 
the zircons of the parental granites are lower than 0.1, which would suggest a metamorphic 
origin for these zircons. Together with the low luminescence signal of these zircons an anatectic 
origin of the melt is however more plausible, implying that the parental granites could be 
considered more like “migmatites” formed by a low degree of partial melting, rather than by 
fractionation out of large magma chambers (De Clercq et al., 2021). 

More regions in Rwanda will be analysed using the same methods, such as Kibuye and 
Akanyaru as well as more to the east, to cover the whole of Rwanda. In addition, apatite U-Pb 
dating will be applied to determine more recent metamorphic events in the region, to further 
contribute to the Proterozoic evolution of the KAB. 
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The lowermost course of the Congo River cuts through the Central African Atlantic 

Swell (CAAS) that encompasses the South Atlantic passive margin of the Democratic Republic 
of Congo (Central Africa; Figure 1). The region is underlain by litho-structural units of the Pan-
African West Congo Belt, which consists of different tectono-metamorphic domains (Figure 1). 
The Precambrian basement is covered to the west by marine deposits of the South Atlantic 
Ocean and to the east by continental deposits of the Congo Basin. 

In this study we aim to constrain the timing of uplift and exhumation of the CAAS by 
using apatite fission track (AFT) thermochronology in combination with an update of the 
geology and geomorphology of the region. AFT ages vary widely between 108 and 312 Ma. 
Short track lengths (11–12 µm) and broad, complex track length distributions however indicate 
mixed ages between multiple thermal events. We derive the timing of exhumation from inverse 
thermal history models, that show that the region experienced a first exhumation event before 
Gondwana breakup during the Carboniferous to Middle Jurassic. This event is probably related 
to compressive forces at the boundaries of Gondwana. Both rifting and subsequent opening of 
the South Atlantic Ocean do not seem to have had a pronounced effect on the CAAS. During 
the Late Cretaceous to Paleogene, a slight reheating of the basement rocks is suggested and 
could be due to subsidence and consequential modest reburial. A second phase of exhumation 
initiated around the Paleogene–Neogene and eventually emplaced the sampled rocks at surface 
temperatures. 

The multi-phased differential denudation results from reactivation of the fault-bounded 
tectono-metamorphic blocks of the Precambrian basement, controlled by the combination of 
two systems of faults related to the Pan-African orogeny and the Cretaceous South Atlantic 
Ocean opening (Figure 1). Differential denudation of the region is also well-marked by 
independent indicators of the present-day geomorphology including distinct knick-points and 
steep valleys along the course of the lower Congo River, reworking of planation surfaces and 
associated laterite crust and contrasting karst morphology. 
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Figure 1: General setting, geology and tectonic framework of the Lower Congo study area. 
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The Karagwe-Ankole belt (KAB) in the Great Lakes area of Central Africa hosts a large 
metallogenic province that contains different types of mineralization. Many of these metals (e.g. 
Nb-Ta-W-REE-Li-Au) have been defined as critical metals that are of vital importance for a 
high-tech and green industry. Recent research has obtained new and valuable insight in the 
formation processes of Nb-Ta, Sn and W mineralization (e.g. Dewaele et al., 2016; Hulsbosch 
et al., 2016), but detailed knowledge on the formation processes of the Au mineralization in the 
Great Lakes area is largely missing (Wouters et al., 2020). Gold can be formed in a wide variety 
of geological settings and occurs both as magmatic-hydrothermal and hydrothermal deposits, 
that can be remobilized by circulating fluids and/or concentrated by hydraulic processes in 
sedimentary placer deposits. In this study, we focus on the Au mineralization in the Imonga-
Saramabila area (Figure 1), which has been a historical centre of mineral exploitation in the 
Maniema province (DRCongo) between 1936 and 1958 by Cobelmin (Kazmitcheff, 1961). The 
deposit is well documented in the mining archives and rock collections of the Royal Museum 
for Central Africa (RMCA, Tervuren). This study has been performed on samples from two 
well-located boreholes (S1 and S3; Kazmitcheff (1961)). 

The Imonga-Saramabila area consists (Figure 1) of Mesoproterozoic metasedimentary 
and metavolcanic rocks, belonging to the Kivu Supergroup (Fernandez-Alonso et al., 2015). 
The Kasese batholith and some smaller granitoid stocks are located in the immediate vicinity. 
The rocks in the boreholes of Imonga are predominantly mafic magmatic rocks and low-grade 
metamorphosed metasedimentary rocks. XRF analyses allowed to make a clear distinction 
between the different lithologies based on the major element content. The geological structure 
of the intersected rocks is apparently complex, as evidenced by the large variations of bedding 
angle compared to the borehole axis, the brecciated and finely folded zones and the discordant 
contacts that were observed. Interstratified quartz-carbonate lenses and veins are oriented N 10° 
E with a slope of 65°E (Kazmitcheff, 1961), which is largely parallel to the foliation. The rocks 
have been affected by intense metamorphism and alteration and are crosscut by different 
generations of fractures and fine (mm-to cm-sized) veins with as main minerals quartz, 
carbonate, chlorite and to a lesser extent pyrite and chalcopyrite. The alteration associated with 
the veins dominantly consists of chloritization, sericitization and carbonatization. Sulphides, 
mainly pyrite and chalcopyrite, are present in the matrix of the rocks and in the different vein 
generations. Gold has been identified as mineral inclusions in pyrite. The XRF analyses allowed 
to make a correlation between the occurrence of quartz veins and the concentration of arsenic 
in the investigated borehole samples. Arsenic was used as a tracer element to identify the 
mineralized zones as the concentration of gold was not sufficiently high to reach the detection 
limit of the used XRF.  

The gold mineralization of Imonga-Saramabila can be classified as a typical mesothermal 
orogenic gold mineralization, which confirms other studies on Au-mineralization in the KAB 
(e.g. Wouters et al., 2020). Based on geological observations, the Imonga-Saramabila 
mineralization is interpreted to be linked to the early Neoproterozoic (~980 Ma) compressional 
deformation event that occurred during regional convergent continent-continent collision 
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associated with the amalgamation of the Rodinia supercontinent. Nevertheless, the exact 
relationship between the gold mineralization and the different magmatic, metamorphic and 
deformational events in Maniema and the KAB still needs more study. 
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Figure 1: Geological map of the Imonga area, Maniema, DRCongo 
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The story tells that Prince Grigori Potemkine, courtesan and minister of the Empress 
Catherine II of Russia, placed either fake houses or painted canvas panels showing cozy villages 
along the roads when the sovereign travelled across her Empire, in order to protect her eyes 
from the unpleasant view of poverty and starvation of peasants. Even though these “Potemkine 
Villages” are now seen as a legend forged in the 18thC., they offer a useful metaphor for the 
wide range of screens that prevent climate-sensitive foreigners from the unpleasant contact with 
social inequalities and the reality of artisanal mining of strategic minerals in Africa.  

The geology of Central Africa has led to major concentrations of economic elements in 
very shallow, and hence accessible, geological layers. Copper has been exploited in the Katanga 
Copperbelt (D.R. Congo) since more than a century while cobalt has been mined later on, from 
the onset of WWII. Today, as a major component of lithium-ion batteries, cobalt is regarded as 
an important “strategic element” for Western economies (De Putter, 2019). 

The artisanal and small-scale mining (ASM) of cobalt provides some 20% of DRC’s total 
production, which in turn accounts for 60% of world production (De Putter, 2019). In the field, 
50,000 to 200,000 artisanal diggers derive a modest income (30-50 US$/month) from the 
dangerous extraction of metal in narrow shafts and galleries, cut in friable weathered terranes. 
Studies further reveal that diggers are exposed to substantial copper, cobalt and associated trace 
elements, among which uranium. As these workers embody impolitic values linked to 
loneliness, deprivation, physical endurance and a constant bodily perception of risk, they are 
virtually invisible in the informal economy of cobalt. This observation is valid for several 
resources other than cobalt, and more generally for ASM as a whole (Jacka, 2018). 

The international approach (as for instance the OECD “responsible supply chain of 
minerals”) provides useful “Potemkine villages” to keep these impolitic actors in a remote 
sphere, cut from the Western obsession for ecological cleanliness and zero greenhouse gases 
(GHG) emissions. Climate deontology and norms rest on an intricate bundle of fundamental 
inequality in trade, illegal practices, dangerous mining, forced and child labor, violence, sex 
abuses and drug consumption, which are commonly described in disembodied notions as social 
practices, trade chains, traceability and certification, etc. These concepts are fundamentally 
ambivalent as they altogether respond to the accepted rhetoric on ASM and simultaneously 
result in a total lack of empathy with the diggers, in a move to promote “planned blindness” 
among end-users of high-tech e-powered gadgets throughout the world. 

Geology and anthropology here join to knock down some of these “Potemkine villages” 
and put unpleasant evidences in crude light: mineral deposits in Katanga are hosted in friable 
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and rocky substrates which are prone to collapse and landslides; cobalt extraction in ASM takes 
place in deeply polluted soils and is associated with health damages. Mining intimately impacts 
the body, sexuality and fertility of workers (Banza et al., 2009; Musa Obadia et al., 2020). 
Uranium is the likely cause of oxidative DNA damage, especially in children, which threatens 
future generations and substantiate the allegation of a non-sustainable exploitation of cobalt in 
the ASM (Banza et al., 2018). These data are widely published in scientific journals but the 
daily life of cobalt diggers remains largely out of the deontological landscape of the capitalist 
ecologic policy, as it is simply unthinkable in its body of norms. 

The Western mea culpa on the so-called Anthropocene and global warming due to the 
increase of anthropic GHG emissions swiftly connects to the trendy ecologism of electric 
vehicles to actually underlie a deep “anthropocenic” social inequality (Chakrabarty, 2017; 
Panella & Little, 2021), contributing to severe pauperization and pollution in Africa. Today, as 
in the 18thC., poverty is regarded as an offense, described in the international scene as “illegal” 
and hidden from the glimpse of consumers. This complex research topic is rarely considered in 
geology, which tends to confine itself to the “objective” description of natural systems and 
mineral deposits. However, the scramble for strategic minerals and clean tech is more than just 
an issue of deposits and ore, and sustainability has to be more than just a preserve for rich 
countries. Initially a stratigraphic subdivision, the Anthropocene actually encompasses urgent 
economic and social issues, relevant for mankind at large. In this context, geology has to look 
at the world as it actually works, and bridge the gap with human and social sciences. 
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Morocco is a relevant place to study Mn deposits considering its multistage geodynamic 
story. In the last decades, several new studies significantly improved our understanding of 
various genetic types. Three main districts have been mined since the beginning of the 20th 
century: (i) Ouarzazate (Anti-Atlas), (ii) Bou Arfa (eastern High Atlas) and (iii) Imini-Tasdremt 
(High Atlas). The first and third are currently mined, accounting for the production of 80,000 
tons Mn in 2018 (data from the Ministry of Energy, Mines and Sustainable Development of 
Morocco). The deposition of Mn spans over four main periods: Neoproterozoic, Jurassic, Upper 
Cretaceous and Cenozoic.  

(i) The Ouarzazate deposits are vein-type and stratiform Mn-Fe orebodies (42-48% Mn) 
closely associated to Neoproterozoic felsic volcanic and terrigeneous series (Choubert and 
Faure-Muret, 1973) . It is the largest Mn field in Morocco (>90x60 km). Stratiform orebodies 
clearly improve the mining potential. The Mn-bearing assemblage includes braunite, 
cryptomelane, hollandite, hausmannite and pyrolusite in a hematite, goethite, barite, quartz, 
dolomite and calcite gangue. The formation model implies a polycyclic epithermal and 
epigenetic Mn accumulation during and at the final stage of the Neoproterozoic volcanic 
activity at ~580 Ma. Extensional tectonics of the Neoproterozoic Ouarzazate basin would be of 
primary order in delimiting the number and regional extension of lodes.  

(ii) The Bou Arfa Mn deposit is hosted in Sinemurian dolostones, as stratabound, run-
type and lenses of Mn orebodies crisscrossed by late veins hosting the high-grade pyrolusite 
ore (33-82% Mn). Ore formation follows a sedimentary-diagenetic model driven by three 
dolomitization episodes after the Sinemurian sedimentation, and an epigenetic stage similar to 
other MVT of the Atlas range (Lafforgue et al., 2021). The concentration of Mn in a narrow 
area of about 10 km2 is due to the geometry of the Bou Arfa basin and its position above 
basement paleohighs acting as a threshold for marine inputs during transgression/regression 
intervals. The primary manganite-hausmannite ore was transformed into pyrolusite during 
burial of the Mn-rich sediments.  
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(iii) The Imini-Tasdremt district is the most economically important of Morocco 
providing the highest Mn grade (74-92% Mn) due to two stratabound pyrolusite-bearing 
orebodies hosted in the ~10-20 m thick Cenomanian-Turonian dolostone. A metallurgical third 
ore (40-48% Mn) occurs in relics of a paleosurface in the uppermost dolostone and is composed 
by coronadite group minerals (Dekoninck et al, 2016) . Although the pyrolusite ore is restricted 
to the 25-30 km Imini Mn belt, the metallurgical ore has a larger extension of ~100 km and may 
extend across the Atlas belt (Dekoninck et al., 2020). New dating of K-Mn oxides (40Ar-39Ar) 
and goethite (U-Th)/He dating suggest that this geometric distribution is materialized by 
different formation age: the upper coronadite level is late Cretaceous, whereas the pyrolusite 
ores are Cenozoic, indicating the importance of local processes. Goethite ages cover a period 
of ~40 Ma since the Turonian, involving long mineralization processes. The Atlas geodynamics 
played a significant role in the metallogenesis of these karst-hosted accumulations since late 
Cretaceous times.  
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Carbonatites are magmatic rocks distributed worldwide and constitute (with their 
weathering products) the world first source for niobium and light rare earth elements. They may 
also contain economic grades of phosphate (Chakhmouradian & Zaïtsev, 2012). Those 
carbonated rocks are often associated with Si-undersaturated alkaline magmatic rocks and 
locally with an iron-rich phosphate rock called phoscorite (Krasnova et al., 2004).  A series of 
works support that immiscibility in magmas is the main differentiation process responsible for 
the alkaline-carbonatite-phoscorite magmas association and the differential partitioning of rare 
metals among them (Kjarsgaard & Hamilton, 1989; Nabyl et al., 2020). Immiscibility is 
suggested to be involved in the genesis of phoscorites from carbonatitic liquids (Krasnova et 
al., 2004; Zaitsev et al., 2014).  

The objective of our project is firstly to determine the extent of immiscibility on the 
genesis of alkaline-carbonatite-phoscorite complexes, and secondly, to understand and 
parametrize the rare metals (REE and HFSE) partitioning between the immiscible liquids 
leading to economic concentrations. Through this project, we aim to answer a series of scientific 
questions regarding the composition of the parental magma, the onset conditions and 
compositional field of immiscibility, the enrichment processes during cooling and 
crystallization, and the impact of chemical composition and temperature on rare metals 
behavior. To reach our goals, we based our approach on new laboratory high-pressure-high-
temperature experiments carried out in the piston-cylinder apparatus of the University of Liège 
and the centrifuging piston-cylinder at ETH Zürich. Our starting compositions represent 
complex systems and are inspired by previous experimental works and natural geochemical 
data.  

One of our work hypotheses is that immiscibility occurs first between a silicate and a 
carbonate liquid from a Fe-P rich parental magma. After going through several changes during 
its evolution (temperature decrease, crystal fractionation, enrichment and compositional 
variation of the residual liquid, etc.), the carbonate liquid is not thermodynamically stable 
anymore and exsolves a phosphate liquid. The experiments we present here are focused on the 
silicate-carbonate immiscibility in Fe-P rich complex systems. We studied how elements, in 
particular P and Fe, partition during separation. We also discuss the effects of temperature and 
chemical composition, the links with melt structure and oxygen fugacity, and the implication 
for the potential genesis of phoscorites from Fe-P rich carbonate magmas.  
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The geodynamic evolution of Earth viewed by the PTt record of metamorphic 
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One of the great puzzles of Earth's geodynamics is to determine when rigid plate 
tectonics (as we know it today), began on Earth and what geodynamic processes existed on 
early Earth. This implies to constrain the evolution of these processes over time, to know if the 
transition from an ancient tectonics to a modern tectonics happened quickly, by episodes or 
gradually, and to better understand the lithospheric dynamics in terms of burial, exhumation, 
and speed of processes. 

Today, the tectonic regime is ruled by mobile-lid tectonics including subduction. 
However, the early Earth (> 2.5 Ga) - subject to a higher mantle heat flux and a thermal regime 
characterized by the formation of unique lithomagmatic assemblages including the 
emplacement of tonalite-trondjhemite-granodiorite (TTG) suites - was dominated by different 
geodynamical processes including flat or low angle subduction (mobile-lid tectonics; Smithies 
et al., 2003) and sagduction (stagnant-lid tectonics; MacGregor, 1951).  

The (ultra) high pressure and low temperature metamorphic rocks such as eclogites 
provide important clues to trace the evolution of geodynamics (Brown & Johnson, 2018). 
Nowadays these rocks are generally produced in subduction zones involving burial of a 
lithospheric panel in the mantle and therefore testify of plate tectonics.  

The oldest eclogites, found on several continental blocks, are bracketed between 2.2 and 
1.8 Ga (e.g. Weller and St-Onge, 2017; Loose and Schenk, 2018; François et al., 2018) and 
were formed during orogeneses related to the formation of the Columbia Supercontinent. 
Consequently, these discoveries evidence plate tectonics (but not necessary with a modern-
style) at or following 2.5 Ga.  

Different examples of mid to high pressure and low temperature metamorphic rocks 
from the Mesoarchean to the recent time - including samples from the Pilbara craton in Australia 
(ca. 3.3 Ga, 11 kbar/550°C; François et al., 2014) and from the Paleoproterozoic Kasaï Block 
in the Democratic Republic of the Congo (ca. 2.1 Ga, 20 kbar/600°C; François et al., 2018) - 
will be presented in order to discuss the evolution of geodynamic through time based on the 
metamorphic rock record. 
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The silica and alumina refractories production is not very advanced in Tunisia: factory 
units import expensive raw materials. It is therefore worth investigating some local kaolinitic 
clays as sources for silica-alumina refractories manufacturing. 

We study the potential of local kaolinitic clay (24% Al2O3) from the Numidian Flysch 
Formation (Upper Oligocene) from Northern Tunisia, in silica-alumina refractories production. 
The X-ray Fluorescence and the X-ray Diffraction were used to identify the chemical and 
mineralogical composition of raw materials. The alumina content is between 20% and 35% and 
silica content is less than 65%, while the mineralogical composition consists mainly of kaolinite 
associated with illite, quartz and anatase. We added alumina-rich commercial clay (33.4 % 
Al2O3) to improve the physical and pyroscopic performances of this local kaolinitic clay. 

Mixtures of various proportions of local kaolinitic clay and commercial kaolin were 
sintered at 1350°C during 2h, after pressing and molding using the dry way, to produce 
refractory dense specimens. The manufactured pellets were characterized by bulk density, open 
porosity, shrinkage, cold crushing strength, microstructure by scanning electron microscope 
(SEM) micrographs, mineralogical composition and softening under load. 

The experimental data suggests that the addition of the alumina-rich clay to the main 
mixture enhances the softening under load from 1198°C to 1213°C, the mechanical behavior of 
the manufactured pellets from 36 MPa to 44 MPa, the mullite   (aluminum silicate ) amount 
from 25% to 29% and decreases the open porosity from 19.6% to 18.6%. 

The obtained results are highly encouraging, but further investigation is necessary to 
refine this potential. 
 

Keywords:  Silica-alumina refractories, Low-cost kaolin, Refractory materials, Numidian 
Flysch Formation, Clays, Upper Oligocene, Tunisia. 
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Tentative de décomplexification du complexe de Butare: ses extrémités NW et SE 
respectivement à Kalehe et Idjwi à l'Est de la RDC et à  Zina-Randa et Cohoha 
au Nord du Burundi  
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La chaîne Karagwe-Ankole (KAB) est une ceinture orogénique d’âge Mésoprotérozoïque 
s’étendant depuis l’Est de la RDC jusqu’au Sud-Ouest de l’Ouganda et au Nord-Ouest de la 
Tanzanie en passant par le Burundi et le Rwanda. Elle est caractérisée par des roches méta 
sédimentaires à méta volcanosédimentaires réparties dans deux domaines structurellement 
distincts, à savoir un domaine occidental (WD) reposant sur des gneiss et des migmatites paléo-
protérozoïques et  composé de roches sédimentaires à volcanosédimentaires méso-
protérozoïques déformées métamorphosées dans les schistes verts au faciès des amphibolites. 
Le WD, ainsi qu’un domaine oriental (ED) reposant sur un sous-bassement  archéen (Tack et 
al., 2010).  

Dans ces formations, il est signalé des intrusions  de trois générations de granitoïdes,  dont 
un groupe de granitoïdes de type S d’âge 1375 Ma ou de type A d’âge 1205 Ma et  un groupe  
de leucogranites d’âge moyen de 976 Ma (Tack et al. 2010; Fernandez-Alonso et al., 2012 ; 
Dewaele et al., 2015). 
 

Il a été également reconnu dans cette chaîne  des formations à positions stratigraphiques 
incertaines, comme celles constituant ce qui a été cartographié comme  « complexe de Butare », 
du nom de son locus-typicus au Sud du Rwanda, mais qui s’étend en direction NW jusqu’au-
delà de la frontière  à Kalehe et Ijwi en RDC avec son appellation locale de « complexe d’Uvira, 
ainsi qu’en direction Sud au-delà de la frontière burundaise depuis le Nord-Ouest avec le 
complexe de Zina-Randa jusqu’au Nord-Est avec le complexe de Cohoha, en passant par les 
granites de Mwokora, Kabarore, Mparamirundi et Murehe ( Baudet et al. 2019, Laghmouch et 
al. 2019, 2018).  
  

La géologie des secteurs d’Idjwi et de Kalehe est constituée des roches magmatiques 
(leucogranites, granites à deux micas, rhyolite, basalte, aplite, gabbros, dolérite), 
métamorphiques (amphibolites, marbre, gneiss, micaschistes, phyllites, quartzite, schistes 
graphiteux) et sédimentaires (calcaire, travertin, grès). Des minéralisations de Sn, Nb-Ta, Be se 
trouvent dans les filons de pegmatite tandis que celles de  Sn et W sont liées aux filons de quartz 
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et de greisen, suivant des  orientations parallèles à des failles  généralement NE-SW et parfois 
à la foliation.  

 
Le complexe de Zina-Randa se situe au Nord-Ouest du Burundi et s’étend depuis la rivière 

Kagunuzi au Nord jusqu’au granite de Bubanza au Sud. Les données préliminaires de terrain 
montrent que ce complexe est caractérisé par de nombreuses intrusions pegmatitiques au sein 
des métasédiments essentiellement psammitiques et phylliteux. On remarque également 
plusieurs pointements de granites (leucogranites et granites à 2 micas foliés). Il renferme des 
zones de minéralisations, comme celle du champ  pegmatitique à Sn, Nb-Ta et Li à Ndora. 

Au sein du complexe de Cohoha au Nord-Est du Burundi, on observe un centre plutôt plus 
leucogranitique évoluant vers une zone de bordure où on trouve  un mélange de lambeaux 
lenticulaire de métasédiments avec des  granites et des pegmatites dont il ne reste parfois plus 
que des arènes de quartz flottant dans des restes de feldspaths kaolinisés. Alors que jusqu’à ce 
jour il a été seulement signalé dans la région dit « Ikibuye Cya Shyari » au Sud de Butare où il 
a été observé et daté, on observe dans ce mélande de bordure, à Cyumva non loin de la ville de 
Kirundo, des affleurements d’orthogneiss fort identiques au prototype du socle 
paléoprotérozoïque du WD. Un échantillon en cours d'analyse géochronologique révélera 
bientôt son âge. Des minéralisations en Sn, Nb-Ta, W et Au se trouvent en bordure et loin de 
ce complexe avec une zonéogéographie allant de zones d’abord  à Sn, puis Sn et Nb-Ta, W,  et 
Au, même si le lien génétique reste à étudier. 
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L’équivalent de complexe d’Uvira, qui serait d’âge paléoprotérozoïque, affleure à Idjwi et 

sur une partie de Kalehe. Son prolongement Sud-Ouest (au Rwanda)  constituent le complexe 
de Butare avec son extension SE (au Burundi) dans Mwokora, Kabarore, Kimanga et Cohoha. 

Il a été signalé, dans la région des grands lacs africains, la présence de trois chaines 
précambriennes dont celle du paléoproterozoique (Ubendienne), du Mésoprotéroizoique de 
Karagwe-Ankole Belt (KAB) au Kivu, Kibaran Belt (KIB) au Katanga et du néoproterozoique 
(Panafricaine) (Tack et al. 2010; Dewaele et al., 2015). Les formations de KAB à l’Est de la RDC 
ont été regroupées, quant à elles, dans le Supergroupe du Kivu (Fernandez-Alonso et al., 
2015). Dans ces formations, il est signalé des intrusions locales de trois générations de 
granitoïdes du Mésoprotérozoïque. (1) Le premier groupe est caractérisé par les granitoïdes 
de type S d’âge 1 375 Ma (2) de type A d’âge 1 205 Ma et (3) Le second groupe est celui des 
leucogranites, d’âge moyen de 976 Ma (Tack et al., 2010; Fernandez-Alonso et al., 2012; 
Dewaele et al., 2015).  

La géologie des secteurs d’Idjwi et de Kalehe est constituée des roches magmatiques 
(leucogranites, granites à deux micas, rhyolite, Basalte, aplite, gabbros, dolérite), 
métamorphiques (amphibolites, marbre, gneiss, micaschistes, phyllites, quartzite, schsites 
graphiteux) et sédimentaires (calcaire, travertin, grès). Dans ces régions, les minéralisations 
de colombo- tantalite et la cassitérite se trouvent dans les filons de pegmatite tandis que celles 
de cassitérite et wolframite sont liées aux filons de quartz et de greisen. 

Le granite à Etain consiste en un leucogranite à muscovite (rarement à deux micas) et 
tourmaline. Sa paragenèse tectonothermale a été concomitante au climax métallogénique du 
Kibarien d’étain. Les pegmatites et veines minéralisées en Au, Sn, W, Nb, Ta, Be, phosphate, 
tourmaline et U l’accompagnent (Fernandez-Alonso et al., 1986; Tack et al., 1994). Ces 
minéralisations sont présentes à Idjwi et Kalehe et seraient aussi liées à ce type de granite. 

Dans ces deux zones, les différentes failles seraient donc des zones de faiblesses pour 
de possibles circulations de fluides magmatiques hydrothermaux. Les structures minéralisées 
sont orientées parallèlement aux failles et parfois à la foliation. Ces failles présentent une 
orientation préférentielle de NE-SW, 
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La lithologie joue un rôle indispensable dans la mise en place des minéralisations. 
Présence de schistes graphiteux et des quartzites pourrait être le marqueur des pièges de la 
minéralisation de W et Sn dans ces régions.  
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Au Nord-Ouest du Burundi, on reconnait des complexes à position stratigraphique 
incertaine associés aux métasédiments mésoprotérozoïques de la chaine Karagwe-Ankole 
(KAB). Ce sont des complexes tectono-métamorphiques constitués de roches intrusives 
essentiellement granitiques et pegmatitiques dans des niveaux de métasédiments (gneiss, 
métaquartzites, micaschistes, schistes) fortement déformés (Carte géologique du Burundi au 
250.000ème). Ces complexes sont associés à des zones de minéralisations i.e. le champ de 
pegmatites lithinifères de Ndora et les pegmatites à Sn, Nb-Ta de Kabarore. 

Le complexe de Zina-Randa se situe au Nord-Ouest du Burundi et s’étend depuis la 
rivière Kagunuzi au Nord jusqu’au granite de Bubanza au Sud. Les données préliminaires de 
terrain montrent que ce complexe est caractérisé par de nombreuses intrusions pegmatitiques 
au sein des métasédiments essentiellement psammitiques et phylliteux. On remarque également 
plusieurs pointements de granites (leucogranites et granites à 2 micas foliés).  

Le présent travail intègre de récentes données de terrain collectées dans le complexe de 
Zina-Randa avec objectif de présenter une tentative de décomplexification. Un travail similaire 
a été réalisé du côté du complexe de Butare au Rwanda (Baudet et al., 2019). 
 
Références 
Baudet, D. Fernandez-Alonzo, M. Ntege, A. Ngaruye, J.-C. Kanyana, A. Tuyishimiye, P. 

Habiyakare, & T. Gabinema, C., 2019. Geological Map of Rwanda 1/100.000 scale series, 
Karongi – S3/29 NW. 

Laghmouch, M. Nimpagaritse, G. Mudende, L. Minani, M. Ndereyimana, J. Icitegetse, I. 
Nahimana, A. Ndarihonyoye, P. Niyongabo, J-B. Fernandez-Alonzo, M. Baudet, D. Tack, 
L. Kervyn, F., 2019. Carte Géologique du Burundi au 250.000ème. 



 
Geologica Belgica Meeting 2021, September 15-17, Tervuren, Belgium – Abstract Book, p. 58 

Valorization of Tunisian Numidian clays (Upper Oligocene) in the manufacture 
of ceramic tiles  
 
Béchir MOUSSI 1, Oumaima GRINE 1, Walid HAJJAJI 1, Johan YANS 2, Mondher 
HACHANI 3, Nouri HATIRA 4, Joao Antonio LABRINCHA 5, Fakher JAMOUSSI 1 

1. Water Researches and Technologies Center (CERTE), Technopôle de BorjCedria, BP 273, 
Soliman, 8020, Tunisia (moussibechir2007@gmail.com) (gr.oumaima@gmail.com) 
(w.hajaji@gmail.com) (fjamoussi@yahoo.com) 
2. University of Namur, ILEE, Department of Geology, Belgium (johan.yans@unamur.be) 
3. University of Carthage Higher Institute of Environmental Science and Technology of 
BorjCedria, B.P. n°, 1003, 2050, Hammam Lif, Tunisia (mondher_hachani@hotmail.com) 
4. Faculté des Sciences de Bizerte, Zarzouna, 7021, Tunisia (nhatira@gmail.com) 
5. Materials and Ceramic Engineering Dept & CICECO, University of Aveiro, 3810-193, 
Aveiro, Portugal (jal@ua.pt) 
 

In the aim of valorization of clays in the traditional ceramics manufacture, several 
samples of clays were collected in the Numidian Flysch Formation (Upper Oligocene) at 
Tabarka and Sejnane areas (North west of Tunisia). We used the technique of dry process, 
which requires a mixture of powdered clay with 7% water. In order to follow the evolution of 
technological parameters such as shrinkage, water absorption and flexural strength, ceramic tile 
firing tests were carried out at temperatures varying between 1000°C and 1150°C. 

The characterization of these ceramic tile products includes the determination of total 
shrinkage, flexural strength and water absorption. The last parameter allows us to classify the 
products according to the choice of the field of use. The water absorption ranges from 10 to 
20%, which classifies these products in group BIII according to the international standards (ISO 
13006 and EN ISO 10545-3). The obtained tiles show acceptable drying and firing shrinkage 
(not exceeding 3%), and bending strength (between 13 and 16 N/mm2) which are close to the 
required standards (EN ISO 10545–4, 15N/mm2 for wall tiles). 

Variation of technological parameters such as shrinkage and water absorption with the 
increasing of temperature reveals that optimal range of firing is 1125–1150°C for the Tabarka 
samples, whereas the Sejnane products might be fired at lower values (~1025°C). The Tabarka 
fired pieces exhibit strong brightness. These results suggest that these latter clays could be used 
for white products such as sanitary ware formulations while those from Sejnane ones are more 
appropriated for colored (red) applications.  

The mineralogical composition determined by the X-ray diffraction of ceramic products 
shows the formation of mullite resulting from the richness in Al2O3, supporting their refractories 
properties. 

Keywords: Manufacture, Ceramic, Numidian, clays, Upper Oligocene, Tunisia. 
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The West-Congo Belt is a Panafrican orogen located in the African side which was part of the 
Araçuai-West-Congo orogen during the assembly of Congo and Sao Franciso craton of the west 
Gondwana supercontinent. Over last decades, detailed structural studies have been conducted 
mostly in the Brazilian sides but few focused on paleostress and its significance to overall 
evolution of the Araçuaì-West Congo orogen. A DEM and a detail field structural analysis of 
the foreland and the front of the hinterland were carried out in order to produce a structural map 
of the West Congo orogen. The paleostress and kinematic analysis of the West Congo belt 
conducted has showed 28 stage stress tensors. All these stages constituted long period of 
deformation from the Neoproterozoic until present day probably. From 28 stress stages we 
come to the evidence that the West Congo belt has experienced an oblique convergence 
expressed in progressive deformation by two major stages of deformation.  The first stage of 
deformation is NNE-SSW to NE-SW oriented compressional to strike-slip regime that resulted 
in the development of major conjugate NW-SE dextral strike-slip brittle and NE-SW to ESE-
WSE brittle-ductile shear zones and WNW-ESE to NW-SE folds, and the second that stage that 
is a E-W compressional to strike-slip regime, this stage reactivated earlier shear zones in reverse 
kinematics N-S to NE-W fold. This suggest that during the development of the Araçui-West 
Congo the Congo craton rotated clockwise, this rotation could be forced by collision of the 
West African, eastern Saharan cratons in the north. This also confirms that the Araçuaì is a 
forced orogen. 

 

mailto:nkodiahardy@gmail.com


 
Geologica Belgica Meeting 2021, September 15-17, Tervuren, Belgium – Abstract Book, p. 60 

New insights from the revised geological map of the West Rwanda (Karongi-
Nyamagabe-Rusizi districts)  
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Rwanda is dominantly occupied by metasedimentary rocks of the Mesoproterozoic domain 
regionally known as Karagwe Ankole Belt (ex - Kibaran), which belong to the Akanyaru 
Supergroup. These have undergone some tectono-metamorphic phases and were affected by 
different events of magmatic rocks intrusions. The studied area is generally made up of low to 
medium grade metamorphic Akanyaru sediments and of a high metamorphic Butare complex. 
Structurally, the region has numerous faults and folds trending NNW. 
A new geological mapping campaign has been launched in 2018 under a project between 
RMB and RMCA financially supported by the Belgium Cooperation Agency (ENABEL). 
This project produced some insightful information that allowed to propose an updated new 
geological map for the 1/100.000 scale Kibuye (Karongi) sheet. 
Along a N-S section of the area, it is noticed that the upper levels of the Akanyaru 
stratigraphy alternate with lower parts in the centre before appearing back in the South; which 
clearly defines a regional antiformal setting. 
This geometry allowed to detail the lowest, less well known levels of the Akanyaru 
Supergroup: mainly here the Kaduha Formation, but also more important basement gneisses 
and migmatites. It was also possible to observe magmatic bodies usually present in the heart 
of anticlinal structures. Mostly granites and some gabbro, this association possibly represents 
the bimodal magmatism event which has been described in the literature for the Karagwe 
Ankole Belt. 
A closer observation in sediments shows lenticular paths of feldspar of different size formed 
during metasomatism. It was noticed that the affected zone is mainly in the lower part of the 
stratigraphy (Nyungwe and Kaduha formations). Similarly, some gneiss were intruded by 
magmatic venues creating “exomigmatites”. This feldspar-alteration is mainly occurring in 
the heart of the anticlinorium. 
Finally, the conglomerates from Nyamasheke (Karamba formation), can now be confirmed to 
be Neoproterozoic diamictites and are probably correlated to the diamictites found in the 
Itombwe Supergroup in the D. R. Congo, across lake Kivu. 
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Unravel the rate of pyrite oxidation under weathering conditions: an experimental approach 
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Rue de Bruxelles 61, 5000 Namur, Belgium (julien.poot@unamur.be; 
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Pyrite is one of the most common sulfides on Earth. It occurs in various geological 
settings, in sedimentary rocks and hydrothermal deposits, including many polymetallic sulfides 
ore deposits. The oxidation of pyrite can lead to environmental issues due to acid mine drainage 
but also extraction difficulties requiring specific mining processes (Holmes et al., 2000; Sun et 
al., 2015). 

For this study, pyrite samples were collected from the Hautrage Clay Formation (Upper 
Barremian to Basal Aptian) in the Hautrage quarry (Mons Basin, Belgium). In these clayey 
rocks, pyrite has remained protected from direct atmospheric conditions and can be considered 
as "fresh". 

The main objective of this work is to determine the oxidation rate of pyrite. To do this, 
different experiments are made on carefully selected samples of Hautrage pyrite: (i) open air 
exposure, (ii) underwater and (iii) drip exposure to tridistilled water. XPS (X-Ray Photoelectron 
Spectroscopy) analyses are further carried out at different time steps on the surface and at depth 
of the samples to decipher the extent of the oxidation zone (more than five thousand hours of 
experiment). The first results show an oxidation depth close to 1 micrometer for drip exposure 
pyrite over a 6 months period. This value is half for air exposure, whereas pyrite under water 
shows only a very slight oxidation. An experiment was also conducted to determine the impact 
of pyrite oxidation on the acidity of meteoric fluids. Pyrite are put underwater for a given time 
(lab temperature between 20 and 25°C) with regular pH measurements. It appears that the pH 
of the water stabilizes around 2 after 6 months of experiment. A small fraction of Hautrage 
clays is also added in some flasks in order to measure the buffering capacity of these clays. 

At a human scale, this oxidation depth seems low, but can be responsible for many 
environmental (aquatic life or aquifers) and construction-related issues (stability, cracks in 
walls, heaved floors, …) that could take place over decades. At a geological scale, by 
extrapolating the results obtained, a few tens of thousands of years would be sufficient to fully 
oxidize the pyrite and then form secondary mineralization. 
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Controls of host rocks on weathering processes and dating of Cu-As-Pb-rich 
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The Tazalaght and Agoujgal Cu-As deposits, hosted by Neoproterozoic to Cambrian 
formations in the Moroccan Anti-Atlas, are exploited by the mining company Managem for 
their copper and silver ores.  

As many other deposits in this area (e.g. Tizert), these primary sulfide deposits underwent 
significant weathering leading to the development of supergene profiles and to the formation 
of various secondary ores. Both deposits present secondary copper ores that were formed 
through quite similar processes, despite some mineralogical and chemical variations 
highlighting the influence of host rocks on weathering. Their shared special feature is the 
presence of Cu-Pb arsenates and vanadates.  

At the Tazalaght’s deposit, weathering led to the development of four mineralogical zones 
clearly distinguished in eachy vertical cross-section of the deposit, from base to top: the 
hypogene sulfide zone (chalcopyrite, pyrite, tennantite), the large cementation zone hosting 
secondary sulfides (bornite, chalcocite), the oxidized zone (malachite, azurite, olivenite, 
chenevixite), and the leached zone (goethite, hematite). Scarce Co-sulfides and Co-arsenates 
complement the sequence. These mineral associations are also identified at Agoujgal, but are 
less spatially confined. While the cementation zone is reduced in size, in comparison with 
Tazalaght, the oxidized zone is much more extended and diversified. Three mineralogical 
processes are distinguished at Agoujgal: (1) the replacement of hypogene sulfides (chalcopyrite, 
pyrite, tennantite, galena) by small volumes of supergene sulfides (chalcocite) in the 
cementation zone; (2) the large-scale formation of oxidized minerals (malachite, olivenite, 
conichalcite, yukonite, cerussite, anglesite, osarizawaite, plumbojarosite, beaverite, 
phosphohedyphane, mimetite, mottramite, calcio-duftite, …) in a more oxidizing and neutral 
environment; and (3) the precipitation of late phases (hematite, goethite, mottramite) in the 
gossan.  

Single hand specimens collected at both sites enabled the description of a boxwork texture 
derived from tennantite. These textures, which record the transition from the fresh ore, to the 
cementation zone, the oxidation zone, and finally to the gossan, are useful tools reflecting the 
evolution of fluid-rock interactions with time.  

The difference between the secondary assemblages of both deposits clearly demonstrates 
the influence of the host rocks on supergene processes and neoformations. At Tazalaght, the 
mineralization is hosted by quartzitic host rocks that were obviously not able to neutralize fast 
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enough the fluids acidity, which jeopardized the development of the oxidized mineralization. 
The scarcity of carbonate rocks limited the formation of Ca-bearing oxidized phases, and in 
particular of Ca-arsenates (conichalcite, yukonite), which are, at the contrary, ubiquitous at 
Agoujgal. At the latter deposit, the large amount of dolomitic host rocks must have enabled the 
quick buffering of the fluids acidity, as attested by the almost total absence of secondary sulfides 
and the omnipresence of carbonates. The particularly broad set of Cu- and Pb-carbonates, 
arsenates, sulfates, phosphates, vanadates and oxides reflects the circulation of fluids of 
complex composition and the physical-chemical evolution of the mineralizing fluids, in relation 
with pH and Eh fluctuations. 

Goethite specimens, collected at both sites, have been the subject of (U-Th-Sm)/He dating, 
which is a particularly suitable method to refine our knowledge about the formation of 
supergene deposits. Agoujgal goethite samples provided ages ranging from Middle Miocene to 
Late Pleistocene, while Tazalaght samples seem much older, with Late Cretaceous to Late 
Eocene ages. These ages may be related to uplift phases already defined in the Atlas (Leprêtre 
et al., 2015; Gouiza et al., 2017). Therefore, it is suggested that the formation of such oxides, 
and, generally speaking, of such supergene mineralization, could ensue from, and be driven by, 
long-wave exhumation processes.  
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microthermometry and Raman spectroscopy  
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Mineral deposit research in the Central African Mesoproterozoic Karagwe-Ankole belt 
(KAB) has known a recent increase of interest. The KAB metallogenetic province is well 
known for hosting different types of magmatic-hydrothermal rare metal (Nb, Ta, Sn, W) and 
gold deposits (Fernandez-Alonso et al., 2012; Pohl & Günther, 1991). Despite the resurgence 
of new research, numerous open questions concerning the genesis of the gold deposits in the 
area remain (Pohl et al., 2013). Central African orogenic gold mineralization has been linked 
to fold-and-thrust belt formation and associated shear zones (Brinckmann et al., 2001; Pohl et 
al, 2013). A genetic link between the auriferous quartz veins and magmatic-hydrothermal fluids 
from the early-Neoproterozoic post compressional magmatism (G4 granites) is however still 
under discussion. The characterization of the quartz vein mineralizing fluids at Byumba 
(Rwanda) can provide answers to these open questions. In the research presented, fluid 
inclusions from the different quartz vein generations at the Byumba mineralization were studied 
by petrography, microthermometry and Raman spectroscopy. The structural setting, insight in 
the mineralization age and the petrographic and geochemical (µXRF) characterization of the 
gold occurrence at Byumba has been published by Wouters et al. (2020). The Byumba deposit 
shows distinct phases of folding and shear deformation of the metasediments. Three main 
phases of quartz veining are reported (pre-(V1), syn-(V2) and post-folding(V3)). Post-folding 
chlorite-rich quartz veins (V3) host the primary gold mineralization, mainly in the form of sub-
micron gold. 

Petrography of the fluid inclusions within the different Byumba quartz vein generations 
identified three main fluid types and shows the presence of numerous leaked/decrepitated 
inclusions in all vein types. Type I are primary H2O-CO2-X fluid inclusions which consist of 
an aqueous and a liquid carbonic phase (Lw-Lc) and other gasses (X). Type II fluid inclusions 
are also primary with a CO2-H2O-X composition and are dominantly carbonic liquid with a rim 
of H2O (Lc-Lw). Aqueous fluid inclusions (Lw-V) found inside secondary trails are categorized 
as Type III and have not been studied further due to their small size. Fluid inclusions inside V1 
quartz veins and V3 quartz veins are compositionally similar, but V1 veins contain more 
secondary trails and smaller inclusion sizes. Syn-folding V2 quartz vein inclusions were not 
suited for further microthermometric analysis due to the fact that they are too small to be 
measured or have leaked/decrepitated. Auriferous V3 quartz veins show large cloudy clusters 
of primary inclusions crosscut by small secondary trails. 

Microthermometric measurements of primary fluid inclusions of Type I and II generated 
similar data in the pre- and post-folding quartz veins. Both Type I and Type II inclusions show 
average melting temperatures of CO2 (TmCO2) between -61.0 °C and -59.0 °C, with a slightly 
higher average for Type I inclusions. Such temperatures are indicative for the presence of other 
gasses (N2 and CH4) inside the carbonic phases which is confirmed by subsequent Raman 
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spectroscopy. For Type I fluid inclusions it was often impossible to observe the formation of 
frozen CO2 because it was (almost) completely consumed in clathrate formation. Both primary 
fluid types show a large variability in homogenization of the carbonic phase (ThCO2), even 
within a single assemblage. ThCO2 lies mostly between 3.5 °C and 9.5 °C. Clathrate melting 
temperatures (TmCLATH) of fluid Type I are mostly between 8.5 °C and 10.5 °C while the 
dominant range of Type II TmCLATH is higher, i.e. mostly between 10.5 °C and 11.0 °C. Raman 
spectroscopy peak area assessment allows the calculation of the gaseous compositions. Fluid 
Type I gaseous composition range on average from 2%-5% N2 and 3%-6% CH4. , while Type 
II ranges on average from 3%-7% N2 and 4%-10% CH4. 

The primary fluid present in the post-folding auriferous quartz generation has a H2O-CO2-
CH4-N2 composition, which is interpreted to be of a metamorphic origin (Goldfarb & Groves, 
2015) and typical for orogenic gold type mineralization (Groves et al., 2003). However, in a 
next step a more detailed analysis of the major and trace element composition of the inclusions 
will be performed to determine the possible influence/mixing of this metamorphic fluid with 
other likely fluid types such as magmatic-hydrothermal fluids. 
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The Earth's ever-changing surface is 
shaped by processes that govern its 
evolution over all temporal and 
spatial scales. These processes 
frequently act in interactions, leading 
to physical, chemical and biological 
changes. Geohazards are processes 
associated with sudden 
environmental changes. They often 
result in loss of life and socio-
economic impacts. 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; 
surface manifestation of volcanisms 
and tectonism; weathering and 
pedogenesis, modelling and 
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. 
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Over the past decades more and more advanced technology has become available for the 
assessment of surface topography: SfM (structure-from-motion) algorithms applied to UAV 
(unmanned aerial vehicle) imagery now allow centimeter-scale resolution, thereby 
revolutionizing the way we study earth-surface processes. Obtaining these high resolution 
DEMs, however, still requires substantial fieldwork and is spatially limited due to the nature of 
the technology. On the other hand, TanDEM-X is an interforometric SAR mission of the 
Deutsche Zentrum für Luft-und Raumfart with near-global coverage at 12 m resolution, and 
while being less detailed than UAV-SfM DEMs it is a major step forward in comparison to the 
30 m SRTM DEM.  

Here, we evaluated the performance of the TanDEM-X 12 m DEM to i) estimate gully 
volumes, ii) establish an area-volume (A-V) relationship, and iii) determine mobilization rates, 
through comparison with a high resolution (0.2 m) UAV-SfM DEM and lower resolution (30 
m) SRTM DEM. We did this for six study areas in the lake Alaotra region (central Madagascar) 
where lavaka (gullies) are omnipresent and surface changes over the period 1949-2010s for 699 
lavaka are available. SRTM derived volumes were systematically underestimated, indicating 
that the SRTM DEM is too coarse to accurately estimate volumes of geomorphic features at the 
lavaka-scale (100 - 100 000 m²). Lavaka volumes obtained from TanDEM-X were similar to 
UAV-SfM-volumes for the largest features, whereas smaller features were generally 
underestimated.  

To deal with this bias we introduce a breakpoint analysis to eliminate volume 
reconstructions that suffer from processing errors as evidenced by significant fractions of 
negative volumes. This elimination allowed the establishment of an area-volume relationship 
for the TanDEM-X data that lies within the bounds of the uncertainty of the UAV-SfM A-V 
relationship. Our calibrated area-volume relationship enabled us to obtain large-scale lavaka 
mobilization rates ranging between 18 ± 6 and 289 ± 125 ton ha-1 yr-1 and were underestimated 
by ca. 15% by TanDEM-X. With this study we demonstrate the potential of  the global 
TanDEM-X 12m DEM to estimate volumes of gully-shaped features at the lavaka-scale (100 - 
100 000 m²), where the proposed breakpoint-method can be applied without requiring the 
availability of a higher resolution DEM. 
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Figure 

 
 
(a) A broken stick regression (dotted black line) is fitted through the log-transformed positive 
(V pos) and total (Vtot) volumes obtained from the TanDEM-X DEM. The automatically 
identified breakpoint is located at log(V pos) = 3.90 m3. (b) Linear area-volume relationships 
fitted through the log-transformed lavaka area and volume data for the full UAV-SfM dataset 
and TanDEM-X volumes exceeding the identified breakpoint (log(Vpos)>3.9). Shadded areas 
indicate the 95% confidence intervals of the fitted relationships. 



 
Geologica Belgica Meeting 2021, September 15-17, Tervuren, Belgium – Abstract Book, p. 70 

Is there an environmental crisis in the Lake Alaotra region (Madagascar)? 
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The Malagasy highlands are scattered with large inverse teardrop-shaped gullies called 

lavaka, which are by many considered as the prime indication of a currently ongoing human-
induced environmental crisis (Dewar 2014, Klein 2002). Yet, lavaka are known to have existed 
long before human arrival and account for the majority of the long-term sediment input into the 
highland rivers and floodplains (Mietton et al 2005, Cox et al 2009, Wells and Andriamihaja 
1993). The role of anthropogenic disturbances in their formation therefore remains highly 
debated. 

Here, we assess the dynamics of 699 lavaka from 1949 to the 2010s in the Lake Alaotra 
region (central highlands) by using historical aerial pictures and present day satellite imagery. 
An overall birth to stabilization ratio of 6.1 indicates a rapidly growing lavaka population in 
our study areas. Observed lavaka growth, birth and stabilization rates allowed us to calculate a 
mean lavaka population age of 410 ± 40 years, and estimate that the disequilibrium started at 
870 ± 430 cal. BP. Floodplain sedimentation data were obtained from 5 coring transects on two 
of the main inflowing rivers of the lake. Baseline sedimentation rates over the past 20 000 years 
are low and ca. 1 mm yr-1 up to ca. 1000 cal. BP. From then onwards floodplain sedimentation 
starts to increase, peaking over the past 400 years with rates up to 10-30 mm yr-1. The majority 
of river and floodplain sediments are lavaka-derived (Cox et al. 2009), thereby independently 
confirming this time frame of increased lavaka activity. In order to link the evolution of 
environmental pressure with lavaka population dynamics we formulated a temporally explicit 
lavaka population model, where different environmental pressure scenarios were evaluated. 
Modelling outcomes indicate that a strong recent increase in environmental pressure over the 
last centuries is needed to attain current disequilibrium levels.  

While the onset of increased lavaka activity around 1000 cal. BP can be linked to both 
the start of a climatic drying trend (Li et al 2020) and the introduction of cattle and permanent 
human settlements in the area (Douglass et al 2019, Godfrey et al 2019), the recent acceleration 
cannot be explained by climatic changes alone and seems to be linked to increased 
anthropogenic pressure on the environment related to increasing human and cattle populations. 
With this study we show the potential of an integrated multiple source data-modelling approach, 
where demographic concepts are applied to geomorphic features, allowing to link their 
evolution with past (anthropogenic) environmental changes. 
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Figure 

 

A) Example of new lavaka being born (top) and stabilizing (bottom) over the period 1949-2018. 
Orange polygons indicate the lavaka extent, blue ones the bare surface area. B) Amount of 
newly born and stabilized lavaka and their ratio for each study area (SA) for the longest 
available time period (1949-2010s for SA1-5 and 1969-2010s for SA6). 
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Gully erosion is an important land degradation process, threatening soil and water 
resources worldwide. However, in contrast to sheet and rill erosion, our ability to simulate and 
predict gully erosion remains limited, especially at the continental scale. Nevertheless, such 
models are essential for the development of suitable land management strategies, but also to 
better quantify the role of gully erosion in continental sediment budgets. We aim to bridge this 
gap by developing a first spatially explicit and process-oriented model that simulates average 
gully erosion rates at the continental scale of Africa. 

We are developing a model that predicts the likelihood of gully head occurrence by means 
of the Curve Number (CN) method. This model will allow to simulate the spatial patterns of 
gully density at high resolution (30m) based on the physical principles that control the gully 
erosion process by using GIS and spatial data sources that are available at the continental scale. 
To calibrate and validate this model, we make use of an extensive database of 44 000 gully 
heads mapped over 1680 sites that are randomly distributed across Africa. The exact location 
of all gully heads was manually mapped by trained experts, using high resolution optical 
imagery available in Google Earth. This allows to extract very detailed information at the level 
of the gully head, such as the local slope and the area draining to the gully.  

Based on an explorative analysis on a subset of this dataset we found that the CN method 
does not directly allow to make reliable predictions on gully head occurrence within a pixel. 
Although land use and land cover seem to play an important role (with gully heads being clearly 
located in erosion-prone land use classes), the hydrological soil groups (HSGs) based on soil 
texture do not provide a clear relation between soils with high runoff risk and gully occurrence. 
A potential cause for this is likely that compensating soil effects occur: i.e. HSGs that produce 
low runoff volumes may be characterized by a lower soil cohesion, making them nonetheless 
prone to gullying. This may then cause the combination of HSG and land use to be an 
insignificant predictor of gully occurrence. Also uncertainties on the input data likely play an 
important role in this.  

Overall, our results indicate that modelling gully densities using a process-oriented and 
spatially explicit method offers opportunities to better quantify this important land degradation 
process at the global scale. Nevertheless, a key challenge lies in accurately quantifying the 
importance of soil characteristics and especially in better understanding their relative 
contribution to runoff production and soil cohesion. 
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Geomorphic hazards such as landslides and flash floods (hereafter called GH) often result from a 
combination of complex interacting physical and anthropogenic processes across multiple spatial and 
temporal scales. In many instances, GH occur very quickly, sometimes in a matter of a few hours 
occasionally leading to catastrophic impact on human lives. Given that they are mostly related to 
common meteorological events, GH frequently co-occur and interact, leading to more severe impacts. 
The tropics are environments where GH are under-researched while, in the meantime, GH 
disproportionately impact these regions. In addition, GH frequency and/or risks in the tropics are 
expected to increase in the future in response to increasing demographic pressure, climate change and 
land use/cover changes. To understand the role of climate and landscape (topographic and land 
use/cover) in controlling the spatio-temporal distribution of GH in the context of environmental change, 
establishing a regional-scale inventory of GH events that are localised accurately in space and time is 
essential. In this study we focus on the accurate detection of GH timing using remote sensing. The 
tropics are frequently cloud covered and an accurate characterization of the timing of GH at a regional 
scale can only be achieved through the use of Synthetic Aparture Radar (SAR) due to its cloud 
penetrating capabilites. The objective here is to present the methodology and results of our research on 
the use of SAR amplitude and phase coherence data to accurately estimate the timing of landslide and 
flash flood events with a multi-temporal change analysis approach. The method is applied on four case 
studies located in tropical Africa, more specifically, in the western branch of the East African Rift. 
Copernicus Sentinel 1 (SAR imagery) is the key satellite product used, which next to being open access, 
offers a very good trade-off between frequency of acquisition and spatial resolution. The actual timing 
of the events (as a means for validating the estimations from the methodology) is captured using 
information from three citizen observer networks and high temporal resolution optical imagery. The 
results show that both amplitude and phase coherence can provide valueable information for event 
timing detection. Estimated event timing from phase coherence time series ranges from a couple of days 
to a one month difference. Estimated timing using a derivative of the amplitude ranges from a couple of 
days to a maximum of 2,5 months difference. This research is one of the first to show the capabilities of 
radar remote sensing to constrain the timing of GH events with an accuracy much higher than what can 
be obtained from optical imagery in cloud-covered environments. These methodological results have 
the potential to be implemented in cloud-based computing platforms to improve GH detection tools at 
regional scales, which in turn helps to establish unprecedented inventories of GH processes in changing 
environments like the East African Rift.  
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SfM photogrammetry is a technique that provides useful products for geoscientists, which include 3D 
point clouds, digital elevation models (DEMs) and mosaics of orthophotos (i.e., orthomosaics). It is 
increasingly used in Earth sciences for its ability to measure 3D geological or geomorphological 
structures, topographic changes and, sometimes, ground surface deformation, in an efficient and 
relatively low-cost way.  When used in time series, photogrammetric products are efficient to study into 
details geohazards associated with, e.g.,  landslides, volcanoes, coastal erosion, etc. To produce time 
series of photogrammetric products, co-registration is important to allow a proper comparison between 
each periods of image acquisition, or epochs. Co-aligning all the epochs during image matching (i.e., 
multi-epoch alignment) is amongst the recommended best practices. However, this technique shows 
limitations when the epochs are not similar, i.e., not composed of images acquired with a relatively 
similar viewing geometry, with the same camera or type of camera. In this work, we produce a time-
series of dense point clouds and DEMs of the summit crater of Nyiragongo volcano, in order to test the 
best way to co-align epochs made of highly different image acquisitions and derive accurate 
measurements on the summit eruptive activity. Our results highlight that, if multi-epoch co-alignment 
works well for homogeneous time-series, it is actually more complex when the image datasets are 
acquired with varying types of equipment, in harsh volcanic environment. Depending on the time series, 
selecting other options for co-registration may provide similar or better results than with the multi-epoch 
co-alignment. In the case of Nyiragongo crater, co-aligning the images of each epochs on a reference 
epoch that is, first, independently processed provide the best co-registration result. This option also has 
the advantage of allowing the co-alignment of newly acquired epochs without the need to reprocess the 
entire time-series each time. In terms of measurements, the photogrammetric products allowed us to 
derive accurate volume estimates of the lava accumulated in the summit crater between 2002 and 2018. 
These lava volume estimates correlate with those derived from satellite remote sensing. By comparing 
the 2013 and 2014 epochs, ground subsidence was also accurately measured on the bottom of the crater 
around the lava lake. All the measured changes and the mapping performed using the photogrammetric 
time series provide key information to better understand the dynamics of the Nyiragongo lava lake and 
the rate of lava accumulation in the main crater. 
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In the last decades, rapid urbanization, global climate change and uncontrolled 
anthropogenic transformations of the territory caused a relevant increase in geo-hazards events 
with huge economic and social consequences. The dramatic increase of these events with 
environmental degradation highlights the importance of improving ground monitoring and 
natural resources management with a continuous exchange of knowledge between the scientific 
community and authorities in charge of environmental risk management. Since the late 1990s, 
SAR (Synthetic Aperture Radar) data allow measuring slow-moving ground deformations. In 
the last decades, the use of spaceborne InSAR (Interferometric SAR) has increased significantly 
thanks to the availability of large-area coverage, millimetre precision, high spatial/temporal 
data resolution and good cost-benefit. For the last 3 decades, the development of Multi-
Temporal Interferometric SAR techniques (MT-InSAR), commonly grouped into PSI-like 
(Persistent Scatterers Interferometry) and SBAS-like (Small BAseline Subset) algorithms, has 
changed the way radar images can be exploited for geohazard monitoring (natural gas extraction, 
mining activities, groundwater overexploitation, karst or landslides processes, etc.). Most of the 
subsidence bowls mapped by the PSI technique in Belgium have been related to strong 
fluctuations of an aquifer implying at the surface ground deformations (Declercq et al., 2017; 
2021). Besides, the recent dry years are related to ground stability problems in large areas of 
Flanders. Land subsidence poses significant problems. The most affected regions lie on 
compressible loose sediments. Any change in the piezometric heads modifies the pore pressure, 
which may induce consolidation if the geological formations are compressible. Geomechanical 
aspects are fully coupled to groundwater flow equations. If groundwater levels and pressures 
are restored, a partial rebound (uplift) corresponding to the elastic part of the geological 
formations is observed. Consolidation and elastic rebound processes occur in confined and 
unconfined conditions. The most sensitive parts of the concerned aquifers contain clay, loam 
or peat lenses but consolidation may occur mostly in the underlying and overlying layers that 
are often less permeable and more compressible than the aquifer itself. In this case, it is largely 
a delayed process occurring as far as the pore pressure variation slowly propagates in the low 
permeability (aquitard) layers. We propose to confront the results of the PSinSAR technique 
data with hydrogeological groundwater models and two other geodetic techniques: GNSS  and 
gravimetry. LASUGEO focusses on ground deformations in different areas in Belgium: the 
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deep aquifer system of western Flanders, the Tertiary aquifer system in Central Flanders, the 
Antwerp area, the Leuven area and the Brussels Region.  

The possible groundwater overexploitation needs to be established through a transient 
hydrogeological model considering all the stress factors applied to the aquifers. The estimated 
compaction in the subsiding bowls will be compared with 1D geomechanical model results. 
The latter will be performed using geotechnical effective stresses as deduced from the pore 
pressure distribution from the hydrogeological model (Dassargues et al., 1989). These different 
steps will be done by the partners of the LASUGEO project that are involved in the different 
case study areas. 
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Figure. PSInSAR data showing the average LOS velocities (in mm/year) from Sentinel-1A 
ascending scenes (2016-2020) covering a large area in Flanders (between Brussels and 
Antwerp). Red colours indicate land subsidence areas while the blue colours indicate uplifting 
ground deformations. Green circles are the GNSS stations located in that area. 
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Understanding when landslides occur and how they evolve is fundamental to grasp the 
dynamics of the landscapes and anticipate the dangers they can offer up. However, knowledge 
on the timing of the landslides remains overlooked in large parts of the world. This is 
particularly the case in regions where infrastructures are weak or absent and data scarcity is 
common. Many populated regions of the tropics stand out as such places, despite being affected 
by high and increasing landslide impacts. There, persistent cloud cover, rapid natural vegetation 
regeneration, cultivation practices and deep weathering further challenge the harvest of timing 
information. We present key findings on the characterisation of the timing of the landslides in 
the North Tanganyika-Kivu Rift region in Africa, a changing tropical environment lacking 
baseline studies where population density is high and on the rise. From an inventory of more 
than 15000 landslides with various timing accuracy (from daily to thousands of years), we 
identify causes and triggers of the slope instabilities in a context of important human-induced 
landscape changes. The interaction between uplift associated with the continental rifting in the 
region and fluvial incision, deforestation, and urban growth are key elements that are considered 
in our analysis. This is achieved through a holistic approach that combines fieldwork, optical 
and SAR/InSAR satellite remote sensing, time-series analysis, UAS image acquisition, 
historical photograph processing, citizen science and geomorphic marker understanding.  
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Rockfall is a major geomorphic process in high mountains situated in cold climates. While 
primarily controlled by lithology and orientation of geological structures, changes in precipitation and 
temperature caused by climate change is expected to alter the magnitude and frequency of rockfall 
events. As temperature increases, the strength of ice-filled joints is reduced. Permafrost degradation has 
therefore been related to an increase in rockfall events over the last three decades in European Alps, 
exposing communities to natural hazards. 

To increase our understanding of rockfall events and its preconditions, we monitored the rockfall 
activity at the Grosse Grabe rock face (2700 m a.s.l., Mattertal, Western Swiss Alps) in a timespan of 
four years (2017-2020). Due to the study sites inaccessibility, we used  a combination of several close-
range remote sensing techniques to study morphologic and morphometric changes. The monitoring of 
the rock face started in 2011 with a fixed automatic camera taking photographs every hour, originally 
in place for the monitoring of nearby rock glaciers. This makes the presented dataset unique since data 
collection started before any major rockfall event. After detection of the first rockfall activity since the 
start of the observations, more detailed Terrestrial Laser scanning (TLS) and Uncrewed Aerial Vehicle 
(UAV) surveys were performed. This allowed to quantify pre-failure displacement, rockfall location and 
volume. A complete dataset of all individual rockfall events, including exact timing and estimated 
volumes, could then be established using seismic data from a nearby rock glacier study site.  

In total 339 rockfall events were observed, including 11 larger events above 5000 m3, 
depositing more than 200 000 m3 of debris. The highly fractured gneiss lithology is viewed as 
the main precondition for the observed magnitude and frequency of the rockfall events, while 
permafrost degradation is viewed as a triggering factor, believed to be responsible for the 
observed outward displacement of the rock face during summer. The largest rockfall events (≥ 
5000 m3) were preluded by warmer periods and systematically exposed ice in the clefts. Its 
exposure caused follow-up rockfall events due to thermal adjustment and unloading. Measured 
pre-failure displacement indicates that further rockfall events will still take place. Due to the 
specific timing and location of the large rock fall events, the deposits will remain stationary, 
posing no real threat to downslope communities at present.  
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Numerical Modeling of Volcanic Edifice Degradation: Towards an Integrated 
Understanding of Edifice Morphologic Evolution  
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Volcanic edifices represent a set of dynamic landforms whose morphology encodes the long-
term (thousands to millions of years) interaction between construction and erosion. Short-term 
(years to decades) volcanic processes cumulatively build topography through both subsurface 
intrusions of shallow magma bodies and surface-mantling of lava flows and tephra deposits. 
Over longer timescales, these processes compete with climate-based erosive processes that 
incise and degrade landforms, generating a variety of edifice morphologies.  
 
Despite the relevance of disentangling edifice morphologic histories to better discern a region’s 
volcanic record and assess potential hazards, studies related to volcanic landform evolution 
have been limited. Multiple studies have analyzed a variety of edifice types (e.g., cinder cones, 
shields, and stratovolcanoes), generating a set of morphometrics that distinguish degrees of 
edifice degradation on both global- and arc-scales. However, how these metrics relate to the 
morphologic evolution of edifices has been restricted to small-scale cinder cones within select 
environments.  
 
Numerical landscape evolution modeling remains one of the most efficient methods to analyze 
and understand landform development. By combining equations that approximate hillslope 
erosion and river channel incision with drivers of landscape evolution (e.g., surface uplift, 
changing lithology, gradational precipitation) within a numerical environment, previous studies 
have had success in distinguishing the processes that govern landscape morphology and 
reconstructing past topography within tectonic settings.  
 
Here, we present our analysis of edifice degradation history using landscape evolution models. 
Starting with idealized stratovolcano shapes, we test the impact of changing lithology, 
precipitation, and growth rate on edifice morphology over 100 kyr timescales. With these 
models, we determine a set of morphometrics that describes the evolution of erosion throughout 
an edifice’s lifespan. Furthermore, we derive a series of nondimensional parameters that 
distinguishes the processes that govern edifice shapes. Finally, we compare the results of our 
numerical models to satellite data of real edifices to analyze the competition of processes and 
resulting landform evolution within a natural environment. 
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Large landslides and ice sheets: the Patagonian lesson  
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The current deglaciation of alpine and polar regions requires an understanding of the 
temporal and spatial aspects of slope instability. However, to date, only a few inventories have 
focused on systematic mapping of large populations of landslides over extensive deglaciated 
areas, such as ice sheets (e.g. Crosta et al., 2013). To reveal the factors influencing large scale 
paraglacial landslide distribution, we performed landslide inventory for the unprecedently large 
area (~305,000 km2) within the Last Glacial Maximum (LGM; ~35 ka) limits of the Patagonian 
Ice Sheet (PIS). Patagonia is a unique natural laboratory for research on paraglacial landslides. 
The territory was covered in the Pleistocene by one of the world´s largest ice sheets and 
available paleoenvironmental data provides excellent background information for assessing the 
spatial pattern of the slope response to post-LGM ice retreat (Davies et al., 2020).    

We mapped footprints of all large landslides (≥1 km2) within the PIS region defined by 
Davies et al. (2020) using GeoEye-1 satellite images (Maxar dataset from ESRITM World 
Imagery service) and TanDEM-X digital elevation model. To obtain chronological information 
about landslides, GIS analyses were supplemented by field morphostratigraphical research and 
OSL and radiocarbon dating of selected landslides (Pánek et al., 2018, 2020; Schönfeldt et al., 
2020). Of the 1,475 mapped large landslides, more than one-third concentrate in a 10-km-wide 
zone along the eastern LGM margin of PIS while they are almost absent in the Patagonian 
Andes. This distribution of mass movements in Patagonia is peculiar compared to other 
tectonically active glaciated orogens (such as Southern Alps of New Zealand or Himalayas): 
large landslides are relatively scarce here, and they are concentrated in the driest and 
topographically least exposed part of the mountain range. Despite the extreme values of 
postglacial isostatic uplift (up to 39 mm yr-1; Dietrich et al., 2010), large landslides do not 
overlap with the fastest uplifted area, and they almost absent in the vicinity of major faults such 
as Liquiñe-Ofqui and Magallanes-Fagnano strike-slip faults (Pánek et al., 2021).  

The chronology of the largest landslides and rock avalanches along the eastern foothills 
of the Patagonian Andes followed the deglaciation pattern. Rotational slides and spreads 
affecting the margins of volcanic plateaus have been active since deglaciation ~35 ka ago and 
their activity has continued in the last 5 ka (Schönfeldt et al., 2020). On the other hand, the 
largest catastrophic rock avalanches with volume >1 km3 probably occurred mainly during the 
short transitional period after deglaciation, and many of them descended into glacial meltwater 
lakes (Pánek et al., 2018, 2020).      

We conclude that 1) lithology rather than topography controls distribution of large 
landslides in the Patagonia, 2) highest parts of Patagonian Andes lacks major landslides due to 
occurrence of hard rocks and the existence of “matured” glacial topography related to very long 
(~6 Ma) glaciation (much more than other world orogens) with glacial valleys well adapted to 
efficient ice discharge, and 3) eastern margin of PIS has been affected by large landslides due 
to spatial coincidence of a large mass of remaining weak rocks, presence of the long-term 
oscillating ice sheet front in the last ~35 ka, and draw-downing glacial lakes. Lesson from the 
Patagonian Andes shows that the presence of hard rocks can prevent origin of large landslides 
in paraglacial landscapes, especially if the terrain has been indurated by long-term repeated 
glaciations. In such areas, large landslides can be expected mainly along the glacial forefield, 
where glacial erosion has not been so effective, and the area is covered by unconsolidated 
glacial sediments.     
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How to integrate outbreak risk issues from drainage adits from abandoned mines 
in land use planning: a tool for decision-makers  
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ISSeP, Institut Scientifique de Service Public, Liège, Belgium (b.ronchi@issep.be; 
f.stassen@issep.be; drevet.jp@issep.b; m.veschkens@issep.be) 

Mining activities can affect the environment decennia after extraction activities stopped. 
Once extraction activities stopped, flooding of the abandoned mines ( i.e. ground water 
rebound) starts  until the mine water surface equilibrates with the regional ground water surface 
or reaches a point of discharge, e.g. a drainage adit. Consequently, outbreak, flooding and/or 
stability problems can occur in the surrounding area (Wolkersdorfer, 2008). Mining risk 
management is thus an important issue to ensure public safety where extraction activities were 
intense during several centuries, e.g. in Wallonia (Pacyna and Salmon, 2012). Following the 
observation of an increasing number of problems at these poorly known drainage adits, the 
Walloon Mining Authority decided to draw up a prevention plan covering all drainage adits in 
Wallonia. This plan initially consists of making an inventory of the dewatering galleries, 
prioritising them according to outbreak hazards, and finally defining the potentially impacted 
areas. The methods are applied on a regional scale, over the entire inventory with automated 
tools when possible. 

Mapping the galleries consists of georeferencing old mining maps and vectorising each 
gallery with its localisation uncertainties. In 2021, the inventory covers more than 420 galleries 
in the districts of Namur and Liège. In order to apprehend the outbreak hazard, no robust 
statistical analysis could be carried out as only few poorly documented incidents were recorded 
in the archives. A method of prioritising galleries according to criticality scores has been 
developed. Since only cartographical data are available over the whole inventory, four 
parameters influencing outbreak hazard has been selected:  
- the maximum hydrostatic pressure was calculated by the difference between the maximum 
elevation of the relief at the gallery and the topographic level of the gallery exit;  
- the length of the gallery was used to approximate the void volume or the volume of water that 
can potentially accumulate and easily be released within the gallery; 
- the number of shafts potentially connected to the gallery were used as a proxy to estimate the 
size of the workings around the gallery; 
- the distance between the mine outlet and a watercourse to assess the ease of water discharge.  
The values of parameter were classified into scores (between 0 and 3 for increasing hazard) 
according to criteria selected from the literature and the distribution of these values for a sample 
of the gallery inventory. Different secnorios (i.e. 2 to 4 parameters, different weights) were 
tested in order to determine the sensitivity of the parameters. The final method (Table 1) was 
selected and validated by a committee of experts, by comparing the scores of known galleries 
where an incident had occurred in the past. In order to be able to easily apply the method each 
year to the latest galleries added to the inventory, the method was automated with the Model 
Builder function of ArcGis.  
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Table 1: Scoring criteria and weights for each parameter considered in the 'water outbreak' 
hazard analysis. 
Score 0 1 2 3 Weight 

Hydraulic pressure 0 >0 >10 >20 0.3 

Gallery length >0 >100 >200 >500 0.3 

Number of shafts 0 >0 >5 >10 0.1 

Distance to the 
nearest watercourse 

<25 >25 >500m >1000m 0.3 

 

To delineate the area impacted by a water outbreak, one must delineate the drainage 
basin whose water source is the gallery outlet. Since no automatic technique allows indicating 
a point as a water source to delimit a flow basin, a stepwise approach has been proposed. Firstly, 
the watershed including the gallery outlet is delineated with the "Hydrology" package of the 
ArcGIS program. However this watershed covers areas located upstream from the gallery outlet. 
Moreover different hazard levels can be variable depending on the water level (Franck, 2018). 
As a first try, a waterlevel of 20cm is simulated for each gallery outlet. This allows to delineate 
the basin covered by 20cm of water.  

Future work will include the completion of the inventory and fine-tuning the hazard 
assessing methods. Indeed, the scores of the parameters were determined on the basis of the 
mine workings of the Liège district. It will be important to validate this parameterization on the 
whole inventory, once it is completed. The water level heights to be used to delimit the flooding 
zones still need to be validated by the committee of experts and the method will have to be 
applied on a large number of galleries to validate its feasibility on the entire inventory.  

We acknowledge SPW ARNE for financing this study and the technical committee 
(i.e. S. Roquet, J-M. Bamboneyeho, L. Funcken, D. Pacyna, E. Lheureux, Prof. A. 
Dassargues) for their advice. 
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Reliability of citizen scientists for near-real time reporting of geohazards. An 
analysis of biases and accuracy for the Rwenzori Mountains, Uganda  
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Documenting the occurrence of natural hazards and their impacts in near-real time is important 
for understanding the vulnerability levels and building resilience. However, recording frequent 
but low impact events that are spatially and temporally scattered is challenging. This challenge 
is even greater in rural areas of developing countries such as Uganda, where limited IT facilities 
prevent dissemination of information through social media. Here we analyse an inventory of 
geohazards (landslides and floods) reported by a network of citizen scientists in the Rwenzori 
Mountains, Uganda. This network of citizen (geo-) observers was established in February 2017 
and was trained to collect temporally explicit geo-referenced information on geohazards and 
their impacts using smartphone technology. Since then, over 1300 hazard occurrences have 
been reported. We here assess the accuracy and potential biases affecting this citizen-science 
inventory and discuss the characteristics of the geo-observers and the of hazard events that 
might affect the reporting. We compare the geo-observer-based records with two independent 
inventories collected through systematic field mapping and PlanetScope satellite imagery 
mapping, focusing on  landslide and flash flood events for the period between May 2019 and 
May 2020. Of the 221 landslide and 52 flash floods reported by geo-observers, 98.6% and 100% 
were respectively validated by fieldwork, suggesting a very low rate of false positive. In 
contrast, out of the 817 landslide and 116 flash flood occurrences mapped on satellite imagery, 
only 57% and 82% were confirmed as true positive by field work, respectively. The level of 
false negative (real events not reported) is however larger for geo-observer’s data (about 45%) 
compared with the satellite imagery (about 29%). The amount and frequency of reporting 
depend both on geo-observer and hazard specific features. The older the geo-observer and the 
lesser he/she is engaged in off-farm employment (private business or formal employment), the 
higher are the chances of reporting. On the other hand, the more impactful the hazard is, the 
higher are the chances of it being publicized to be known and reported by a specific geo-
observer. In addition, the further the event is from the geo-observer’s residence and the 
community access routes, the higher are the chances that such an occurrence will not be reported. 
While satellite imagery mapping provides an opportunity to record geohazard occurrences even 
in extremely inaccessible places, small landslides are often missed while shallow ones can 
easily be confused with freshly cleared vegetation for crop planting. Depending on the 
topography of the area and the weather conditions, it can take several days to weeks before a 
cloud-free satellite image of a place can be obtained. Geo-observers hence provide an added 
value for documenting in near real time geo-referenced information for spatially spread but 
frequent hazards, something difficult to achieve with systematic field work or satellite imagery 
mapping. 
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Analyse morpho-tectonique sur la ville de Matadi dans la province du Kongo 
Central (R.D.C)  
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Localisé entièrement dans la flexure formée par la chaîne West Congo dans son segment 

central (Tack et al., 2001 ; Cibambula, 2016), le relief moutonné de la ville de Matadi, 
perceptible également sur la rive droite du fleuve Congo, se traduit par des interfluves plus ou 
moins parallèles à l’écoulement du fleuve Congo de direction N132°. Ces interfluves sont 
entrecoupés en collines séparées les unes des autres par des vallées dissymétriques et à versants 
inclinés soit vers l’amont, soit vers l’aval des talwegs. Ce relief est également caractérisé par 
une succession des vallées rectilignes profondes ou non de direction N124° parallèles à 
l’écoulement de la rivière Mpozo. Cette diversité morphologique peut-elle être liée aux 
variations lithologiques, à leur dureté, à leur altérabilité climatique ou à leurs déformations 
tectoniques ?  

 
D’après le levé géologique, toutes ces formes de relief affectent indistinctement aussi bien 

les schistes fissiles plus ou moins tendres de la Formation de Palabala que les roches dures de 
formations des métaquartzites de Matadi, du granite de Noqui et des métabasaltes de Gangila 
(Makutu et al., 2004). Les collines s’imbriquant partiellement, constituent les compartiments 
surélevés de failles inverses parallèles et conjuguées de direction N125°/16°SO et 
N159°/12°NE (Aubouin et al., 1979). Les versants de vallées entre ces collines sont abrupts en 
bordure des compartiments surélevés et en pente douce sur la bordure du compartiment affaissé 
dans le prolongement des plans de failles. Les vallées entre les interfluves orientées N44°E de 
même que celles parallèles à la rivière Mpozo de direction N170° résultent de l’altération très 
avancée des différents blocs de failles de Riedel contenues dans les zones d’endommagements 
de failles décrochantes parallèles à celles longées par le fleuve Congo et la rivière Mpozo.  
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On 22nd May 2021, the Nyiragongo volcano (North Kivu, D.R. Congo) erupted without any warning, 
destroying buildings and infrastructures nearby and within the city of Goma. The flank eruption lasted 
only few hours, but was followed by a seismic crisis indicative of magma movement beneath Goma and 
Lake Kivu, which raised the possibility of a worst-case scenario that could have included lava erupting 
within the city (> 1 million inhabitants) and/or an eruption under Lake Kivu potentially leading to a 
lethal limnic eruption. In this work, we provide a description of the volcanic and magmatic crisis based 
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on the observations and data made and analyzed by the Goma Volcano Observatory (GVO) and the 
international group of scientists that assisted the GVO during this crisis. Through monitoring data, field 
surveys and remote sensing observations, we describe the unique characteristics of this eruption, 
highlight the differences and similarities with the two previous eruptions of 1977 and 2002, and provide 
an assessment of the impact made by the lava flows on the nearby population and infrastructures. 
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Remote Sensing of Geo-Hydrological Hazards in Central Africa  
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Earth Observation (EO) using remote sensing (RS) has become a major tool for the study, monitoring, 
prevention and management of geo-hydrological hazards and associated disasters. Complementary to 
ground information, satellite-, aerial- and drone-based sensors help to get observations and 
measurements at different spatial and temporal scales, and sometimes in difficult-to-access areas, 
providing key intel for decision-making and field action. Geo-hydrological hazards encompass 
numerous different physical phenomena, e.g., volcanic activity, landslides, (flash) floods, earthquakes, 
etc. These natural processes, which are sometimes altered by anthropogenic activities, can be sporadic 
events that occur at various spatial and temporal scales, with possible interactions between them. It is 
therefore no surprise that their study through RS tends to challenge the existing techniques. During the 
past decade, new series of sensors and platforms have become real game-changers for the study of geo-
hydrological hazards, thanks to both high-temporal and high-spatial resolution at the same time, and/or 
more sensitive sensors with a better signal-to-noise ratio. In addition, free access to remote sensing data 
for scientific research is an increasing trend, which promotes the use of EO, the processing of image 
time-series and the development of new methods. 

In many regions, especially in developing countries, RS is the only solution to get quantitative 
measurements of the processes at play. In the present work, we show different and, sometimes, 
innovative RS approaches used to study geohydrological hazards in Central Africa. Different types of 
images are exploited: multispectral, radar, drone-based acquisitions, historical aerial photographs. The 
velocity of slow-moving landslides is measured using InSAR time-series methods, as well as with pixel-
offset tracking techniques on both optical and radar images. The evolution of landslide risk is studied 
over several decades thanks to the combination of satellite imagery and historical aerial photographs. 
Difficult to access active craters and landslides are modelled in 3D thanks to SfM photogrammetry. The 
dynamics of the eruptive activity in active craters is studied by combining methods exploiting Sentinel-
1, -2, -3 and -5P satellite images to measure, for the same time periods, the ground deformation, 
topographic changes, thermal radiations and gas emissions. Landslides and (flash) flood events are 
detected thanks to the specific properties of radar satellite images. Thanks to upcoming new images and 
sensors, new capabilities in terms of image fusion and recent developments in terms of cloud computing 
and machine learning, new perspectives and evolutions remain numerous.
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Session 3- Planetary Magmatic and Metamorphic 
Systems 

 
Conveners: 
Jacqueline Vander Auwera (ULiège) ; Olivier Namur(KU Leuven) 
 
Igneous activity has affected all 
planets. 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, assimilation 
or immiscibility. Basalts appear to 
be common to all rocky bodies but 
the abundance of highly evolved 
felsic magmas seems to be a 
characteristic of our planet.  

 

Metamorphism will modify the rocks from their original igneous state. In most 
extraterrestrial bodies, fragmentation due to impacts is the main form of 
metamorphism but thermal and hydrothermal metamorphism has also been 
recognized in meteorites. On Earth, the dynamic evolution of the lithosphere is 
preserved in the metamorphic rock record that encompass a large variety of 
processes ranging from thermal to regional scale metamorphism. 
 
This session will highlight research on case studies of magmatic differentiation 
starting from the formation of the solar system and meteorites, the partial melting 
of the upper mantle and lower crust, up to the formation of upper crustal melts. 
We welcome contributions in integrated metamorphic petrology and its application 
to the Earth lithosphere and rocky bodies. 
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The recent discovery of heavy Si isotopic components in both high-Na Tonalite-
Trondhjemite-Granodiorite (TTG) and High-K Granite-Monzonite-Syenite (GMS) components 
of the early continental growth (André et al., 2019; Deng et al., 2019) requires that a notable 
seawater-derived silica-rich component had been added in their respective protoliths. Here we 
use Ge/Si ratio as a complementary tracer to δ30Si in order to delineate the exact role of modal 
quartz and silicified basalts from the Archean seafloor among the primary controls of the early 
appearance of felsic melts on Earth. We have approached the question by (1) specifying the 
Ge/Si signatures of various Archean and post-Archean rock types by compiling the Ge-SiO2 
data stored within the georock database; (2) coupling Ge/Si investigation to silicon isotopes on 
a large selection of silicified and unsilicified altered mafic and ultramafic greenstones, felsic 
volcanics, TTG and GMS granitoids and TTG’s mineral separates from the Barberton 
Greenstone Belt (BGB) from South Africa.  

The georock compilation demonstrates that Archean TTGs and granites display much 
lower Ge/Si (1,09±0,07 and 0,99±0,06µmol/mol, respectively) than post-Archean adakites, 
granites, tonalites and granodiorites (with average Ge/Si in the range of 1,64 to 1,85µmol/mol). 
This reveals the strengths of Ge as a proxy to Archean rock-forming processes. This result is 
thoroughtly corroborated by the Ge/Si ratios we report on the pre cratonic BGB 3,5Ga 
Theespruit felsic metavolcanics, 3,5-3,2Ga TTGs and 3,2-3,1Ga GMSs which all exhibit low 
values (0,61±0,19; 0,92±0,17; 1,05±0,19µmol/mol, respectively).  

Based on their low TTG-like Ge/Si, pre-cratonic GMSs are dismissed as being derived 
from melting of both TTG and metasedimentary sources. In contrast our finding means that 
both TTGs and GMSs originated from similar Ge-depleted sources. We find that such low Ge/Si 
ratios, coupled to heavy Si isotopic signatures (-0,14‰<δ30Si<+0,27‰) are also a characteristic 
feature of altered mafic and ultramafic BGB greenstones, especially at the interface between 
the silicified (0,2<Ge/Si<1,2µmol/mol) and unsilicified (1,8<Ge/Si<3,1µmol/mol) portions of 
the transformed Archean seafloor. From there we infer that both Na-rich and K-rich Archean 
felsic melts can derive from a unique class of protoliths: Ge-depleted metabasalts containing 
significant modal proportion of a supracrustal quartz generated by the silicification of the Eo-
Paleoarchean basaltic seafloors. The pre-cratonic transition from Na-rich to K-rich felsic melts 
is assumed to be connected to the gradual incoming of potassium as a key element associated 
to the seafloor alteration (Lieu and He, 2021). In constrat, post-cratonic younger (3,07-2,69Ga) 
granites have higher Ge/Si (1,81±0,33µmol/mol) and can be generated through the reworking 
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of a TTG-like basement, by incongruent melting of biotite and hornblende 
(1,79<Ge/Si<2,49µmol/mol) leaving an oligoclase-rich (0,64<Ge/Si<0,72) residue.  

Our finding has two major issues in terms of the evolution of the early Earth. First, 
considering the large volume of Paleoarchean TTGs and GMSs, these silicifications would have 
been quantitatively abundant at the Eo-Paleoarchean seafloor with a potential substantial 
feedback on the seawater composition. By removing most major cations from the ultramafic-
mafic seafloors , these silicifications would be a major feeding source of Na, Mg, Ca, Fe and P 
to the Archean ocean. Hence this silicification pathway might be the missing Na-Mg inputs to 
the primitive ocean which is sought to improve the conceptual framework of the early Earth 
seawater composition (e.g., Albarède et al., 2020). Second, by showing that the Earth has 
moved from a prevalent Ge-depleted felsic crust in early-middle Archean to a widespread Ge-
enriched post-Archean crust, we actually emphasize the importance of late Archean intra-
crustal reworking and/or crust-mantle recycling events in the evolution of the Earth continental 
crust.  It might be the sign that a vigorous continental crust recycling like the “early Earth mode 
of plate tectonics (sensu Korenaga, 2021)” prevailed until the Mesoarchean before it was 
superseded by a more standard kind of plate tectonics and crustal growth about three billion 
years ago.      
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Knowing the extent of mantle wedge melting below volcanic arcs is critical to improve 
magma genesis models. During the last decades, experimental petrology provided significant 
data and ready to be used models to retrieve the melting conditions producing primary magmas 
(Mg# >0.7, Ni > 150ppm, Cr > 1000 ppm after Baker et al. (1994) and Grove et al. (2012)). 
The Central Southern Volcanic zone (CSVZ, southern Chile) of the Andean arc lies on a thin 
continental crust (50-30 km : Tassara and Echaurren, 2012) and is crosscut by a major 
transcrustal fault (LOFZ : Cembrano and Lara, 2009) which speed up magma ascent. As a 
consequence, (near-) primary magmas have been sampled in the area avoiding the blurring of 
its original characteristics by deep (MASH) (Hildreth and Moorbath, 1988) to shallower 
(differentiation) magmatic processes. Osorno is one of the CSVZ volcano that possess the most 
primitive recorded rocks (Mg# =0.72, MgO: 10.23-10.53 wt%, Cr: 584-745 ppm, Ni: 171-179 
ppm, Fo# of olivines up to Fo89) in the area. Using lherzolite melting experiments (Hirose and 
Kushiro, 1993) as well as numerical (Lee et al., 2009), empirical (Wood, 2004) and chemical 
models (Kelley et al., 2006) together with modal batch melting equations (Hickey-Vargas et 
al., 2016a, 2016b), we retrieved temperature, pressure, mantle water content and mantle melting 
rate (F) below Osorno. Temperatures range from 1303 to 1327 °C, pressures from 10.5 to 13.6 
kbar (around MOHO depth, ca. 35-44 km), mantle water content from 0.08 to 0.33 wt% and F 
from 0.12 to 0.22. The uncertainty on F values reflects the difficulty to precisely estimate this 
parameter. However, this range allows better constraining geophysical models. Values 
estimated using a global arc numerical model (Turner et al., 2016; F ≈ 0.11 at ca. 60 km and 
T≈1100°C, mantle H2O =0.6 wt%) or using Arc basalt simulator, isotopes and trace elements 
(Jacques et al., 2014; F = 1.6-5.5, P=19 kbar, T = 1240°C) vary significantly from our data 
emphasizing the remaining gap of knowledge of the mantle melting conditions. Our results 
nonetheless agree with those calculated at La Picada (Vander Auwera et al., 2019) or 
southwards (Watt et al., 2013; Weller and Stern, 2018) in the southern SVZ. 
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During the last few decades, there has been an important change in paradigm in igneous 
petrology from the classic concept of a large melt-dominated magma chamber to a storage 
reservoir that is dominated by crystal mush where the crystals form a framework in which melt 
is distributed [1]. During eruption, these crystals may be unlocked from the mush and 
transported as individual macrocrysts or glomerocrysts. 

Time is a fundamental parameter in geology and particularly in volcanology where 
volcanic hazard must be assessed. If the process of rising magma from the surface reservoir is 
relatively fast [2], the process of crystal mush storing can take from centuries to thousands of 
years [3]. 

The project focuses on constraining the timescales (t) of crystal growth (G) in the main 
storage region of several volcanoes (Osorno, Calbuco, Villarica, La Picada) of the Central 
Southern Volcanic Zone of the Andean arc (CSVZ) (Chile). These timescales will be obtained 
by combining experimentally determined growth rates of plagioclase, the main macrocryst in 
the studied volcanoes, and detailed plagioclase crystal size distributions (CSD, [4, 5]). 
Experiments of plagioclase crystallization are performed on a natural basaltic andesite sample 
(from Osorno) that is representative of the CSVZ and more generally of arc magmatism. We 
particularly study the effect of melt composition and H2O content, an important parameter in 
subduction zone magmatism, on the growth rate of plagioclase. Cooling experiments at 
different rates (1°C/h, 3°C/h, …) are run at 1 atm (anhydrous) and 2 kbar (hydrous) and at an 
oxygen fugacity close to NNO. These conditions are constrained by results from our extensive 
petrological database on these volcanoes. The various experimental charges obtained are then 
polished, observed by different processes (SEM, Probe, tomography), and texture is analyzed 
by segmentation with different software (GIMP, ImageJ), so as to compare the shape and 
growth of the crystals according to the conditions. 

Plagioclase crystal size distributions are acquired on a selection of samples from the 
different volcanoes. Crystal size data obtained from high quality BSE images are then 
quantified with the software package ImageJ freeware to calculate the CSD plots. Using our 
data on growth rates (G) and the slope of these plots (-1/Gt) will enable us to extract information 
about the duration [6, Figure 1] of crystal growth (t). 
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Figure 

Figure 1: The crystal size distribution of a phase in the magma storage region is a straight line 
on graph of ln (population density) against size. 
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Mercury is the smallest terrestrial planet of our solar system and, in comparison to other planets, 
is characterized by a very large metal/silicate ratio. Understanding the formation of this planet requires 
constraints on primordial differentiation processes. As such. finding equations of the liquidus and 
solidus of the mantle is crucial to properly model the structure of the mantle as a function of mantle 
composition and pressure. 

The parent composition of Mercury is thought to be similar to enstatite chondrites (Nittler et al., 
2011). The MESSENGER spacecraft (NASA) measured unusually high amounts of sulphur (up to 4 
wt% S) in basaltic lavas on the surface of Mercury, which is significantly higher than those of any 
basaltic composition on other terrestrial planets (Namur et al., 2016). The combination of low iron 
content, high sulphur and high sodium contents is expected to have a significant effect on the solidus 
and liquidus curves of Mercury. 

The objectives of the project are to precisely constrain the crystallization sequence of the 
Mercurian magma ocean and to determine phase equilibria during melting of mantle cumulates. 
Experiments will be performed using presses and furnaces at high temperature (>1000 °C) and for 
pressures relevant the Mercury’s mantle (1 bar to 60 kbar). Theoretical models and experimental data 
will allow interpreting the processes of mantle differentiation of Mercury, as well as to determine the 
potential mantle source of the basalts observed at the planet’s surface. 

A couple of starting compositions were based on enstatite chondrites, where the silicon content 
was adapted based on the core-mantle ratio of Mercury and the likely Si content of Mercury’s core 
(Cartier et al., 2020). A third composition was derived from an Earth-like composition with an increased 
sodium content, matching estimates of Mercury’s mantle. Thermodynamic diagrams were obtained with 
Thermocalc and pMelts. 

Piston-cylinder press and multi-anvil press experiments are currently being conducted on the three 
compositions, both sulphur-free and sulphur-bearing. The glasses produced during these experiments 
will be analysed with and electron probe micro-analyser. The results of these analyses will then be 
compared with the results of the thermodynamic models to gain a better insight into the crystallisation 
of Mercury’s magma ocean and better constrain early differentiation processes of the planet. 
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Unique physical and chemical characteristics of planet Mercury have been revealed by 
measurements from NASA’s MESSENGER spacecraft. The closest planet to our Sun is made 
up of a large metallic core that is partially liquid, a thin mantle thought to be formed by 
solidification of a silicate magma ocean, and a relatively thick secondary crust produced by 
partial melting of the mantle followed by volcanic eruptions. Mercury is thus a unique terrestrial 
planet with its small size and its large metal/silicate ratio. However, the origin of this metal-
rich body and the conditions of accretion remain elusive. Metal enrichment has been proposed 
to originate either from primordial processes in the solar nebula or from a giant impact that 
stripped most of the silicate portion of a larger planet leaving Mercury as we know it today 
(Figure 1). 

In this presentation, we discuss the evolutionary paths and processes that connect 
Mercury’s present-day characteristics to its potential building blocks. Our methodology 
involves the use of high-temperature and low- to high-pressure experiments on silicate, metallic 
and sulfide melts in order to constrain equilibria between the metallic core and the silicate 
portion of Mercury, during crystallization of the silicate magma ocean, and between the solid 
mantle and its melting products. We specifically study the role of highly reducing conditions 
on phase stability and element behavior (lithophile, siderophile or chalcophile) during 
equilibration of immiscible silicate-metal-sulfide melts and their crystallization upon cooling. 
We benefit from data obtained by the MESSENGER spacecraft to get insights on compositions 
representative for surface lavas on Mercury and their inferred mantle sources. 

Our projects also aim at preparing the ESA/JAXA (Europe/Japan) BepiColombo mission 
that en route to Mercury (arrival in 2025). The two spacecrafts will deliver new data on the 
planet and its magnetosphere and will contribute to our understanding of the formation and 
evolution of the planet. Studying Mercury provides a unique opportunity to broaden our 
knowledge of the formation and evolution of terrestrial planets, including Earth and exoplanets.  
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Figure 

 

Figure 1: Plausible evolutionary pathways of Mercury, from the accretion of its building blocks 
to its present-day state. Scenario #1 considers primary metal-enrichment followed by internal 
differentiation, but might be challenged by Scenario #2, involving an impact-related reduction 
in size. After Charlier and Namur (2019) 
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The Villarrica stratovolcano (39.3°S, 71.6°W) in Chile is one of the most active 
volcanoes within the Central Southern Volcanic Zone (CSVZ). There, a thin crust (~ 35 km; 
Hickey-Vargas et al., 2016) and a major dextral transpressional structure, the Liquiñe-Ofqui 
fault zone (LOFZ; Cembrano et al. 1996, 2000; Lange et al., 2008), favor rapid magma ascent 
from the mantle wedge to the surface. Villarrica has been constantly degassing since the mid 
80’s through an open conduit, filled by a summit lava lake. Recent petrological data acquired 
on volcanoes of the CSZV (e.g. Calbuco, La Picada, Osorno, Villarrica) indeed indicate, that 
most of the differentiation takes place in shallow reservoirs at about 0.2 to 0.3 GPa. However, 
for Villarrica, Morgado et al. (2015, 2017) implied an additional deep reservoir at ~0.8 GPa. 
Reservoirs at that corresponding depth (~35 km, MOHO) are more characteristic for the CSVZ 
monogenetic small eruptive centers (SECs). 

The aim of this study is to precisely quantify several parameters (P, T, fO2, wt. % H2O) 
for the Villarrica system. Knowing details about melting- and storage processes is necessary to 
further constrain ascent rates in an apparently highly permeable magmatic system, regarding 
the high frequency of its eruptions. They are around ten times higher than at the nearby and 
compositionally close Osorno volcano. Both systems are majorly composed of basaltic 
andesites to basaltic lavas and pyroclasts with less andesitic lavas and minor dacitic to 
rhyodacitic domes (e.g. Hickey-Vargas et al., 1989; López-Escobar et al., 1992). For that, a 
series of samples were collected from different units of Villarrica (lavas, pyroclasts) and at 
SECs that surround Villarrica (Los Nevados, Chaillupén, San Jorge). 

Our whole-rock geochemical data, combined with published analyses, define a single 
differentiation trend that shares characteristics of tholeiitic and calc-alkaline series. This trend 
extends from ~50 to ~71 wt.% SiO2 with Mg# up to 62 and a compositional “Daly” gap between 
~58 to ~62 wt.% SiO2. A second gap exists between ~65 to ~70 wt.% SiO2. Most near-primary 
basalts occur at the proximate San Jorge SEC (Mg# 69, SiO2 50.6, MgO 9.5 wt.%). Mass 
balance modelling, thermodynamic simulations using r-MELTS, detailed mineral 
compositional data (plagioclase, olivine, clinopyroxene, Fe-Ti oxides) together with a 
collection of geothermobarometers suggest fractional crystallization as a major differentiation 
process in shallow reservoirs (0.1 to 0.4 GPa, ~1250 to 900 °C), with fO2 between NNO and 
QFM and estimated H2O contents from 1.0 to 1.9 % (e.g. Mandler et al., 2014) using San Jorge 
data as starting compositions.  
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The East African Rift (EAR) is an extensive continental rift system, forming as a result of a major mantle 
upwelling, known as the African Superplume. Volcanism in the Western Branch of the rift occurs in 
four provinces: Toro-Ankole, Virunga, South Kivu, and Rungwe volcanic fields. The Virunga Volcanic 
Province (VVP), is situated between the two half-graben basins of Lake Edward and Lake Kivu. 
Eruptions in this province started during the Miocene, around 11 Ma, and volcanic activity in the region 
has been continuous ever since. The magmatism in VVP is characterized by unusual highly alkaline, 
silica-undersaturated, mafic volcanism with clear geochemical variations across the volcanic field. Eight 
main volcanoes are located in the VVP, including the currently active volcanoes of Nyamuragira and 
Nyiragongo. Nyamulagira erupts very regularly (~ every 2-3 years) whereas for Nyiragongo only three 
eruptions are documented: January 1977, January 2002 and May 2021. Several eruptions prior to 1977 
are undated.  

Nyamulagira and Nyiragongo are real threats to the densely populated city of Goma and its surroundings. 
The scientific knowledge about the petrology of Nyamulagira is highly limited, in part due to the 
complexities associated with sample collection in the politically unstable region. However, a better 
understanding of sub-volcanic processes is essential to adequately monitoring the activity of the volcano 
and to predicting realistic paths for future eruptions. In this PhD project, we propose a research plan 
combining (1) a petrological study of historic lavas of Nyamulagira to assess the conditions of magma 
formation beneath the volcano; (2) the use of photogrammetric and remote sensing techniques to 
estimate the volumes of individual eruptive events; and (3) a detailed rheological modelling of the 
properties of Nyramulagira’s lavas to estimate the probability of lava flow inundation of inhabited areas. 
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The Nyiragongo volcano is one of the most alkali-rich magmatic systems on the planet, 

currently characterized by the presence of a persistent lava lake in the summit crater which 
hosts silica-undersaturated (SiO2 < 40 wt.%), low viscosity lavas with a significantly elevated 
alkali content (Na2O + K2O > 10 wt.%). 

In order to better understand this exotic magmatic system, we present a set of 244 
samples of the Nyiragongo volcano, collected during a field expedition in 2017. Lithologies 
range from primitive picrites (Mg# 82) erupted from parasitic cones to a variety of highly 
evolved nephelinites, leucitites, and melilitites erupted from the main edifice as recently as 
2016.  

Extensive mineralogical characterisation in terms of major and trace element 
geochemistry is presented for the full lithological diversity of Nyiragongo, revealing a 
compositional range in olivine from forsteritic (Fo = 91) to Ca-rich (Fo ≈ 2, 31 wt.% CaO). 
Similarly, clinopyroxene crystals cover a compositional range from Mg# = 89 to Mg# = 2. 
Melilite is dominantly alumo-åkermanitic, with only minor compositional variation driven by 
Ca-Na substitution; it also hosts substantial Sr and Ba.  

Trace element patterns indicate significant enrichment (up to 100 times E-MORB 
concentrations) of LREE and LILE increasing with fractionation, coinciding with relative 
depletions in HFSE. 

Primitive olivine trace element compositions and associated melt-inclusion 
compositions will be discussed in order to identify the significant chemical disparity between 
parasitic cone- and main-crater products, and shed light on the mantle sources from which 
they are derived. 
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Mercury has a large partially liquid metallic core (~80% of the planet radius, Hauck et al., 

2013; Rivoldini & Van Holst, 2013; Margot et al., 2018 and references therein), a thin mantle 
and a thick crust (10% of the silicate part, Padovan et al., 2015). The planet may also host a FeS 
layer at the core-mantle interface (Malavergne et al., 2010; Hauck et al., 2013). Magmatic rocks 
at its surface are rich in sulfur (up to 4wt%) and poor in FeO (<1wt%) (Nittler et al., 2011), 
which implies that the planet formed under very reducing conditions (McCubbin et al., 2012; 
Zolotov et al., 2013). While MESSENGER’s orbital mission to Mercury gave us great insights 
on the planet’s interior and surface composition, experimental work is still needed to better 
constrain phase equilibria under the unique highly reducing conditions and the behavior and 
partitioning of major and trace elements under those conditions. The role of sulfur (and thus, 
sulfides) is moreover fundamental in the distribution of many trace and minor elements in the 
different reservoirs (silicate, core, and the hypothetical FeS layer; Wohlers & Wood, 2015).  

Here we present the results of phase equilibrium experiments using piston-cylinder and 
internally heated pressured vessel on synthetic powder representative of Mercury’s bulk silicate 
composition. The starting materials consisted of mixed pure oxides doped in a large number of 
trace and minor elements. FeS, CaS and S were added to reach sulfur saturation in the silicate 
melt, as well as Fe-Si in some experiments to form some metal melts. The experiments were 
performed at pressures relevant to the silicate part of Mercury (1 – 30kbar) and at high 
temperatures (1500°C to 1700°C). Redox conditions were highly reducing, with oxygen 
fugacity in our experiments ranging from IW-2 to IW-8 (with IW being the iron-wüstite buffer). 
The reducing conditions were obtained by changing the Simetal/SiO2 ratio in the starting material 
without changing the total Si content of the powder. The retrieved quenched products present 
three types of melts; a metal one (Fe-Si), a sulfide one (FeS) and a silicate one, as well as some 
MgS and (Mg,Fe,Ca)S grains. The major and minor compositions of the different phases were 
analyzed using EPMA, and trace element content were measured using LA-ICP-MS. 

We show that under reducing conditions, all elements have increased chalcophile and 
siderophile behaviors. All transition metals (except groups 3 and 4) are strongly chalcophile 
and siderophile under these reducing conditions. Lanthanides and thorium stay lithophile, but 
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uranium becomes chalcophile at very low oxygen fugacity. We also present the first partitioning 
data between silicate melts and MgS and (Mg,Fe,Ca)S.  

Our results are implemented into a model of element distribution in the planet and 
compared with surface compositional data, using different scenarios for Mercury’s evolution, 
specifically by changing bulk S content of the planet. In particular, our model focuses on the 
volatile budget of the planet by using partitioning data for U, Th and K, which have a similar 
behavior (these elements are incompatible during silicate differentiation) but present different 
volatilities (U and Th are refractory, while K is volatile).  
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Mt. Meru is a 4565m high active stratovolcano (the fifth highest peak in Africa), with its most 
recent eruptive activity dating back to 1910 CE. The volcano is situated at the border between Tanzania 
and Kenya in the Arusha region, in the eastern branch of the East African Rift system. Next to the main 
stratovolcano edifice, Mt Meru is composed of accompanied by two smaller volcanic centers, Little 
Meru on the northern flank and Meru West on the western flank, as well as many small cones, domes 
and maars around its flanks (Roberts, 2002). Meru was the stage of large-scale explosive activity, with 
at least 3 moderate-to-major explosive eruptions of phonolite magma in the last 40.000 years, i.e. MXP1, 
MXP2 and MXP3 (Kisaka et al., in review). Meru is marked on its eastern flank by a prominent 
horseshoe-shaped scar that is the result of an early Holocene sector collapse event and associated with 
a debris avalanche deposit. The volume of this deposit is estimated at 20 ± 2 km3 (Delcamp et al., 2017). 
Older, poorly mapped or dated debris avalanche deposits have also been recognized (Delcamp et al., 
2016). Post-collapse activity is restricted to within the summit scar and comprises a lava dome, an ash 
cone and lava flows. 

We investigate the pre- and post-collapse magmatic differentiation trends at Mt. Meru using 
petrography, major and trace element, and Sr isotope geochemical data, using a set of existing (Roberts, 
2002; Kisaka, in preparation) and new data. We test the hypothesis that a major sector collapse would 
have a significant influence on the magmatic plumbing system and hence composition of erupted 
magmas (Watt, 2019). We present all data in a stratigraphic sequence to highlight pre- and post-collapse 
signatures in magmatic composition and differentiation. Observations suggest fractional crystallization 
to be the dominant magmatic differentiation process; however crustal assimilation is evident in some of 
the larger pre-collapse deposits representing the most evolved compositions erupted. Post-collapse 
magmas are not significantly different from pre-collapse magmas suggesting the crustal plumbing 
system may have remained largely unaffected by Meru’s most recent sector collapse.  
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Mineral-melt trace element partition coefficients in clinopyroxene and iron-titanium 
oxide phases have been determined experimentally from synthetic ferrobasaltic bulk 
compositions. Experiments were performed at a constant temperature (1080°C) and pressure (1 
atm) over a range of oxygen fugacity (fO2) conditions (QFM -2.1 to QFM +1.95; QFM = quartz-
faylite-magnetite equilibrium). Calculated partition coefficients indicate that the transition 
metals Ti, Zn, Co, Ni, V and Cr are moderately to highly compatible in Fe-Ti oxides, while 
other elements (REE, HFSE) are incompatible. In clinopyroxene, transition metals such as V, 
Sc, Cr and Ni are the most compatible elements.  

Partition coefficients for divalent cations in clinopyroxene, Ti-magnetite and ilmenite are 
found to be controlled by the degree of polymerisation of the coexisting melt (NBO/T); a clear 
trend of increasing partition coefficient with decreasing NBO/T is observed for all phases. For 
trivalent cations including REE, fO2 is the dominant control on trace element partitioning; 
coefficients are significantly higher at increasing fO2.  

Multivalent cations such as Cr, Fe, Ti and V have important implications for 
understanding the redox state of a magma (Papike et al. 2005; Mallman and O’Neill 2009). 
Vanadium in particular can occur as V2+, V3+, V4+ or V5+, covering the entire range of redox 
conditions on the terrestrial planets; this lends itself to the applicability of V as a universal redox 
indicator (Toplis and Corgne 2002; Mallman and O’Neill 2009). In our experiments, we infer 
that V3+ and V4+ are the dominant valence states, determined by application of the lattice strain 
model (Blundy and Wood 1994). Vanadium in the Fe-Ti oxides correlates positively with the 
TiO2 content of each phase. Vanadium in magnetite correlates positively with ülvospinel 
content, while V in ilmenite is inversely correlated with hematite content.  

Economically important concentrations of elements such as vanadium are often 
associated with ilmenite and magnetite in Fe-rich cumulates and layered intrusions, e.g. 
Bushveld and Skaergaard (Balan et al. 2006; Charlier et al. 2015). Simple partitioning models, 
experimentally derived using a non-linear last squares routine, are presented to effectively 
predict partition coefficients of multivalent cations such as vanadium. This information may be 
used to assess under which redox conditions an economically viable concentration of vanadium 
may be found. 
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Pegmatite dykes are characterized by coarse grain-sizes and anisotropic mineral textures, 
such as unidirectional solidification textures (UST), skeletal crystals and graphic intergrowths 
between minerals. These textures are interpreted as an effect of disequilibrium crystallization 
forced by large liquidus undercooling (Simmons and Webber, 2008), with nucleation and 
growth rate mainly controlling the morphology (Sirbescu et al., 2017). Disequilibrium 
crystallization in natural systems is poorly understood, as most relevant studies are based on 
experimental studies. Contrasting models of crystallization of pegmatitic melt involve an 
exsolved aqueous fluid with a major influence on formation of pegmatitic textures (Jahns and 
Burnham, 1969, Hulsbosch et al., 2016, Hulsbosch and Muchez, 2020); the coexistence of up 
to three immiscible fluids (Veksler et al., 2002); and crystallization of a single-phase, hydrous 
melt through constitutional zone refining and compositionally-modified boundary layers 
developing around the rapidly growing crystals (London, 2005). Tourmaline group minerals 
are good petrogenetic indicators due to their broad chemical variability and stability range (van 
Hinsberg et al., 2011). Here we explore tourmaline geochemistry in relation to its crystal 
morphology to understand the processes that led to liquidus undercooling and disequilibrium 
crystallization of a pegmatitic melt.  

The Emmons Pegmatite (Oxford County, Maine, USA), a relatively thin, internally-
zoned dyke with sharp contacts with the host rock (Falster et al., 2019), was selected for this 
study. Elongated, tapered prisms of schorl-group tourmaline were collected from the border-
zone UST assemblage. Inwards, in the wall-zone, tourmaline becomes progressively coarser 
and more skeletal. Subhedral crystals of several dm’s in length are surrounded by quartz-
tourmaline intergrowths (QTI’s). Geochemical variations among different crystal morphologies 
were examined through detailed petrography and major and minor element contents in 
tourmaline using EMPA. Petrographically, the tourmalines can be divided into four different 
morphology types: 1) elongated, euhedral prismatic tourmaline, 2) central tourmaline as the 
root of QTI’s, 3) second tier tourmalines radiating from the end of the central tourmalines, and 
4) skeletal QTI’s. Type 1 tourmaline nucleates directly on contact with the host rock, in the 
border zone, and extends <5 cm in length (Fig. 1). Types 2, 3, and 4 found in the wall zone 
form up to 50 cm long, optically-coherent QTI assemblages (Fig. 1). In transmitted light, most 
crystals are strongly zoned with pink-purple cores and brown rims.  

Major and minor element contents vary between samples, with increasing distance from 
the contact with the host rock. Mg decreases from 0.77 to 0.13 apfu, whereas Fe, Mn and Zn 
increase from 1.59 to 2.06 apfu, 0.01 to 0.05 apfu and 0.005 to 0.029 apfu, respectively. 
Additionally, certain elements vary from core to rim of single crystals in a direction 
perpendicular to the c-axis. For instance, Ti averages 0.018 apfu in the cores and 0.036 apfu in 
rims and Na averages 0.56 apfu in the cores and 0.65 apfu in rims. The variations among Type 
2, 3 and 4 tourmalines within single QTI’s, occur on mm to cm scale and are therefore unlikely 
to be linked to the bulk evolution of the pegmatite melt.  
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Instead, we suggest that the chemical variations result from the formation of a boundary 
layer around the first formed tourmaline. This boundary layer becomes progressively depleted 
in tourmaline components (mainly B) but enriched in silica causing tourmaline crystallization 
to pause, and quartz grains to form and dominate towards the edges of the QTI. As boundary 
layers develop, they become increasingly enriched in fluxing network modifiers (H2O, F, P, B, 
Li), causing a prolonged delay in nucleation followed by accelerated crystal growth, when 
crystallization restarts (Simmons and Webber, 2008; Nabelek et al., 2010). The rapid, 
disequilibrium growth within the fluxed, silica-saturated boundary layer leads to the 
crystallization of coarser tourmaline in the wall-zone competing with quartz and forming the 
skeletal QTI morphology instead of an elongated, prismatic morphology in the border-zone.  
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Figure 1 
Figure 1 Elongated, euhedral prismatic tourmaline 
(left) and QTI (right) with the central tourmaline (A), 
second tier (B) and skeletal tourmaline (not 
annotated). Black arrows show growth direction. 
Image is approx. 8 cm x 5 cm. 
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Physical properties of magmas are strongly influenced by their volatile contents (Giordano & 
Dingwell, 2003). Due to their pressure dependent solubility volatiles are however largely lost 
from erupted lavas (Degruyter et al., 2019). As a result, magma degassing plays a significant 
role in volcanic eruption styles (Tait et al., 1989). Olivine, a phase commonly found in mafic 
magmas, often contains small glassy inclusions that form when droplets of silicate liquid are 
trapped by crystals at depth in the crust. These melt inclusions provide a unique way to 
analyse near-primary volatile abundances in magmas. This not only allows for important 
constraints on the dynamics of (deep) magmatic processes, but also on the pressures of melt 
inclusion formation (Métrich & Wallace, 2008; Colman et al., 2015; Bennett et al., 2019) and 
consequently depths of magma storage in volcanic plumbing systems. 
 

Still, even glassy inclusions often do not preserve the original composition of melts 
trapped at depth, especially for volatile components. During ascent inclusions can partially 
crystallise, diffusion of elements in or out of the inclusion can take place (Hartley et al., 2015) 
and vapour bubbles may form as the host crystal and melt shrink by different amounts (Moore 
et al., 2015; Wieser et al., 2020). Crystalline and vapour phases potentially host the majority 
of the total CO2 budget of inclusions (Schiavi et al., 2020; Wieser et al., 2020). To reconstruct 
volatile contents of primary magmas rigorous constraints are therefore needed on both 
chemical composition and volumetric proportion of all phases present in the inclusion. Here 
we established a routine where high-resolution 3D scanning techniques are combined with in-
situ chemical data to accurately reconstruct CO2 and H2O concentrations of deep magmas. It 
is a four-step process where 1) vapour bubble CO2 density is calculated from Raman 
spectroscopy, 2) volumes of hydrous and/or carbonic crystalline phases are estimated from 3D 
Raman maps, 3) inclusion and bubble volumes are calculated from CT scans and 4) glass and 
crystal major, trace and volatile composition is measured in-situ by electron microprobe, 
Raman, LA-ICP-MS and SIMS. 

 
Our approach is illustrated with olivine hosted melt inclusions from basaltic eruptions 

on the island of Pico, Azores. The vast majority of inclusions observed here have vapour 
bubbles and close to 40% include carbonate micro-crystals on the bubble walls. CO2 vapour 
densities are high, clustering around 0.20 g.cm-1. High concentrations of volatiles are in line 
with current theories that propose melting of a hydrous mantle as the formation mechanism 
for the Azores (Métrich et al., 2014). 
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Calbuco is one of the three most dangerous volcanoes in Chile (Andean Southern 
Volcanic Zone (SVZ)).  Its recurrent explosive eruptions threat a rapidly expanding touristic 
and economic region as witnessed by the recent 2015 sub-Plinian eruption that occurred nearly 
without warning and caused significant damage to the local communities. Several parameters 
that are crucial for improving volcanic hazard assessment such as the depth of magma storage, 
the composition, including volatiles, of erupted magmas that dictates viscosity and thus 
potential explosivity, and reconstruction of the magma plumbing system can be derived from 
petrological data. Calbuco is also distinguished by amphibole-bearing assemblages that contrast 
with the anhydrous parageneses of most Central SVZ volcanoes. Here, a detailed petrological 
model of the magmatic system beneath Calbuco is proposed. Geochemical data acquired on a 
hundred samples collected in the four units of the volcano display no secular compositional 
change suggesting a steady magmatic system since ~300 ka. The parent magma is a tholeiitic 
Al2O3-rich (20 wt. %) basalt (Mg# = 0.59) that initiated a differentiation trend straddling the 
tholeiitic/calc-alkaline fields and displaying a narrow compositional Daly gap. The higher H2O 
content of the basalt (3-3.5 wt. % H2O at 50 wt. % SiO2) compared to neighboring volcanoes 
resulted in amphibole crystallization. This characteristic is interpreted as inherited from the 
primary mantle melt and possibly results from a lower degree of partial melting induced by the 
mantle wedge thermal structure. Although macrocrysts are not all in chemical equilibrium with 
their host rocks and were thus presumably unlocked from the zoned crystal mush and 
transported in the carrier melt, the whole-rock trend overlap both experimental liquid lines of 
descent and the chemical trend of calculated melts in equilibrium with amphibole (AEMs). 
These contradictory observations can be reconciled if minerals are transported in near cotectic 
proportions. The AEMs overlap the Daly gap revealing that the missing liquid compositions 
were present in the storage region. Geothermobarometers all indicate that the chemical diversity 
from basalt to dacite was acquired at a shallow depth (210-460 MPa). We suggest that 
differentiation from the primary magma to the parental basalt took place either in the same 
storage region or at the MOHO. 

mailto:jvdauwera@uliege.be
mailto:olivier.namur@kuleuven.be


 
Geologica Belgica Meeting 2021, September 15-17, Tervuren, Belgium – Abstract Book, p. 116 

Silicate liquid immiscibility of low-Ti and high-Ti basalts in the Emeishan Large 
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Mafic-ultramafic layered intrusions in Large Igneous Provinces (LIP) commonly host world-class 
Fe-Ti-V oxides ore deposits. In order to understand processes responsible for the formation of Fe-Ti-V 
ores, we have conducted a stepwise experimental approach to reproduce fractional crystallization of 
high-Ti and low-Ti basalts. In particular, we tested whether these melts could develop silicate liquid 
immiscibility during cooling and fractionation, a process commonly suggested as the origin of the Fe–
Ti oxides in Emeishan LIP (Zhou et al., 2005; 2013). We also investigated the role of fO2 in the 
development of immiscibility and the saturation and relative stability field of ilmenite and magnetite. 

Synthetic high-Ti (FeOtot = 12.12 wt.%, TiO2 = 2.28 wt.%) and low-Ti (FeOtot = 10.61 wt.%, TiO2 
= 0.97 wt.%) picritic starting compositions were selected from a compiled database of Emeishan lavas. 
Experiments were carried out in one-atmosphere gas-mixing furnace (CO-CO2 gas mixtures) from 1330 
to 1040°C under the QFM (quartz-fayalite-magnetite) and QFM+2 buffers. The crystallization 
sequences of high-Ti and low-Ti magmas are olivine + spinel + augite + plagioclase ± pigeonite ± 
magnetite ± ilmenite ± whitlockite ± tridymite at both fO2. Liquid immiscibility started at 1040°C in 
both high-Ti and low-Ti magmas at QFM and QFM+2. Fe-rich globules (ferrobasalt) developed in the 
Si-rich melts (rhyolite) and nucleated on plagioclase, magnetite, and pyroxene. 

Our study suggests that both high-Ti and low-Ti magmas can reach a two-liquid field. 
Immiscibility also developed during Fe and Ti depletion. High fO2 triggers early crystallization of Fe-
Ti oxides but does not hamper the development of immiscibility in the Emeishan LIP. We consider dual 
origins of Fe-Ti ores in the Emeishan LIP: Fe-Ti oxides could form from the Fe-rich melts segregated 
from immiscibility and/or early Fe-Ti oxides accumulation during fractionation.  
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Ophiolites represent relic fragments of oceanic crust and upper mantle, which were 
obducted into continental margins (Gass, 1968). A complete ophiolitic sequence, usually 
consists, from bottom to top of upper mantle peridotites, layered ultramafic-mafic rocks, 
layered to isotropic gabbros, sheeted dikes, extrusive rocks and sediments (Dilek and Furnes, 
2009). The extrusive sequence of an ophiolitic complex includes the pillow lavas sequence, 
which is derived from underwater eruptions (Abdioğlu Yazar, 2018). Notably, in the Troodos 
ophiolite (Cyprus), the pillow lava sequence, subdivided in Lower Pillow Lavas (LPL) and 
Upper Pillow Lavas (UPL), host the Cyprus-type Volcanogenic Massive Sulfide (VMS) ore 
deposits (Hannington et al., 1998; Adamides, 2010 a,b; Martin et al., 2020). The UPL are 
usually basaltic to picritic in composition, while the LPL are basaltic-andesitic (Robinson and 
Malpas, 1990). As the mafic-type deposits of the Troodos ophiolite are found in the UPL and 
LPL, the latter play a key role in fluid circulation, metals source and enrichment investigations, 
as well as to describe metal precipitation conditions in hydrothermal systems and then 
secondary alteration. 

In this study, in order to give a holistic overview of Cu enrichment in the pillow lava 
units, we present major element, trace element, Cu and Zn isotopes data of the Pillow Lava 
Series from the Troodos ophiolite from Agrokipia, Kambia and Troulli mines. The studied 
pillow lavas present Cu isotopic values between -1.24 ±0.04‰ and +1.32 ±0.02‰ (with an 
exception one sample enriched in pyrites with significant heavier Cu fractionation +4.81 
±0.06‰). Zinc isotopes fractionation range between -0.69 ±0.01‰ to +0.43 ±0.02‰.  We 
discuss the petrogenesis of both UPL and LPL, as well as the Cu and Zn isotopes fractionation 
for the first time in the extrusive sequence of the ophiolite, aiming to investigate the behavior 
of Cu and Zn isotopes fractionation in low temperature alteration processes, derived from 
hydrothermal fluid interaction seen in host rocks for Cyprus-type VMS deposits of the Troodos 
ophiolite. 
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In this section 
Belgium’s rich 
geological heritage is 
depicted in its impact 
on landscapes and its 
provision 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 archeologists, historians, 
architects, city planners, tourist agencies … in reconstructing these links, but also 
to quarry operators, construction companies for providing sound bases for efficient 
and ecological extraction and use of the subsurface materials. The geological 
diversity of Belgium’s landscapes is gradually becoming acknowledged as a 
valuable resource for education and tourism and integrated into global protection 
and management schemes. 
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The transition towards a clean and low carbon energy system in Europe will increasingly 
rely on the use of the subsurface. Communicating the potential and limitations of subsurface 
resources and applications remains challenging. This is partly because the subsurface is not part 
of the world people experience, leaving them without reference frame to understand impacts or 
consequences. A second element is that the geological context of a specific area is very abstract, 
three dimensional, and hence difficult to correctly and intuitively disclose using traditional 
geological maps or models.  

The GeoConnect³d project is finalising the development and testing of a new type of 
information system that can be used for various geo-applications, decision-making, and 
subsurface spatial planning. This is being accomplished through the innovative structural 
framework model, which reorganises, contextualises, and adds value to geological data. The 
model is primarily focused on geological limits, or broadly planar structures that separate a 
given geological unit from its neighbouring units. It also includes geomanifestations, 
highlighting any distinct local expression of ongoing or past geological processes. These 
manifestations, or anomalies, often point to specific geologic conditions and therefore can be 
important sources of information to improve geological understanding of an area and its 
subsurface (see Van Daele et al., this volume, Rombaut et al., this volume ). 

Geological information in this model is composed of spatial data at different scales, with 
a one-to-one link between geometries and their specific attributes (including uncertainties), and 
of semantic data, categorised conceptually and/or linked using generic SKOS hierarchical 
schemes. Concepts and geometries are linked by a one-to-many relationship. The combination 
of these elements subsequently results in a multi-scale, harmonised and robust model. In spite 
of its sound technical basis, consultation is highly intuitive. The underlying vocabulary is of 
high scientific standard and linked to INSPIRE and GeoSciML schemes, but can also 
automatically, both visually and semantically, be simplified to be understood by non-experts.  

The structural framework-geomanifestations methodology has now been applied to 
different areas in Europe. The focus on geological limits brings various advantages, such as 
displaying geological information in an explicit, and therefore more understandable way, and 
simplifying harmonisation efforts in large-scale geological structures crossing national borders 
originating from models of different scale and resolution. The link between spatial and semantic 
data is key in adding conceptual definitions and interpretations to geometries, and provides a 
very thorough consistency test for present-day regional understanding of geology. As a 
framework, other geological maps and models can be mapped to it by identifying common 
limits, such as faults, unconformities, etc, allowing to bring together non-harmonised maps in 
a meaningful way.  

The model demonstrates it is possible to gather existing geological data into a harmonised 
and robust knowledge system. We consider this as the way forward towards pan-European 
integration and harmonisation of geological information. Moreover, we identify the great 
potential of the structural framework model as a toolbox to communicate geosciences beyond 
our specialised community. Making geological information available to all stakeholders 
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involved is an important step to support subsurface spatial planning to move forward towards 
a clean energy transition. . 

This project has received funding from the European Union's Horizon 2020 research and 
innovation programme under grant agreement No 731166. 
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Figure 

 
Fig. 1: Schematic representation of the structural framework model: a new approach to 

disclose the state of geoscientific knowledge. 
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Pb and Zn deportment estimation of historic mine waste by using an integrated 
mineralogical and geochemical approach: a case study from the Plombières mine 
waste (eastern Belgium)  
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Due to the variability and complex nature of mine waste materials, it is vital to 
understand their mineralogical properties, before starting with any tests that could lead to 
potential re-use. Mine waste materials, especially historic ones, are being nowadays considered 
as a secondary raw materials. This is closely related to the lack of mineral processing 
technology in the past (Evans, 2016). For the re-processing of mine wastes to be economically 
feasible it is important to maximise metal recovery. To achieve this, an in-depth mineralogical 
analysis is a prerequisite (Frenzel et al., 2019).  

This study investigates the mineralogy and geochemical speciation of different types of 
mine waste material from the Plombières mining site (eastern Belgium), focussing on the 
ancient tailing pond. The tailings pond covers a minimum surface area of 8000 m2, with 4 main 
types of material, i.e. soil, metallugical waste, brown and yellow tailings (Bevandić et al., 2021). 
The soil has developed on the metallurgical waste and it is also considered as mine waste 
material (Bevandić et al., 2021). For this study, a combination of scanning electron microscope 
(SEM) based Mineral Liberation Analyser (MLA) and electron probe micro-analysis (EPMA) 
was used for sample characterisation. The focus was on the distribution and location of the 
metals Pb and Zn within the mine wastes. Therefore, all the Pb and Zn phases were identified 
and their abundance quantified by MLA. In order to quantify the deportment of Pb and Zn, the 
chemistry of the minerals and amorphous material (e.g. slags) was determined by EPMA.  

This integrated approach revealed that the major hosts of Pb are Pb-oxides, anglesite 
and pyrometallurgical slags. For zinc, the major hosts are slags and the minerals fraipontite and 
bannisterite. The deportments of Pb and Zn strongly depend on the type of the mine waste. In 
the soils, slags are the major host of  Pb, followed by anglesite. For metallurgical waste, the Pb 
is mainly present in Pb oxides and slags.  In brown tailings, the major host of  Pb are Pb-oxides, 
followed by anglesite and slags.  In yellow tailings, all Pb is hosted in the slags.  In all 4 types 
of the mine waste, Zn is mainly hosted in slags, followed by either fraiponite (soil and 
metallurgical waste) or bannisteritete (brown and yellow tailings) .  
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Like ecosystems, the subsurface can be considered as a geosystem, providing multiple 

services and a variety of activities take place at varying depths (Gray et al., 2013). Subsurface 
pore space is a valuable commodity, fixed geographically but potentially subject to multiple 
uses over time. The strategic importance of the subsurface can vary with time, as witnessed in 
the growth of unconventional oil/gas extraction, or of increased interest in geothermal resources 
and requirement for CO2 storage space to mitigate climate change. It is therefore useful to 
consider pore space as a strategic asset that is likely to have potential future uses and where 
direct and indirect interactions need to be assessed and prioritized (Field et al., 2018). Because 
the number of known and suitable geological formations is limited and because the subsurface 
is a complex and interlinked system, competition between subsurface uses is already taking 
place and is likely to increase. Additionally, subsurface activities will leave geochemical, 
geomechanical, geohydraulic and geothermal imprints. Past activities have left imprints that 
dictate current subsurface utilizations, and present subsurface activities will leave imprints that 
will dictate the options for future subsurface utilization (Michael et al., 2016). One activity 
could prohibit the adoption of another activity and even though different subsurface activities 
could be operating simultaneously, their operations will influence each other. 

Based on an extensive literature review, we present a conceptual framework that reveals 
the relationships and interactions between different subsurface activities and their associated 
above-ground impacts. We use this framework to identify existing knowledge gaps and to 
propose a future research agenda.  

We find that there is no common understanding about what ‘sustainable subsurface 
management’ actually involves. Current sustainability indicator frameworks fall short in 
recognizing that the demand for the geological resource at hand could change in time and that 
specific geological volumes might need to be conserved for future usages such as the disposal 
of nuclear waste or CO2 storage.  

To assess the sustainability of interacting subsurface activities and to determine the 
threshold values that must be met to respect the sustainability criteria, a set of compatible and 
advanced hydrogeological, environmental, and socio-economic models need to be developed 
first. Existing (hydro)geological models are tailored to a specific type of subsurface activity and 
these reservoir models do not provide knowledge about the dynamic interaction effects between 
multiple subsurface activities. A high-level generalized workflow framework as proposed by 
Michael et al. (2016) is useful to explore potential interacting activities. To progress into site-
specific evaluations, a more detailed characterization of interference effects between subsurface 
activities is required. We need flexible, loosely coupled and dynamic hydrogeological models 
that are sensitive to each other and capable to quantify the impacts of a changing 
hydrogeological context on other activities, covering wide time scales while being practical to 
solve. 

In order to reconcile geological resource conservation with changing demands on 
geological resource use, it is essential that the geological and the above-ground ecological, 
socio-cultural and economic values of the geological resource can be fully taken into account 
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in planning and decision making. However, there exist no methodological decision support 
framework for subsurface planning that accounts for both the plurality of values as well as their 
dynamic nature. Within the field of Ecological Economics, it has long been recognized that 
resource conflicts cannot be settled by attempts to commensurate the plurality of values by the 
use of monetary measures that assign the settlement of conflicts to markets or to cost-benefit 
analysis. Multi-criteria decision analysis (MCDA) is considered more appropriate to evaluate 
alternatives under incommensurability of values. It is a methodology to structure complex 
problems in matrix form, with alternatives on one axis and evaluation criteria on the other. The 
matrix can consist of qualitative, quantitative or both types of information and can be applied 
for macro, micro and project evaluation (Pirgmaier & Urhammer, 2015).  

Within the field of Economics and Operations Research, the real options theory is 
considered to be more appropriate than cost benefit analysis to account for impact dynamics 
and managerial flexibility. It is recognized that the flexibility of waiting with a development 
and the flexibility to adopt adaptive measures have value and should be integrated in economic 
decision support methods (Dixit & Pindyck, 2012). However, current real options approaches 
do not account for a plurality of values to determine an optimal time to invest or to value 
flexibility. Therefore, we need a methodological framework that on the one hand accounts for 
a plurality of values and on the other hand recognizes that subsurface developments are made 
in consecutive steps, to deal with uncertainty, acknowledging possible adaptations in time. 

The identified knowledge gaps can only be filled in by adopting an interdisciplinary 
approach and by forming interinstitutional collaborations. By working on mutual topics and 
integrating discipline-specific methodologies, scientific cross-overs can be realized. Such an 
interdisciplinary research team then develops integrated models through an iterative process in 
which side-by-side analyses evolve and adjust, connect and become a single model that 
provides joint research conclusions. Furthermore, such cross-overs should not be limited to 
Geology and Environmental Economics. Driven by the multifaceted research challenges, a 
network of bridges that connect multiple research topics, methods, and disciplines can be build. 
Also, the interaction with society is important. Not only to deal with values and normative 
judgements but also to develop analyses and solutions for practical problems and to feed results 
back to practical actions. 
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Despite the obvious public interest for palaeontology, the fossils are usually poorly 
known. Belgium suffers from a double issue: the non-valorisation of its incredible geoheritage 
and the lack of popularisation of this subject to a wide audience. This fact is even more 
unfortunate knowing that fossils are numerous and diverse in the building stones everywhere 
around us. Whereas palaeontologists could easily spot numbers of fossils in a stone wall, most 
people do not see anything or even consider the fossils as stains or imperfections within the 
stones. The project ‘Fossiles en Ville’ (‘Fossils in the City’) aims to cure these issues in a simple 
way by making the fossils visible, understandable and accessible freely through several media. 
Moreover, the fossils are a ludic way of arousing the interest for the History of Life and Earth, 
and promoting the other Earth sciences such as sedimentology, evolution, climatology and 
palaeogeography. 

‘Fossiles en Ville’ is designed as 1-2 km-long walks in the center of cities and towns, 
connecting 15-20 fossils spotted on the walls of public buildings, pavement, statues, staircases, 
etc., and provides explanations on each fossil (taxonomy, age, environment, geographic origin 
of the stone) as well as pictures of the organism. In October 2019, three tours and their 
explanations were set up in the centre of Liège as a test phase and were made available on the 
online platform and mobile application ‘Cirkwi’. In July 2020, the project entered a second 
phase with the edition of booklets in collaboration with Réjouisciences (Science Popularisation 
Department at the University of Liège). Each booklet, designed as a road-book, covers one 
single tour and provides information on all spotted fossils. A second booklet covers theoretical 
questions (what are the fossils? how do they form? why are there so many fossils in towns? 
what is the geological time scale ? what the fossils can tell about climates of the past and 
palaeogeography?); a second one is a simplified identification key to help recognising the most 
common fossils in sections; and the third one is a kids activity booklet designed for 7-12 years 
children. Special guided tours were organised in Liège for the Journées wallonnes du 
Patrimoine (Heritage Day) with more than 100 participants and >250 consultations on ‘Cirkwi’ 
for self-guided tours. The project also led to the organisation of indoor and outdoor 
palaeontology-centered activities for children during holiday times with Art&Fact asbl in 
Liège. 

The project ‘Fossiles en Ville’ demonstrated the interest of the public for local, free and 
accessible activities, adapted for non-scientific public and in particular to children. The number 
of tours increased progressively with now 15 available tours and booklets in Liège, Namur, 
Mons, Huy, Gembloux, Dinant, Couvin and Marche-en-Famenne* whereas other tours are 
under development. The online equivalents on ‘Cirkwi’** record, on average, 200 consultations 
per month with peaks up to 500 consultations during holiday times. 
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In 2020, ‘Fossiles en Ville’ was granted the Wernaers Award of the FNRS for its new 
concept of popularisation of palaeontology and geology through a multi-platform project. 
Besides the tours available on ‘Cirkwi’, a new dedicated mobile application is currently 
developed. It will eventually make accessible all the tours either through the choice a 
destination or by scanning QR codes positionned on public buildings near interesting fossils. 
The QR codes will automatically open a webpage summarizing information on the fossils and 
proposing a guide to the next fossil on the tour. 

In conclusion, ‘Fossiles en Ville’ is a project aiming to shed light on the numerous fossils 
that can be spotted in urban context and to provide scientific, though adapted, knowledge to a 
broad public and therefore to arouse interest for Earth Sciences. Moreover, it also has an interest 
for Earth scientists as it gathers a lot of characteristic and less characteristic fossils useful to 
identify the building stones in historical or modern buildings. 
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Among the many Belgian historical heritage stones, the Viséan (lower Carboniferous) ‘Pierre de 
Meuse’ or Meuse Limestone is certainly one of the most important and famous building and decorative 
stones. It is also known as ‘Pierre bleue de Namur’ or ‘Naamse steen’.  The ‘Pierre de Meuse’ shares 
the overarching name ‘pierre bleue’ (blue stone or ‘blauwe steen’) with two other famous Belgian 
calcareous building stones, the ‘Pierre de Tournai’ and the ‘Petit Granit’, both fossiliferous limestones 
and well-known building stones of lower Carboniferous age. The ‘Pierre de Meuse’ sensu stricto is a 
limestone of middle Viséan age (Livian; Lives Formation) that is particularly well exposed and well 
accessible in the Meuse valley, downstream of the city of Namur. We here restrict the definition of the 
‘Pierre de Meuse’, excluding several other Carboniferous limestones also extracted in the Meuse valley 
and its tributaries, because they belong to different lithostratigraphic units and were used in different 
ways at different times (e.g. ‘Pierre de Vinalmont’ and ‘Pierre de Longpré’). The analysis of a significant 
quantity of ‘Pierre de Meuse’ in historical buildings reveals that only particular beds within the Haut-
le-Wastia and Corphalie members of the Lives Formation were quarried as building and decorative stone 
in the vicinity of Namur. 

The Romans were first to make a wide use of this limestone, both as a building stone and a 
decorative stone within the capital, agglomerations, rural settlements and villas of the civitas Tungrorum.  
Moreover, they have even exported this particular stone to Roman settlements in neighboring civitates 
(Heerlen, Trier, Xanten, Echternach, Vichten, Colijnsplaat).  Furthermore, during Medieval times it has 
become the real hallmark of Romanesque religious and public buildings, funerary monuments, floor 
tiles and tombstone, especially in the Principality of Liège. Later on, its distribution has spread towards 
the north (The Netherlands) and the south (N-France). Due to the presence of a nice subhorizontal 
bedding and a regular bed thickness, a regular spacing of joints and the proximity of a river, the ‘Pierre 
de Meuse’ was preferentially extracted in the vicinity of the city of Namur, whereas the Meuse 
represented its main transport means since Antiquity through the Middle Ages.  

Detailed in situ investigations of numerous historical monuments allowed to define five distinct 
macroscopic lithofacies within the ‘Pierre de Meuse’. All these varieties have been successively used as 
building and/or decorative stone, but during different time intervals. Their main macroscopic and 
microscopic (palaeontological and petrographical) characteristics will be briefly presented, as well as 
their characteristic carbonate microfacies and index fossils. Some of the finest and most famous Belgian 
black marbles, the ‘Marbre noir de Namur’ (Black marble of Namur), is a particular thinly-bedded, 
black-colored micritic limestone belonging to the Corphalie Member of the Lives Formation. Its unique 
chroma and quality have been appreciated at least since Roman times. Most famous are the medieval 
baptismal fonts and the incised tombstones manufactured in ‘Pierre de Meuse’, whereas particular 
architectural trends in the Meuse valley are dominated by the use of this stone, such as the Mosan gothic 
and Mosan renaissance styles.  
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Not much is known about the earliest (Roman) extraction, probably because of younger quarrying 
activities that destroyed all former traces. However, a number of abandoned historical quarries (both 
underground and open-air) still exist, most of which are located in the direct vicinity of Namur. Some 
of these have now become important biotopes and/or geosites, whereas others represent popular 
speleological attraction sites. The ‘Pierre de Meuse’ is particularly rich in invertebrate fossils (corals, 
brachiopods, gastropods) as well as in sedimentary structures (laminated stromatolites, oncolites). The 
latter fossil assemblages and structures can be simply recognised and allow to easily identify the ‘Pierre 
de Meuse’ in historical context. 
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In contrast to southern Belgium (Wallonia), where Paleozoic rocks are well exposed and 
clear links exist to the local building industry, northern Belgium (Flanders) consists of generally 
unconsolidated strata, practically devoid of exposure. Despite this apparent difference in 
geological landscape, practically all cohesive rocks occurring in the Flemish subsurface have 
been quarried for local use as building stone in the past. Visibility or knowledge on former 
extraction sites is nearly inexistent but historic buildings constitute a good proxy, replacing the 
quarries and outcrops as source material on local geodiversity. 

Although use of natural building stones and their replacement stones depend on various 
factors such as availability, technology, transport and fashion, the geographic distribution of 
stone types in historic buildings remains clearly related to their exploitation areas: cultural 
diversity follows geodiversity. Stone types only occasionally used as building material are not 
recorded far beyond the area of their natural occurrence, whereas stone types of more 
commercial value extend from stone-rich to stone-poor areas, mostly going downriver. This 
system prevailed during the entire building history from the 11th till the 20th century and is 
actually (partly) maintained in accordance with the restauration principles. 

A georeferenced database of natural stone records from monuments and other buildings 
is an essential instrument to follow-up on historical stone use. Such a database has been 
elaborated at the Geological Survey of Belgium after the pioneering work in the province of 
Limburg (Dreesen et al., revised edition 2019). It is focused on stone-poor northern Belgium 
but covers also surrounding areas for a better grasp on the effective realm of the different stone 
types. Although it is a permanent work in progress, anno May 2021 the database contains nearly 
18 000 records on natural stone occurrence in Flanders and Brussels, allowing confidence for 
this part of the country in the observed natural stone variability and their geographical spreading 
from extraction sites to the buildings. This is illustrated for some well-known Maastrichtian to 
Eocene limestones and Eocene to Miocene ferruginous sandstones of local origin (Fig.). 
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Occurrence maps for the principal indigenous light-coloured limestones (‘witstenen’) above, 
and ferruginous sandstone (‘ijzerzandstenen’) below the separation line in monuments, 
considered representative for their distribution area in Flanders and Brussels regions. Names 
according to common use. 
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The underground limestone quarries in the southeastern part of the Limburg province 

(Belgium) have been used for limestone extraction, storage, shelter, and cultivation of 
mushrooms. Many geological features can be distinguished and observed in these Cretaceous 
limestone gallery systems (Willems and Rodet, 2018) This multifunctional and frequent use 
has left many traces in the landscape above and underground and the quarries are inherent 
part of the local culture as they are still being used.  

The underground extraction of limestone started in the Late Middle Ages and 
continues to this day. The multifunctional use and long duration has left many traces of 
inscriptions, drawings, and quarrying techniques. Since a few years the cultural values of the 
underground quarries are valued, as some underground quarries are protected as an 
archaeological site or protected landscape (de Haan and Lahaye, 2018).  

The present-day stewardship of the quarries is confronted with many challenges 
(Lahaye, 2017). Relatively limited information is known about the underground limestone 
quarries in the municipality of Riemst, such as their exact location relative to the surface, 
infrastructure, and buildings. In order to inspect and monitor stability problems an exact 
location is necessary. Various underground quarries have already been prone to collapse 
resulting in possible unknown areas which may still be intact but cannot be mapped.  

By conducting fieldwork, 3D measurements, and researching archives, a more 
profound knowledge and new insights are obtained about the underground quarries. The 
underground galleries are mapped using a mobile 3D laserscanner (Geoslam RT). Unknown 
galleries are identified and based on the obtained 3D data, decisions are made on further 
inspection or gallery stabilization. This 3D data is also valuable in documenting the 
archaeological and geological features, and can be used to describe the means of extraction, 
as well its consequences on the landscape (Lahaye, 2020).  
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A tectonostratigraphic model is here proposed for the Fungurume-Mwashya platform 
succession at Tenke Fungurume Mining District (TFMD), south-east Democratic Republic of 
Congo. TFMD in the Katanga Copperbelt hosts the stratiform to stratabound Cu-Co 
mineralization. Sedimentary slumping and the generation of mass flows were principally 
controlled by tectonic activity during the initial rifting of the intracratonic Nguba Rift-Basin, 
around ~760-740 Ma. At least three tectonostratigraphic sequences recorded the tectonic 
reorganization between the Congo Craton and the Tanzanian block. One of them, which has 
been recognized at the base of the Mwashya Subgroup, has recently been coupled with the 
~760-740 Kaigas glacial event. It is characterizedby a backstepping to shallowing-upward 
sequence capped by an erosion surface at the top of the Kansuki Formation. This sequence 
begins by deposition of the periglacial polygenetic conglomerate, the lateral stratigraphic 
equivalent of the Mwashya Conglomerate, and the post-glacial cap carbonate sequence of the 
Kamoya Formation (Fig.1). 

The Fungurume-Mwashya succession was deposited in a protected coastal lagoon 
adjacent to a tidal flat environment which was protected from the open sea by a barrier shoal 
(Cailteux et al., 2007; Mambwe et al., 2019). The platform was then flooded by fluvio-deltaic 
siliciclastics in the aftermath of the Sturtian glacial event. This is evidenced by the diamictitic 
facies of the Mwale Formation. Large amount of hematite within the matrix of the polygenic 
conglomerate recorded a remobilization of ferrous iron in bottom waters from the ~765-745 
volcanic activity, which was oxidized by the mixing of layers of the stratified seawater at the 
onset of the Kaigas deglaciation. This bottom-water mixing was probably controlled by local 
fault-controlled uplift that generated subaqueous mass movements. The overlying cap 
carbonate sequence successively comprises an ~100 m-thick deepening-upward transgressive 
to shallowing-upward carbonate succession that was marked by deposition of oolites on the 
barrier platform top. It was followed by the development of lagoonal and tidal flat sediments 
during a sea-level highstand. This study concludes that the cycles of deposition in the 
Fungurume-Mwashya platform succession were driven by regional tectonics, superimposed 
upon the ~750-720 Ma Kaigas and ~717–660 Ma Sturtian glacial intervals (Mambwe et al., 
2020). 
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Figure 1: Idealized Kamoya cap carbonate sequence at Tenke-Fungurume Mining District 
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Geochemical study of atmospheric deposition is important for explanation of the 
geochemical behavior of elements in the epigenetic environment. However, previous studies 
largely focused on cities or areas strongly affected by industrial activities. In this study, the NE 
Sichuan Province, a remote area receiving little influence from industrial activities, was selected 
to investigate water-soluble heavy metals (such as Cr, Co, Ni, Cu, Zn, Ga, As, Cd and Pb) in 
the atmospheric depositions collected from in August 2011 to July 2014. The results indicated 
that Zn had the deposition flux with an annual average of 158μg·(102 cm2·a)-1, while Ga had 
the smallest one with an annual average of 0.06μg·(102 cm2·a)-1, 4 orders of magnitude lower 
than that of the Zn. The deposition flux of heavy metals at NE Sichuan was lower than those 
obtained at cities and towns or in areas affected by industrial activities. In general, Co and Ni 
showed higher in the winter and spring seasons which might be related to the atmospheric dust 
activities in these seasons. Ga, Pb, Cr, Cd, Zn and As displayed higher deposition fluxes in the 
summer season, which might be due to increased precipitation as well as more tourist activities 
in this season. The local road reconstruction in December 2012-September 2013 led to a 
significant increase in the deposition flux of heavy metals. 
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In 2013, the Walloon regional government decided to create, within the “Service Public 
de Wallonie - Agriculture, Ressources naturelles et Environnement (SPWARNE)”, a new 
department aiming to enlarge the missions of the “Cellule Sous-sol/Géologie” and to allow the 
emergence of a regional geological survey – the “Service géologique de Wallonie (SGW)”. 
Beside the geological mapping and the development of an underground natural resources 
database, the geological survey also operates as a backup and provides expertise for the other 
departments of the SPW (e.g., geotechnics, urbanism, archaeology, hydrogeology and mine 
monitoring) and for scientific institutions. All in all, the background work of the SGW helps 
the planification of infrastructure projects and provides technical assistance on the investments 
to be made to secure or upgrade the infrastructures, both in the public and private sectors.  

The main goal of the SGW focuses on the geological mapping and on increasing the 
general knowledge of the underground. As the mapping phase of Wallonia at the scale of 
1/25000 has been successfully achieved, we now entered a phase of continuous update of the 
published maps. This aims to combine published data with newly collected ones (e.g. from 
public works, drilling database, new outcrops, LIDAR numerical field model, etc.) ultimately 
allowing to refine the lithostratigraphy, the geological structure and adjust the geological 
contours to match new concepts.  

The outcrop database and new maps are available online on the Geological Map of 
Wallonia, viewer as fully accessible layers. The associated geodatabases are yet available for 
most of the territory and are constantly updated and supplemented. Thematic maps focusing on 
mineral resources, superficial formations, swelling clay issues, etc. are also in development. 
The large amount of data gathered during the last 30+ years allows to revise the 
lithostratigraphy and therefore, to provide a new stratigraphic scale. The continuous mapping 
and active collaborations with neighboring’s geological surveys insure the homogenization of 
the maps on both sides of the boundaries. Ongoing collaboration with the Geologischer Dienst 
NordrheinWestphalen (GDNRW) for the mapping of the Stavelot-Venn Massif and its 
couverture is a promising example.  

Beside the geological mapping and related matters, the SGW is building and updating a 
database of the natural underground resources covering the territory (metallic, nonmetallic and 
energy raw materials, etc). This is developed to answer the need of a strategic plan of 
sustainable development and to help the decision makers. This inventory aims to be available 
online as a query layer and is connected to a complete database. 

The “Cahiers de Géologie de la Wallonie” is the digital publication of the SGW that aims 
to provide a new support for the diffusion of new geological data and updated maps of Wallonia 
(http://geologie.wallonie.be). Note that the publication is open to any contribution dealing with 
the geology of the Walloon territory. Besides this new journal, a newsletter will be published 
to diffuse news and agenda of the activities organized by the survey (including meetings and 
fieldtrips) or any other institution dealing with earth sciences. Promoting the geology by 
creating new attractive media is also one of the cornerstones of the SGW aiming to popularize 
the Earth sciences to a wide public. 
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Enhanced rock weathering: the overlooked hydrodynamic trap  
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Enhanced rock weathering (ERW) is a technique proposed to remove large amounts of 
CO2 from the atmosphere (i.e. a negative emission technology) in which finely fragmented 
silicate rocks such as basalts (ground basalt) are distributed over agricultural or other land plots. 
The weathering process involves trapping CO2 but will also typically ameliorate soil properties 
(pH, soil moisture retention, cation exchange capacity, availability of Si), and can therefore be 
expected to positively affect plant and microbiological activity. This technique has been 
proposed in different modified forms over the past decades. In its current format, mainly its 
potential for near global application (e.g. Beerling et al. 2020) is stressed, and its acceptance is 
helped by the positive reception by e.g. nature organisations that already apply it as a technique 
for ecological restoration.  

Two main and largely separated processes result in trapping of CO2. The first is 
precipitation of carbonates, often as nodules, in the soil. The second is increased CO2 solubility 
in groundwater and eventually ocean water due to an increase of the pH value, referred to as 
the pH-trap.  

Most of the pH-trapping schemes are built on the assumption that CO2 is dissolved in 
infiltrating and shallow ground water, then discharged into surface water and consecutively 
transported to the seas and oceans. In that reservoir CO2 is expected to remain dissolved for 
centuries and possibly up to ten thousands of years, depending on surfacing times of deep 
oceanic currents.  

Another pathway that is systematically overlooked is that of groundwater fluxes that 
recharge deeper groundwater bodies. Depending on the regional geology, a significant fraction 
of infiltrating water will engage in deeper and long-term migration. For Belgium, the 
contribution of hydrodynamic trapping, depending on the hydrogeological setting, could be any 
part of the 15 to 25% of precipitation that infiltrates. Once infiltrating water enters these cycles, 
it will not come into contact with the atmosphere for possibly fifty thousand years.  

In this model, the long-term impact of ERW as a climate mitigation measure rests on a 
good understanding of the larger hydrogeological context, which encompasses infiltration and 
the deeper aquifers. Deep aquifers, as well as the migration paths towards them, are strictly 
isolated and residence times are much longer than for oceans. Recharge areas for deeper aquifer 
systems may therefore become preferential sites for ERW application, becoming an additional 
evaluation factor for siting ERW locations that is currently based on surface factors alone.  
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Figure 

 
Figure 1: Conceptual summary of the transport routes from quarry to field application, 

and from there of CO2 that becomes pH-trapped in water from precipitation.  
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Municipal solid waste incineration ashes are the residue of the incineration of municipal 
solid waste and consists of a complex intermixed and entangled assemblage of metallic and 
mineral particles together with some non-combusted organics. In Europe in 2017, 19 million 
tonnes of bottom ashes was produced. Typically bottom ashes consist of 80-85% mineral 
fraction, 10-12% of metals and 2-5% non-ferrous metals of which 2/3 is aluminum (CEWEP, 
2016).  The metallic fraction coarser than 2 mm in particle size can be recovered on site with 
magnetic separation and eddy current separation. The residual part of the coarse fraction is then 
left ageing so the ashes are stable and can 
be used in e.g. road construction. The 
fraction < 2 mm is separated in a sand 
fraction (0.1-2 mm) and a sludge fraction 
(<0.1 mm). The sludge fraction is 
landfilled without stabilization and the 
sand fraction is applied in the covering 
layers of landfills. (Vandecasteele et al., 
2007). This fraction can be up to 30-40% 
of the total bottom ashes and therefore 
this landfilled fraction leads to important 
losses in potentially valuable resources. 
This research will focus on the characterization fraction of the bottom ash which is below 2 
mm.  

The aim of this case study is to check how 
much of the metallic fraction contained 
in the fine fraction can be recovered by 
innovative magnetic and density 
separation techniques. In order to do so, 
samples will be examined by electron 
microscopy and image analysis will be 
applied in order to extract the percentage 
and type of metals before and after the 
separation treatments. Figure 1 shows a 
back-scattered electron microscopy 
image of the bottom ash fine fraction. 
For the image segmentation procedure, a Figure 2: U-net architecture

Figure 1: BSE image bottom ash. Particle 1 is a Zn metal – Ca-
aluminate compound particle, Particle 2 a steel particle and particle 3 
a mineral particle.
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U-net will be used instead of a classical image analysis procedure. Classically, images are
segmented applying a combination of filters, thresholds, morphological operators etc. These are
very powerful tools to segment images where there is a large difference in contrast/brightness
between different phases. When this is not the case, developing a reliable and accurate
segmentation procedure can be quite hard. In order to find a procedure to segment a large
amount of images, often, a lot of trial and error is necessary. Further, anyone developing such
a procedure will come to a different routine, depending on their knowledge and expertise.  By
using the U-net, we try to overcome some of these issues. The U-net (developed by
Ronneberger et al., 2015, Figure 2) is a type of convolutional neural network architecture that
can be trained for fast and accurately segmenting of images. Training is performed by
supervised learning, the model is presented a number of example input images and their
respective output images (ground truth). Based on these, the model will try to find the
underlying structure in the data and will, in the end, be able to segment new images. This has
the advantage that only a fraction of the image set has to be segmented using classical image
analysis and the other images can then be segmented all at once, once the model is trained.
Further, a U-net model can also learn to recognize particles based on their shape or texture.

The study includes 3 types of incineration ashes: two ash fractions from a MSWI grate 
furnace, i.e. a fine bottom ash fraction (63 µm - 2 mm) and a filter cake fraction resulting from 
a washing step of the same bottom ashes (<63 µm); and one ash material from a MSWI fluidized 
bed furnace, i.e. a mix of boiler ash and fly ash (<63 µm). The incineration ashes are 
subsequently treated by innovative magnetic and density separation techniques. 

From the samples before and after the treatments, polished sections are prepared 
according to Bouzahzah et al. (2015) in order avoid internal particle settlement. Images are 
acquired on a FEI FEG Nova NanoSEM 450. The image analysis is carried out mainly on BSE 
images, supplemented with EDX mappings where necessary. 

The results are cross-checked against the bulk chemical composition of the samples and 
additionally provide data on the content, type and size distribution of the metals of interest 
before and after treatment. As such, it is shown how this new, neural network based image 
analysis routine, can assist in the development of new resource recovery schemes for MSWI 
ashes. 
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The chalk deposits of the type-Maastrichtian, in the SE Netherlands and NE Belgium 
(Liège-Limburg region) are characterized by abundant flint layers. Since prehistoric times, 
flints from this region have been used as raw materials for tool making (Rademakers, 1998). 
While the formation, cyclicity and lithostratigraphy of flint layers from the type-Maastrichtian 
have been previously studied (Zijlstra, 1987; Felder and Bosch, 1998), their stratigraphic, lateral 
and internal geochemical and petrological variability are still poorly constrained, posing 
challenges for tracing the provenance of flint tools. Therefore, in the context of the 
Maastrichtian Geoheritage Project, we have analysed in-situ flint samples macroscopically, 
microscopically and with micro-X-ray fluorescence (µXRF). The flint samples were collected 
from a 50-m-thick interval from the Upper Cretaceous Gulpen Formation at the Hallembaye 
quarry (BE) and the former ENCI quarry (NL). In contrast to averaged outcomes of bulk or 
portable X-ray fluorescence techniques commonly used for provenance studies of flints in 
geoarchaeology (e.g. Hughes et al., 2010), the use of µXRF has the advantage of offering 
insights into the internal variability and heterogeneity of flints, by displaying relative 
distributions of major and trace elements within flint samples (Kaskes et al., 2021).  

Our results (Figure 1) show that flint nodules from the Gulpen Formation can be 
subdivided based on composition. Flint layers in the middle part of this formation (Vijlen 
Member) consist of a massive siliceous matrix and display a heterogeneous distribution of 
elements such as Ca, S, K, Fe, Rb and Sr. Flint layers from the overlying Lixhe 1-3 members 
consist of a crystalline quartz matrix and have a more homogeneous distribution of chemical 
elements. The transition between the two types of flints is accompanied by an increase in the 
degree of silicification. Stratigraphically through the Hallembaye quarry, this increase seems to 
be related to a decrease in the Al-content of the surrounding chalk succession, which can be 
regarded as a proxy for clay content associated with varying terrigenous input into the carbonate 
system (Vellekoop et al., in prep.). The occurrence of the different flint types can thus be related 
to the varying chalk geochemistry. The geochemical data show that the flints from the 
Campanian (Zeven Wegen Member) correspond to the Campanian flints from the Mons Basin 
(Fiers, 2020). This suggests different oceanic conditions during the deposition of flints in the 
Campanian and the Maastrichtian. The observed heterogeneity and variability within the flint 
nodules can thus not only provide insights into the complex formation processes of flints, but 
it might also be useful for the geochemical provenancing of flint artefacts.  
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Figure 1: Stratigraphic profile through the Hallembaye Quarry (BE) with from left to right: stratigraphic plots of 
flint data (semi-quantitative) in blue and surrounding chalk data (fully quantitative) in orange (Vellekoop et al., in 
prep.) for SiO2 and Al2O3; photographs of polished sections per member; corresponding µXRF maps of polished 
sections; microphotographs in PPL of corresponding thin sections. 
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Tom VAN HAREN1, Jef DECKERS1, Roel DE KONINCK1, Katrijn DIRIX1, Katrien DE 
NIL2 

1. VITO NV, Mol, Belgium (tom.vanharen@vito.be) 

2. Flemish Planning Agency for the Environment and Spatial Development - Department 
Environment, Brussels, Belgium (katrien.denil@vlaanderen.be) 

The subsurface represents a precious and multifunctional resource for cities which 
requires careful planning and sensitive management in accordance with its potential and its 
value for society. It offers both many opportunities and threats for topics like groundwater 
management, climate adaptation, subsidence and reuse of materials. In order to grasp and locate 
these opportunities, a good detailed picture of the shallow subsurface is necessary. Therefore 
the Bureau for Environment and Spatial Development of the Flemish Government (VPO) 
commissioned VITO a test case by creating a detailed 3D layer cake and voxel model of the 
urban area of Antwerp and parts of its harbour (see figure 1). 

The inventory includes geological point data (boreholes and cone penetration 
tests(CPTs) from DOV), soil, geological and geomechanical maps and models, topographic GIS 
data, BIM data and literature. After quality checks the boreholes and CPTs were geologically 
(re)interpreted for the Quaternary to lower Oligocene lithostratigraphic units in the area. A 
systematic interpretation of CPTs was new compared to previous geological 3D models of the 
area (Matthijs et al., 2014; Deckers et al., 2019). It helped to provide more detail and having 
cross validation of nearby boreholes interpretations. The interpreted lithostratigraphic units 
were modelled into 3D layers by means of ArcGIS© software and were filled in with 
lithological parameters to create a voxelmodel. For this purpose, lithological information from 
borehole descriptions was modelled in 3D in between the lithostratigraphic boundaries using 
python scripting and software Rockworks©. Finally, also ranges of glauconite content for the 
different lithostratigraphic units were added as additional voxel information. 

The modelling process resulted in a shallow urban subsurface model representing 17 
lithostratigraphic units, starting from the Anthropocene to the lower Oligocene Boom 
Formation (see figure 1). The voxel model contains cell based information about the spatial 
lithological variety and lithostratigraphic depending glauconite ranges. The XYZ-resolution of 
the voxel model is 25x25x0.5m. On one hand the layer modelling process resulted in new 
lithostratigraphic insights such as mapped gullies at the base of the erosive lower Pliocene 
Kattendijk Formation, a detailed base of the Quaternary strata, locating Early Holocene paleo 
meanders of the river Scheldt, mapping the thickness of the thick peat layer present in the 
Rotselaar Member of the Arenberg Formation, modelling old dyke failures, etc. New insights 
on the Neogene deposits were already published by Deckers & Louwye (2020), Deckers et al. 
(2020) and the data points were included in the DOV reference sets of De Nil et al. (2020) in 
the geological journal Geologica Belgica for the special volume of Neogene 2020. On the other 
hand the voxel model resulted in insights such as the location of soft sediments in Quaternary 
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deposits, the location of high concentrations of coarse sand in the Eeklo Formation, variation 
in glauconite content between Neogene formations, etc. The model will be published on DOV 
in the coming months, which allows external users to consult the model and its underlying data. 

 

 

 

 

 

 

Figure 1: Illustrations showing the model area (upper left), a NW-SE profile through the lithostratigraphic layer model 
(lower left) and profiles cutting the voxelmodel (right) illustrating concentrations of coarse sand (lowest and highest 
concentrations resp. in red and blue) in the Formation of Eeklo. 
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UNESCO Global Geopark Famenne-Ardenne, Belgium – opportunities and role 
for geoscientists  
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UNESCO Global Geoparks (UGG) are defined as ‘single, unified geographical areas 
where sites and landscapes of international geological significance are managed with a holistic 
concept of protection, education and sustainable development.’ (UNESCO website, 2021). 
UGGs need to be managed by a legal organisation and financed structurally. The presence of 
1full-time equivalent geoscientist in the organisation is mandatory. UGGs are one of the three 
UNESCO areas, besides Man&Biosphere reserves and World Heritage sites. UGGs represent 
an efficient tool to (1) increase the awareness of geological heritage and geosciences in general 
and of the related need of geological knowledge & research, (2) create a wide platform for the 
dissemination of research results and for citizen science application. 

 
‘Famenne-Ardenne’ is the first UNESCO Global Geopark in Belgium. The geopark was 

initiated by geoscientists and introduced successfully thanks to the collaboration between 
geoscientists (RBINS, U-Mons, U-Namur), actors of the touristic sector (Attraction & 
Tourisme, asbl., local ‘Maisons du Tourisme’, the Commission Wallonne de l’Étude et de la 
Protection des Sites Souterrains (CWEPSS) and local policymakers.  The geopark area is about 
1000km2 for ~70000 inhabitants. It is situated in eight localities: Beauraing, Wellin, Rochefort, 
Tellin, Marche-en-Famenne, Nassogne, Hotton and Durbuy (Verheyden et al., 2016; 2020). 
The international value of the geopark relates to the close interactions between karstic 
phenomena and Humans. The region is known for its historical karst research. Moreover, 
several stratotypes are present in and around the geopark. Since the obtention of the label in 
2018, several geotrails, 
educational acti-vities, 
quarry-revalorization 
projects were finalized or 
started.  

The role of geo-
scientists is to supply the 
scientific base and re-frame 
if or where necessary the 
general functioning of the 
geopark to keep the geopark 
in the ‘spirit’ of the 
UNESCO prescriptions. 
Geoscientists help the 
geopark to protect and 
increase the knowledge and 
protection of the geopark’s 

Figure 4: Karstified limestone & speleothem door-decoration on a house of Han-sur-
Lesse, Belgium. The picture is ~1m large. 
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geoheritage, and have a role to play in the international scientific networking.  
Since this first UGG label in Belgium, awareness on the related geoscientific, touristic, 

political, international prestige or spatial management potential increased. UNESCO Flanders, 
together with several administrations dealing with spatial management and/or environment 
created an interactive website and are dealing with a global strategy for spatial planning. 
UNESCO tools, since fostering sustainable development and awareness of earth sciences, 
including climate change, can possibly be considered in the Paris objectives and could therefore 
be used by local administrations. Further potential for UGGs exists in Belgium. In Flanders, 
several new projects are upcoming such as the Schelde-Delta aspiring UGG, a Flanders-
Wallonia-Dutch-German collaborative project in the chalk region of eastern-Belgium, 
including the former Pb-Zn extraction area. In Wallonia, the region around Mons for example, 
despite the low political support leading to the failure of a previous demand for a UNESCO 
label, is a target area to create a new UGG because of timely well-developed geological topics 
such as coal, geothermal energy and iguanodons but also because there would be a potential of 
important touristic and economic development. Since awareness is raising, it would be 
opportune for the area and for geosciences in Belgium, in general, to renew the demand for the 
UGG label in close agreement with UNESCO guidelines. Other potential regions are those 
known for historical coticule and slate industry in south-eastern Belgium (Goemaere et al., 
2020) and/or the Meuse Valley, to increase the visibility of their geological heritage and its 
societal value.  

 
We can conclude that UNESCO Global Geoparks are a solid tool to increase awareness 

on the high societal value of geological deposits and research. These areas are a unique 
opportunity to disseminate research results towards a wider audience. The Geopark and related 
geoheritage issues still offer high potential for development in Belgium.  
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Numerous naturally CO2-rich mineral water springs, locally called ‘pouhons’, occur in 
southeast Belgium. These are oversaturated in CO2 (up to 4g/L) and have attracted economic, 
touristic and scientific interest for centuries. Water sources occur within Palaeozoic rocks of 
the Rhenohercynian deformation zone, a fold-and-thrust belt at the north of the Variscan 
orogeny in central Europe. Many occurrences are concentrated in the Cambro-Ordivician 
Stavelot-Venn massif. A widely accepted model, supported by H-O isotopic signatures, is that 
sources are primarily fed by meteoric water, which infiltrates through Quaternary sediments, 
then reaching Lower Palaeozoic rocks to meet the mineral and CO2 source at unknown depth. 

Different ideas for the origin of CO2 are grouped in two main hypotheses: a) generation 
by dissolution of carbonate rocks and/or nodules, and b) volcanic degassing related to the 
neighbouring Eifel area in Germany. These well-known interpretations are mostly based on 
geochemical studies that are dispersed and poorly accessible. These have now been gathered in 
the light of new sampling campaigns, allowing to revisit and compare the views of earlier 
authors. We also for the first time include the geotectonic setting of the region.  

Carbonate rocks in the region are represented by Lower Carboniferous and Middle 
Devonian limestones. Depending on the assumed structural evolution for this foreland fold-an-
thrust belt, these may occur at >2 km depth below the Stavelot-Venn massif. Carbonate nodules 
are present in other formations, but their limited volume is unlikely to originate high and long-
lived quantities of CO2. Springs enriched in CO2 are also common in the volcanic Eifel area, 
with presence of mantle CO2 well established. The supposed extension of the Eifel plume would 
allow for a magmatic CO2 source below the Stavelot-Venn massif from degassing of the plume 
(>50 km deep), or of an unknown shallower magmatic reservoir. Available stable and noble 
isotopes point to a mixed carbonate-magmatic origin.  

If considering the presence of limestones at depth, meteoric water should infiltrate at least 
2 km. Known deep-rooted faults are thought to act as preferential groundwater pathways. 
However, such deep circulation is incompatible with the low temperatures of springs (~10oC), 
unless the ascent is slow enough to fully dissipate heat prior to resurfacing. Another possibility 
is that meteoric water does not infiltrate as deep, with CO2 being transported upwards to meet 
groundwaters at shallower depths. The presence of CO2 surface leaks, locally called ‘mofettes’, 
could be evidence of such relatively shallow availability of CO2.  

The evaluation of existing hypotheses highlights complex subsurface processes that 
involve water infiltration, CO2 assimilation and water resurfacing in southeast Belgium (Figure 
1). As such, this review is an important guide for the newly launched sampling campaigns. 
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Figure 1. Schematic cross section in the Spa region. Possible deep circulation (A) and shallow 
circulation (B) paths for pouhon waters are represented. C and D represent possible water 
circulation paths for Barisart and Reine waters, respectively (Barros et al., 2021). Pouhons are 
the local name for naturally CO2-rich mineral water springs. 
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The Rock Garden: increasing the accessibility of geoscience skills training with a 
field course on campus  
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The Rock Garden is a newly developed resource for training geological field skills on 
campus at Ghent University. Developing specific field skills is an integral component of most 
geoscience degree programmes and is typically concentrated into whole-day excursions and 
longer residential field courses. Such field courses can have exceptional educational value, 
drawing together multiple strands of classroom theory and practical laboratory learning in the 
dynamic environment of student-led discovery in tackling real-world geoscience questions. 
However, field courses are expensive and time-intensive to run, and are consequently relatively 
infrequent over the course of a degree programme. From a student perspective, the infrequency 
of field courses means that key skills may not be practiced for long periods and students may 
lose confidence in applying these skills in the field. More fundamentally, long and especially 
residential field courses can raise multiple barriers to accessing geoscience degree programmes, 
from physical accessibility concerns to financial barriers either from direct course costs or from 
being away from home and work for long periods of time (e.g. Stokes et al., 2019; Giles et al. 
2020). In 2019, we identified a need to bolster student confidence in practical geoscience skills 
and to increase the accessibility of field skills training in our degree programmes. When the 
coronavirus pandemic began in 2020, the need to be able to deliver field skills training locally 
became more pronounced.  

Most key geological field skills, including orienteering, lithology identification, and 
measuring and recording structural data, coalesce around the mapping of outcrops and 
structures. We therefore decided to develop a training resource based on a geological mapping 
exercise. We reverse-engineered an outcrop plan by combining a hypothetical geological map 
and cross-sections with the available areas on campus. The availability of campus space 
constrained the maximum extent of possible outcrop areas, and we consequently aimed for an 
exercise comparable to mapping inland areas with limited exposure. Having produced an 
idealised geological map and identified usable outcrop areas, we sourced a variety of large rock 
samples from local building stone and quarry companies. Working with the University’s 
Directie Gebouwen en Facilitair Beheer, we prepared the ground on Campus De Sterre and 
installed the rocks, aiming to match the strikes and dips as closely as possible to the original 
plan. Following installation, the area was re-mapped and both the rocks and the plan were 
adjusted to produce an interpretable distribution of geological outcrops and matching geological 
map.  

We have already used the Rock Garden as a partial replacement for undergraduate 
geological mapping training in mitigation of coronavirus restrictions on travel. The quality of 
student mapping work was comparable to that expected from a ‘real-world’ field course. 
Moreover, student enthusiasm for the Rock Garden was extremely high, concerning practice as 
well as objectives. However, we do not consider the Rock Garden as a substitute for existing 
field courses. Instead, it is a way to teach essential field skills in a more controlled environment 
where accessibility barriers can be minimised and students can become familiar with some of 
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the exigencies of field work. Recently, there has been debate over the inclusivity of making 
field work a mandatory component of a geoscience degree, and indeed many graduates will not 
need to use the field skills they develop during a geoscience degree. However, accessibility 
issues should not be a barrier to learning key field skills and to developing an understanding of 
the methods and uncertainties inherent in geoscience field work. A campus-based resource like 
the Rock Garden provides one method for addressing accessibility and student confidence 
issues in field skills training and development.  
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Figure 

Figure. Installation of Rock Garden blocks on Campus De Sterre. 
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Session 5- Basin Research and Sedimentology - 
Stratigraphy 
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Silva (ULiège), Marc De Batist (UGent), Gert Jan Weltje (KU Leuven), Damien Delvaux 
(RMCA) 

This session supports any 
submission related to basin 
research and sedimentology and 
stratigraphy. This includes all types 
of sedimentary settings (marine, 
continental, deep, shallow, clastics, 
carbonate), oriented towards basin 
scale or more local studies. We also 
welcome research associated with 
techniques and technologies in 
sedimentary and stratigraphy 
research.  

Specific topics include (not 
exclusive): the East African Rift; the 
Congo Basin; the sedimentological 
imprint of natural hazards. 
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The Eocene layer is known for its tectonic complexity, inherited from the Mesozoic- 
Cenozoic geodynamic evolution (Bishop 1988). A structural instability affected the south 
Tethyan area. Specifically, the North Tunisian margin shows NE-SW topographic highs and 
lows (Rouvier 1977; Ben Ayed 1986; Rigane et al. 1994).  

The paleo-depressions were characterized by the proliferation of planktonic 
foraminifera (Bou Dabbous Formation – source rock). Simultaneously, benthic foraminifera-
rich limestones were deposited on the flanks and tops of the shoals (El Garia Formation - 
reservoir), where nummulites are the most common, like all around the Mediterranean basin 
during the Eocene period. (P. F. Burollet 1956; P. Burollet 1973; Jauzein 1967; Vincent 
Perthuisot 1978; V Perthuisot 1981; Zargouni and Abbes 1987; Aoudjehane et al. 1992; Adil 
1993; Belayouni et al. 2012). 

The sedimentology and sequence stratigraphy of three outcrops were studied, and 
extensively sampled for petrographic, mineralogical, and geochemical analysis. The study area 
covers the Tellian zone, NW of Tunisia. Two of the outcrops (OK and AG sections) belong to 
the Kasseb tectonic Unit, and the TS section belongs to the Adissa tectonic Unit. Those layers 
correspond to the lower Eocene succession, which is part of the Metlaoui Group (P. F. Burollet 
1956).  

Seven microfacies (MF1- MF7), ranging from the outer to the inner ramp environment, 
were recognized. The distal ones correspond to Globigerina-rich mudstones and wacke- to 
packstones. Locally, organic matter (OK section) filled stylolites/ fissures and oil seeps on the 
field were observed during the sampling process. The studied outcrops sections show a 
progressive coarsening up, leading to the nummulites-rich pack- to grainstones microfacies, 
detected in the uppermost part of El Garia Formation ( MF6 - MF7 in AG section).  

The lithological description of the studied succession shows an alternation of massive 
carbonates and marly limestones. Based on lithology and thickness variation of the beds’ 
doublets and their facies and fabrics, three lithostratigraphic units were defined.  

The first two units recorded a transgressive sequence characterized by m to dm 
limestones alternating with cm-thick carbonate beds, containing planktonic foraminifera-rich 
facies on the top of a glauconite-rich interval (MF1, MF2, MF3, and MF4). The upper unit is 
characterized by nummulithoclastic packstones associated with some phosphate, glauconite 
grains, and radiolarians (MF5), and nummulitic packstones to grainstones (MF6, MF7). Those 
microfacies are interpreted as an outer ramp that corresponds to a regressive sequence.  

According to the previous work on the Ypresian sections in the North of Tunisia, and 
the current studied sections, the sedimentological correlations show a deepening up and 
thickening upwards in a NSW-NNE direction. 
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Silurian solid bitumen from Huy: evidences for a petroleum system in Belgium
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The discovery of a bitumen bed within the Silurian Bonne Esperance Formation near the city of 
Huy (Belgium) is the first clear evidence for a petroleum system in Belgium. The studied section near 
the city of Huy (Belgium) is part of a larger structural unit called the Condroz inlier. This structural unit 
is a wedge of Ordovician to Silurian aged marine sediments which was thrusted up along the Midi 
detachment fault during the Hercynian orogeny and forming the Ardennes Massif (Adams & 
Vandenberghe, 1999). To understand the geological processes involved in the formation of the bitumen 
bed, the Bonne Esperance Formation was logged and 82 samples were collected for XRF 
chemostratigraphy, five samples were collected (Figure 1, pictures 1-5) for biostratigraphic purposes 
and one sample was taken from the bitumen itself. ICP-MS, TOC, Rock-Eval pyrolysis and Gamma-ray 
measurements are underway to quantify the source rock potential of the Bonne Esperance Formation. 
Preliminary XRF measurements already show that especially the lower part of the Bonne Esperance 
Formation is enriched in elements linked to anoxic conditions/enrichment of organic material, which 
indicates that the Bonne Esperance Formation itself is the likely candidate source rock for the bitumen. 
The sample from the bed which includes the bitumen has already been tested to confirm the nature of 
the bitumen material. The sample was crushed and heated in a vial and the released hydrocarbons were 
then ignited with a flame (Figure 1, picture 6C). The First occurrence of the graptolites of the Family 
Monograptidae was used to pinpoint the location of the Ordovician-Silurian boundary (Akidograptus 
Ascensus zone at sample 4) (Maletz, 2017). Given the current results and the ongoing analyses a picture 
emerges of the Silurian of the Condroz inlier as being Belgium’s first and to date only petroleum system.  
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Figure 1 Stratigraphy of the section at Rue Bonne Esperance Huy (modified after (Mottequin 
& Marion, 2012) and pictures of 6 samples. Pictures 1-5 are graptolite samples while sample 
6 shows samples of bitumen. 6c shows a Bunsen burner test. The yellow flame at the end of the 
test tube indicates that the sample contains hydrocarbons. 
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Stratigraphic architecture, sedimentology and structure of the Corinth Canal 
(Greece) 
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The man-made Corinth Canal connects the Aegean Sea with the Corinth Gulf while 
displaying high steep walls allowing to study the sedimentological structure of this canal. This 
canal is supposed to be the former strait which connected the gulf with the Aegean Sea. 
Therefore, the canal could be used as analogue to study tidal straits once its stratigraphic 
architecture, sedimentology and structure are defined. To do so, we used field observations 
associated with a 3D model done by drone imaging. With these data we observed a central 
horst, located at the central part of the canal and an associated graben called Isthmia. The top 
and NW parts of the canal section consist of a min. 20 m thick unit of conglomeratic tidal dune 
bedded deposits. These deposits are evidenced by the presence of asymmetrical herringbones, 
tidal dune bedded features and cross-stratification. These deposits may then totally propose a 
new paleostratigraphic interpretation for the Corinth Canal but also complete the “classical” 
tidal strait depositional model. In the regional context, such deposits confirm the probable 
connection between the Aegean Sean and the Corinth Gulf at ~300 ka. This connection faded 
due to the regional uplift and the activation of the major Kalamaki-Isthmia fault. 
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Les sous-groupes Schisto-calcaire et de la Mpioka dans la chaine panafricaine 
West-Congo, témoins de l’évolution paléoclimatique post-Cryogénien, Province 
du Kongo Central, R.D. Congo  
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L’évolution climatique du Cryogénien (850 à 635 Ma) est très particulière, à cause du plus grand 
nombre d’épisodes glaciaires. Parmi ces derniers, la glaciation du Marinoen est enregistrée par la 
Diamictite supérieure du Kongo Central. Les dépôts des carbonates consécutifs à cet épisode glaciaire 
témoignent des changements climatiques qui s’en sont suivis. Les climats étant les moteurs de la 
sédimentation tant au niveau de la production des particules que du transport et de la mise en place de 
celles-ci, la question est de savoir lesquels ont régi cette variation des dépôts post-marinoens ? 

Dans le Groupe Ouest-Congolien, la Formation de la Diamictite supérieure est surmontée du 
Sous-groupe Schisto-calcaire sous-jacent lui-même aux dépôts conglomératiques de Bangu-Niari et 
gréso-argileux de la Basse- et de la Haute-Mpioka. Tout comme la lithologie qui varie progressivement 
de bas en haut, les climats changent aussi régulièrement lors de la sédimentation. Par la présence des 
évaporites et des biohermes à Collenia et à Cryptozoon dans les formations de Kwilu et de Lukunga, le 
Sous-groupe Schisto-calcaire s’est déposé sous un climat chaud et aride développé à l’Ediacarien 
d’après les travaux de Playford et Cockbain (1976) au pool d’Hamlin sur la côte Ouest de l’Australie. 
Les creux à remplissage plus grossier que les grains du substratum, les structures clast- à matrix-
supported et la nature de ses clastes modérément mal classés dans des grands volumes d’argiles et de 
silt indiquent que le conglomérat de Bangu-Niari s’est développé dans un paléomilieu périglaciaire au 
cours du Terreneuvien selon les travaux d’Eyles et al. (2004) et de Tohver, E. et al. (2006) . Le litage 
granoclassé et répété de shales des formations de la Basse- et de la Haute-Mpioka d’âge Cambro-
Ordovicien (Cibambula, 2016) rappelle celui des rythmites varvaires des lacs d’environnement 
périglaciaire tel qu’interprété par Olausson et Olsson (1969) sur une carotte provenant du Golfe d’Aden. 
Ces différentes caractéristiques montrent qu’après le Snowball marinoen (Hoffman, 1998), le 
mégacraton du Congo-Sao Francisco a subi successivement un climat tropical sec et un climat tempéré 
des régions proglaciaires. 

Références : 

Cibambula, C.M.E. (2016) : Le Sous-groupe de la Mpioka : un flysch de la chaîne Panafricaine West 
Congo dans la Province du Kongo Central (R.D. Congo), Th. Doc. Inédit, Dép. Géosc., Univ. 
Kinshasa, 185p. 

Eyles, N. et Januszczak, N. (2004) : ‘Zipper-rift’ : a tectonic model for Neoproterozoic glaciations 
during the breakup of Rodinia after 750Ma. Earth Sci. Rev. 65, 1-73. 

Hoffman, P. F., Kaufman, A. J., Halverson, G. P., Scharg, D. P. (1998) : A Neoproterozoic Snowball 
Earth. Sci. 281, 1342-1346. 

Olausson, E. et Olsson, I.U. (1969) : Varve stratigraphy in a core from Gulf of Aden, Palaeogeogr. 
Palaeoclim. Palaeoecol. 6. 87-103. 

Playford, P.E. et Cockbain, A.E. (1976) : Modern algal stromatolites at Hamlin pool, a hypersaline 
barred basin in Shark Bay, western Australia in M.R. Walter (Ed.), Stromatolites. 
Developments in Sedimentology, 20, Elsevier, 389-411. 

Tohver, E., D’Agrella-Filho, M.S., Trindade, R.I.F. (2006) : paleomagnetic record of Africa and South 
America for 1200-500 Ma interval, and evaluation Rodinia and Gondwana assemblies, Prec. 
Research 147, 193-222. 



 
Geologica Belgica Meeting 2021, September 15-17, Tervuren, Belgium – Abstract Book, p. 158 

A model – proxy data comparison of mid to late Miocene paleotemperatures in 
western and central Europe  
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To be able to tackle the problems an ever-warming climate presents, insights into what 
the future will bring are needed. Climate models, such as ECHAM5 and HadCM3L, are a way 
of predicting what the climate will look like (Henrot et al. 2017). Most of these models simulate, 
among others, global, seasonal, sea and surface air temperatures. In order to evaluate and 
improve the accuracy of these climate models, model data needs to be validated with proxy 
data. Climate models predict that temperatures within the next century will approximate those 
of the Langhian, Serravallian and Tortonian (mid Miocene, ~15.9 to ~7.2 Ma). To test how well 
the climate models are able to reconstruct mid-Miocene temperatures for western and central 
Europe, a model-proxy data comparison is made, with published proxy data, including 
paleobotanical and δ18O data, from these three time intervals, focussing on the Atlantic coast 
and Central Paratethys. 

Three variables were used for comparison; mean winter, annual and summer temperatures, 
MWT, MAT and MST respectively. From these variables, the mean annual range in 
temperature (MART) is used for comparison, shown in Figure 1. The Coexistence Approach 
(CA) is used for the paleobotanical record (Utescher et al. 2017) and the empirically derived 
temperature-oxygen isotope fractionation relationship for calcite or aragonite is used for the 
δ18O data (Harzhauser et al. 2011; Briard et al. 2020), with δ18Osw estimated by comparing 
recorded proxy data to estimated minimum sea temperatures and clumped isotopes. For 
comparison the simulated paleotemperatures are compiled from numerous climate models, 
including ECHAM5, HadCM3L, Planet Simulator, FOAM-LMDZ4, MPI-ESM, CESM1.0 and 
CCSM3.0 (Bradshaw et al. 2012; Henrot et al. 2017; Frigola et al. 2018). These climate models 
assume pCO2 values of 500-560, 200, 280 ppmv for the Langhian, Serravallian and Tortonian, 
respectively. 

In the Langhian, the warmest age of the Miocene, there is no systematic offset between 
the model and proxy paleotemperature data. The model MART is generally higher, except for 
a few localities around the relatively extreme northern and southern latitudes. A similar 
outcome is also found for the Serravallian age. Even for localities relatively close to each other, 
such as for the eastern North Sea or the Central Paratethys, the differences in MART are larger 
than the MART itself. For the Tortonian, the coolest of the three studied time intervals, a similar 
picture is found although there is a higher variability in MART between the studied localities. 

As shown in this initial model-proxy data comparison for the mid Miocene, there is no 
uniform or systematic offset or difference between proxy and model paleotemperatures. Even 
between neighbouring localities for one period there can be differences between model and 
proxy data. Therefore the need for more proxy data studies is highlighted in order to further 
improve the climate model simulations of the mid Miocene.  
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Figure 1. Paleogeographic maps highlighting the differences between model and proxy MART 
data for the A) Langhian, B) Serravallian and C) Tortonian periods.   
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Many European uplands have remained topographic highs for protracted periods of 
weathering during the Mesozoic and Cenozoic. The long-term elevation position as low relief 
of these massifs acted as a source for adjacent sedimentary basins, their weathering playing a 
major role in the production of sediments available for erosion. Weathering profiles on these 
uplands are mostly incomplete/truncated since weathering products have often been washed 
away during repeated periods of erosions, leading to patchworks of remaining weathered rocks. 
In order to better address the events that have shaped these source areas, a complementary 
approach of both the source (upland) and sink (sedimentary basin) areas is crucial, but the 
record in the hinterland often remains partial due to lack of dating material and incomplete 
sequence.  

The study presented here after is part of the BRGM-TOTAL Source-to-Sink project and 
aims at identifying key periods of exposure of the Massif Central (France). We used the 
combination of a careful petrogenesis and 40Ar/39Ar dating of K-bearing Mn oxides (coronadite 
group and romanechite). The French Massif Central hosts several Mn occurrences sporadically 
mined until the first half of the 20th Century. We have targeted five of these sites that contain 
dating minerals: (1) “Nontronais” (Haute-Dordogne; Mn-Fe; south-west), (2) Villerembert 
(Montagne Noire; Mn; south), (3) Vieussan (Montagne Noire; Mn; south), (4) Auxilhac 
(Lozère; Mn-Fe; south), and (5) Romanèche (Mn-F-Ba; east). The combined petrography, 
mineralogy and geochemistry of these Mn ores show that Mn deposits 1, 2 and 3 belong to a 
weathering crust model (“laterite”), sampling site 4 follows a karst-hosted model whereas 
sampling site 5 follows an epithermal model. In any of these cases, the dated K-Mn oxides were 
formed at the end of the weathering paragenetic sequence, except maybe for Romanèche which 
encompasses epithermal formation. This and their oxidizing precipitation environment support 
a formation under surface or sub-surface conditions. Therefore, their ages are instructive of 
periods of meteoric waters circulation under near-surface conditions. For the first time in these 
areas, the 40Ar/39Ar ages define at least four weathering periods: (i) Albian and older, (ii) 
Campanian, (iii) Oligocene-Early Miocene and (iv) Late Miocene to Quaternary. The French 
Massif Central is a key place in the West European landscape that better constrain the long-
term evolution of weathering that has affected basement rocks and their cover. The Early 
Cretaceous period is well known in Western Europe for having provided various and thick 
weathering products (bauxite, kaolin, siderolithic). The Campanian age fits well with the first 
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slow Pyrenean compression that exposed the Montagne Noire (south Massif Central), whereas 
Oligocene-Quaternary weathering events correspond to widespread weathering phases and 
compressional phases of the Alpine and Pyrenees. The lack of any Eocene period in the age 
record might be due to erosional conditions that overcome weathering, as it corresponds to the 
paroxysmal phase of the Pyrenean compression and strong siliciclastic discharge from the 
Massif Central to the Aquitaine and Paris basins. 
 
This work is funded and carried out in the framework of the BRGM-TOTAL project Source-to-
Sink. 
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The Congo Basin is a remarkable intracontinental sag basin developed in the middle of the African 
continent since the late Mesoproterozoic. A recent investigation combing all the available data from 
various geological and geophysical exploration campaigns allowed producing a new view of his 
sedimentary and tectonic evolution since its onset as a failed rift system at about 1.06 GA (Delvaux et 
al., 2021). We propose a revised seismostratigraphic model based on a detailed interpretation of about 
1600 km of seismic profiles, borehole and outcrop data. We produced depth maps for the prominent 
reflectors and thickness maps for the seismostratigraphic units that highlight the three-dimensional 
evolution of the CB trough time. It recorded the deposition history of up to one billion years of sediments 
above a metamorphic basement. It registered several global glacial events in a geodynamic setting 
evolving from the end of the Rodina amalgamation to the Gondwana assembly and breakup while 
drifting over the South Pole and terminating at the Equator. Its early history parallels the evolution of 
the Mesoproterozoic-Neoproterozoic Kibaride belts of Central Africa. Surrounded by Pan-African 
orogenic belts in the late Neoproterozoic to Cambrian, it was affected by far-field deformations and 
associated vertical movements that left a prominent tectonic unconformity coeval with well-expressed 
Pan-African unconformities elsewhere in Gondwana. During the late Paleozoic to early Mesozoic, 
sedimentation occurred in the context of the Gondwanide orogeny along the southern margin of 
Gondwana. It induced locally intense tectonic reactivation and general vertical movements, leading to 
the development of a second basin-scale unconformity at the base of the Jurassic). 
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Severe storms and their extreme waves and surges pose a major hazard to the coasts of 

northwestern Europe. For assessing future risks that may arise from storm surges and assessing 
the question whether storm activity has increased in recent decades, high-resolution records of 
North Atlantic (NA) storminess are required. However, this information is generally limited to 
instrumental weather data or historical documentation from the last few centuries. Long-term 
patterns of storm frequency and intensity require proxy records from sedimentary or 
geomorphic archives (e.g. May et al. 2013). Since the most severe storms passing over Europe 
originate in the NA, the Shetland Islands are a prime location to search for long-term records. 
The present study aims at a better understanding of (i) the longer-term recurrence pattern of 
extreme storm events on the Shetland Islands beyond the instrumental and historical record, (ii) 
the parameters driving extra-tropical storms in the wider region as well as (iii) the role and 
variability of the North Atlantic Oscillation (NAO).  

The present study investigates sediments from the small, shallow freshwater lake 
Flugarth (depth ca. 3 m) on Mainland, which is separated from the ocean by a low sand and 
gravel barrier. Three sediment cores (up to 90 cm-long) were retrieved to trace the variability 
of storm overwash and cover the past c. 1500 years based on a Bayesian AMS-14C age model, 
that is currently being refined by 137Cs dating and tephrostratigraphy. Potential overwash layers 
are assumed to create thin sand layers as a contrast to dark, organic-rich background 
sedimentation and identified by a multi-proxy study, including laser diffraction-based grain-
size analysis, magnetic susceptibility, bulk density, total organic carbon (TOC), and high-
resolution XRF core scanning. The study of micro-sedimentary patterns in thin sections as well 
as a palynological analysis (pollen, dinoflagellate cysts) are in progress. So far, neither the 
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coastal source sediments nor the different layers in the core revealed any carbonate microfossils 
(e.g. foraminifera, ostracods). Historical documentation of NA storm events and their tracks 
covering most of the Modern Era (e.g. Lamb, 1991) is used to calibrate the sedimentary record 
of this study. The intensity of the sedimentary archive and the critical threshold height of a 
combined storm surge and wave setup required for overwash sediment deposition in the lake is 
assessed using a hydrodynamic model in DELFT3D-Flow. 

The bright sand layers are clearly revealed by increased magnetic susceptibility, bulk 
density and grain size, while the background sedimentation shows elevated TOC and S/Ti 
ratios. The Si/Ti ratio is associated with increased biogenic silica, i.e. diatoms, which may 
benefit from nutrient-rich salty water (Balascio et al., 2011) caused by overwash events. The 
Ca/Fe ratio is generally low related to a lack of Ca in the catchment geology and the adjacent 
beach, but shows a remarkable increase between 18–32 cm, where the concentration of clastic 
sand layers is low. Higher values of the Mn/Fe ratio, that predominantly occur in the upper parts 
of the core, indicate oxic conditions and may relate to increased lake mixing as a result of higher 
wind velocity (Davies et al., 2015); significant sea level-controlled lake-level fluctuations can 
be excluded for the last 1500 years (Bondevik et al., 2005). Based on the current age model, the 
Medieval Warm Period (MWP, c. AD 950–1250) shows a relatively high concentration of 
intercalated sand layers. The first part of the Little Ice Age (LIA, ca. AD 1400–1850), in 
contrast, reflects low connectivity between the lake and sea, with only little sand input, while 
after c. AD 1700, a sudden increase of storm overwash can be inferred.  

As data generation and analysis are still in progress, the results presented here have to 
be considered as preliminary. However, the higher concentration of overwash sand during the 
MWP coincides with an intensified NAO at that time, which is inferred from speleothem 
records and is known to drive westerly wind intensity. In contrast, subsequent low overwash 
activity in the core is in phase with a negative NAO during the early LIA (Baker et al., 2015). 
Thus, first results seem to confirm a link of storm intensity to NAO in the Shetlands and indicate 
that the present record may provide a high-resolution archive of regional storminess. Storm 
variability inferred from this record may inform future strategies of coping with coastal hazards 
in the NA realm under scenarios of climatic changes. 
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 The Caledonian basement crops out in the S of Belgium in two major tectonic units: the Brabant 
Massif in the Brabant Parautochthon and the Stavelot-Venn, Rocroi, Givonne and Serpont inliers in the 
Ardenne Allochthon. The main aim of this work is to achieve a chronostratigraphic correlation between 
the Brabant Massif and the Ardenne inliers, from the lower Cambrian to the Middle Ordovician. 
Throughout his career, Michel Vanguestaine has established an informal acritarch biozonation for this 
basement, which is only partially or badly linked to the international stratigraphic scale. A first step has 
been to synchronise these informal zones with the trilobite (Cambrian) and graptolite (Ordovician) 
zonations which are currently well correlated with the chronostratigraphy (Figs 1, 2). Then, the 
compilation of the literature concerning each of these tectono-sedimentary units makes it possible to 
assign a chronostratigraphic position to their constitutive formations. This work has permitted to 
establish for the first time a chart of the stratigraphic correlations between the Brabant Massif and the 
three main Ardenne inliers (Fig. 2). Geological implications are discussed: (1) the Brabant Massif and 
the Ardenne inliers formed a single sedimentation basin with different and rheologically contrasting 
basements (rift and shoulder) (Herbosch et al., 2020); (2) new arguments argue for a Caledonian orogeny 
in the Ardenne (Herbosch & Boulvain, submitted). 

Fig. 1: Trilobite zones from the Wiliuan to the Jiangshanian stages (Peng et al., 2020) represented against 
the successive versions of the informal zones of acritarch published by Vanguestaine and colleagues in 
chronological order. Proposed synthesis under the figure (bold). 
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Fig. 2: Synthetic stratigraphic correlations between the Brabant Massif and the 3 main inliers of 
the Ardenne (Stavelot-Venn, Rocroi, Givonne) from the upper Terreneuvian to the Middle 
Ordovician. In the middle, informal Vanguestaine zones are correlated with trilobite and graptolite 
zones (Peng et al., 2020; Goldman et al., 2020). The formation name given by Beugnies (1960) at 
Givonne are invalidated by Vanguestaine and Léonards (2005). Dotted line: less precise boundary 
between formations. Megasequence 2 is in grey color. Rh. = Rhabdinopora; Ol. = Oldhamia. 
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The Congo Basin (CB) is a distinctive large sub-circular long-term sedimentation area in 
Central Africa. It consists of a thick sedimentary package, 9 km deep or more, overlying a 
mosaic of Precambrian blocks amalgamated during successive Proterozoic tectonic events. The 
CB's thick and large sedimentary cover would hide its complex subsurface structure, i.e. the 
unexplored Precambrian blocks and their probable connection, the underlying structure of 
explored blocks and the possible crustal as well as its sedimentary deformations. 

 
Outcrops scarcity coupled with dense forest and a thick cover of recent sediments allow 

more importance to be given to the geophysical approach for various geological work 
undertaken in this basin. A first campaign geophysics, including seismic measurements 
(refraction and reflection), gravimetric and magnetic 1950s conducted by the "Union for the 
geological study of the Congolese Basin" (Evrard, 1957, 1900; Jones et al., 1960)) was followed 
by a reflection seismic survey of 2900 km of high resolution undertaken by the "Compagnie 
Generale de Geophysique (CCG)" and the "Sismograph Seismic Limited (SSL)" on behalf of 
Texaco and Exxon (Daly et al. (1991, 1992). The crossed interpretations of these various 
geophysical data have been presented in several rich scientific publications but uncertainties 
and controversies still remain especially on the subsurface structure of this large basin and the 
nature of its sedimentary deformations. 

Using seismic, gravity and isostasy constraints, we interpret lateral change of the 
sedimentary cover and its crustal structure and highlight the basin's subsurface architecture. 
While the extent and location of the main structure defined in this basin, the Kiri Shoal, are 
known, debates about its nature and the process of its formation remain. New geophysical 
constraints shed light on this important structure by which various sub-basins and shoals are 
defined. 

Gravity stripping facilitated the removal of sediment's effect and residual data set thus 
obtained allows mapping the crustal architecture concealed by the sediment. Choosing an Airy-
Heiskanen model of compensation, we obtained an isostatic anomaly map of the CB area in 
which relevant patterns reflect different structures beneath the basin. This map shows that the 
CB is dominated by large overcompensated zones separated in the center by two thin and 
elongated undercompensated zones. 

The overcompensated area, equivalent to thick continental crust zone, correlates with low 
residual gravity (less than -30 mGal), and the undercompensated area, corresponding to the thin 
continental crust zone of the basin, correlate with high residual gravity anomaly zones (up to + 
80 mGal). 

A combined interpretation of old reflection and refraction seismic data guide to a 
definition of plausible connection lines between the known and explored Precambrian blocks 
(The Archean to Paleo-Proterozoic Kasaï-Angola shield in the southern side and the Meso-
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Proterozoic Kibaran belt to the eastern) and the Congo Central Craton (CCC) hidden by recent 
sediments. Our interpretation highlights also the existence, in the southwestern margin of the 
basin, of a half-graben like structure stretch E-W and filled with the Karoo, Mesozoic to recent 
sediments. 

These results confirm the complex structure of the CB, the lack of knowledge about its 
geology, and more specifically its subsurface structure, and the value of undertaking additional 
work to learn more about it. 
 
References 

Evrard, P. (1957) Les recherches géophysiques et géologiques et les travaux de sondage dans 
la Cuvette congolaise. Acad. Roy.Sci. Coloniale., Sc.Techn. Bruxelles,VII(1), 62pp. 

Evrard, P. (1960) Sismique. (Résultats scientifiques des missions du Syndicat pour l'étude 
géologique et minière de Cuvette congolaise). Ann. Mus. Roy. Afrique centrale, 
Tervuren (Belgique), série in- 8, Sci. geol., 33, 87p. 

Jones, L., Mathieu, P.L. and Strenger, H. (1960) Gravimétrie: Les résultats scienfigiques des 
missions du syndicat pour l'étude géologique et minière de la Cuvette Congolaise et 
travaux connexes. Ann. Mus. Roy. Congo belge, Tervuren (Belgique), serie in- 8, Sci. 
geol., 36, 46pp. 

Daly, M.C., Lawrence, S.R., Diemu-Thiband, K. and Matouana, B. (1992) Tectonic evolution 
of the Cuvette Centrale, Zaire. J. Geol. Soc. Lond., 149, 539-546.  

Daly, M.C., Lawrence, S.R., Kimun'a, D. and Binga, M. (1991) Late Paleozoic deformation in 
central Africa: a result of distant collision? Nature, 350, 605-607. 

 



 
Geologica Belgica Meeting 2021, September 15-17, Tervuren, Belgium – Abstract Book, p. 169 

Lake Chala 2k: the last two millennia of environmental change in equatorial East 
Africa 
 
Inka MEYER1*, Irina PAPADIMITRIOU1, Dirk VERSCHUREN2 and Marc DE BATIST1 

1 Renard Centre of Marine Geology, Department of Geology, Ghent University, Krijgslaan 
281 s.8, B-9000 Gent, Belgium 

2 Limnology unit, Department of Biology, Ghent University, Ledeganckstraat 35, B-9000 Gent, 
BELGIUM 

*Corresponding author: Inka.Meyer@UGent.be  

In order to disentangle natural climate variability from anthropogenically caused 
variations, environmental reconstructions of the past 2000 years have gained renewed scientific 
interest during the last ~20 years. Whereas climatic and environmental changes during this 
period, such as the Medieval Climate Anomaly (MCA) and the Little Ice Age (LIA) are fairly 
well expressed in Western Europe and the North Atlantic area, knowledge about equivalent 
changes in African climate and environment (e.g. changes in temperature and precipitation, 
monsoonal activity and resulting vegetation feedbacks) can be much improved. Here we present 
new results from Lake Chala, a crater lake in equatorial East Africa, based on sedimentary 
grain-size distributions. Notwithstanding the relatively minor clastic mineral component, we 
are able to discriminate between different aeolian and fluviatile sources of terrigenous material, 
and to reconstruct temporal trends in their contribution to the sediment. This can be linked to 
both local environmental dynamics and changes in the large-scale monsoonal systems over the 
East African landmass. Our findings point to arid conditions during the MCA and humid 
conditions during the LIA, in support of regional hydroclimate history as reconstructed from 
other moisture-balance proxies. The results of this study form an important piece of the puzzle 
to better understand past changes in African environments, which is a key aspect in the debate 
about future climate change in one of the most climate-sensitive regions on the planet. 
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The Late Frasnian mass extinction, mainly recorded among invertebrate marine faunas, 

is traditionally considered as one of the ‘Big Five’ of the Phanerozoic, even if the crisis known 
as the Hangenberg Crisis at the Devonian–Carboniferous boundary was probably more 
significant than previously thought. The Late Frasnian extinctions are usually considered to be 
linked with two black anoxic shale–limestone horizons (the lower Kellwasser (LKW) and the 
upper Kellwasser (UKW)), and they were subsequently named the Kellwasser events. However, 
most of the research dedicated to the Late Frasnian events and the Frasnian–Famennian 
boundary in Western Europe is focused on deep-setting sections where the sedimentary record 
is extremely reduced (some metres in thickness), giving clear-cut, but very simplified, 
geochemical data and conodont records. Usually, these sections are not condensed, but just very 
lacunar, and therefore very smoothed, contrary to their contemporaneous equivalents from ramp 
and platform settings, which are considerably thicker and more complex. 

The Southern Belgian Basin (SBB) offers a unique opportunity to detail not only the 
timing and the aftermath of the late Frasnian extinctions on shallow-water biota (mainly 
brachiopods and corals), but also to document the evolution of the carbonate platform and 
buildups during the Middle Frasnian, and their decease related to the Frasnian crises. The 
sequence stratigraphy of the Middle and Upper Frasnian was revised recently by Mottequin & 
Poty (2016) and allowed to establish that the development of the buildups was clearly correlated 
with third-order sequences. During the Middle Frasnian, the onset and vertical growth of the 
three successive levels of reefs (Arche, Boverie and Lion members) correspond to the 
transgressive system tract (TST) of the third-order sequences. During the high-stand (HST) and 
the falling-stage system tracts (FSST), their vertical growth decreased, and they evolved to 
progradant carbonate platforms, 1–3 km wide and up to 140 m thick (including the biohermal 
core) as is the case of the sequence observed in Frasnes-lez-Couvin (carrière du Nord), in which 
boundstones are replaced by packstone–grainstones, then by shallow-water and intertidal 
mudstones (FSST). Note that there is no evidence for the development of atolls rimmed by 
stromatoporoid–coral barriers as suggested previously.  

During the onset of the transgression of the Late Frasnian ‘Aisemont sequence’ (the first 
of the two recognized Late Frasnian sequences), when TST deposits reached the top of the 
‘Lion’ reef–platform or invaded the northern carbonate platform (top of Philippeville–Lustin 
formations), they were not different from the previous TST deposits which covered the ‘Arche’ 
and ‘Boverie’ reefs–platforms. They were characterized by shaly limestones, mostly with 
crinoids, tabulate and numerous rugose corals (mainly ‘Hexagonaria’), which usually were the 
basement for the growing of a bioherm. But very quickly, ‘Hexagonaria’ colonies died, as the 
associated tabulate (e.g. thamnoporids) and rugose (e.g. fasciculate disphyllids) corals, and 
were replaced by frechastreid–phillipsastraeid colonies that were previously unknown from the 
basin. Some of them developed directly on the ‘Hexagonaria’ colonies. The major change 
observed in the coral fauna was probably related to a decrease in the atmospheric oxygen rate 
as suggested, among others, by the occurrence of brachiopods adapted to poorly oxygenated 
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environments (e.g. Mottequin & Poty, 2016). This event locally marks the onset of the Late 
Frasnian crises and the end of the previous carbonate platform and that of the Middle Frasnian-
type reefs which never recovered. In the distal areas, reddish microbial mudmounds (‘Petit-
Mont’-type buildups), grew during the TST and the HST of this first Late Frasnian (‘Aisemont’) 
sequence. They are smaller than the previous buildups, reaching up to 300 m in width and 80 
m in thickness. Their growth was essentially vertical and there is no marked progradation during 
the HST. During the FSST of the ‘Aisemont sequence’, shallow-water mudstones and 
stromatolites developed on their top, then their emersion stopped their development.  

On the proximal previous carbonate ‘Philippeville–Lustin’ platform, the ‘Aisemont’ TST 
was also characterized by the replacement of a ‘Hexagonaria-type fauna’ by a ‘frechastreid–
phillipsastraeid’ coral and associated fauna. But quickly, black dysoxic to anoxic greenish-
black shales invaded all the platform. They are correlated with the LKW and correspond to the 
maximum flooding zone of the sequence (Poty & Chevalier, 2007). The LKW had strictly no 
effect on the distribution of corals and brachiopods, as stated by Poty & Chevalier (2007), 
except that the latter are locally absent during the development of these dysoxic–anoxic facies. 
Therefore, there is no extinction at all correlated with this event, contrary to what is claimed in 
studies dedicated to ‘condensed’ sections.  

During the ultimate Late Frasnian sequence (‘Lambermont sequence’) the extension of 
anoxic–dysoxic facies prevented the development of large buildups, and only 1 to 2 m-wide 
micro-mudmounds have so far been recorded in the Philippeville Anticlinorium (Mottequin & 
Poty, 2016).  

It is worthwhile to remind here that black dysoxic–anoxic shales (Matagne Formation) 
have developed from the base of the Upper Palmatolepis rhenana conodont Zone in the most 
distal and deepest parts of the SBB, regardless of what can be observed in the other areas.  

The UKW is responsible for the last Frasnian extinctions. It is widespread in the SBB and 
developed even in places where anoxic shales were previously absent since the LKW. 
Everywhere, the UKW rests on a 0.15 to 1 m-thick set of limestone beds with shaly 
intercalations. These limestone levels clearly can be due to a series of tsunamis (Poty et al., 
2014; Mottequin & Poty, 2016) that triggered the input of anoxic–dysoxic waters in previously 
more or less oxygenated environments, killing most of the rest of benthic faunas. Isochronous 
levels related to tsunamites are known worldwide and probably triggered the last and definitive 
step of the Late Frasnian extinctions. Therefore, the final Frasnian extinction is most probably 
related to both a series of tsunamis, possibly of tectonic origin, and the resulting widespread of 
dysoxic–anoxic waters into areas that were already depleted in oxygen.  
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Située dans la plaine Schisto-calcaire au SO du petit plateau de Mbanza-Ngungu, la région de 
Lufu-Toto est comprise entre 14° 37’ et 14° 48’ de longitude Est et 5° 24’ et 5° 35’ de latitude Sud. Elle 
renferme essentiellement des roches du niveau C4a constituant, un cortège de bas niveau marin 
caractérisé par un important apport silico-clastique dans le bassin Ouest-congolien. Ces roches du niveau 
4a sont sus-jacentes aux calcaires du niveau C3b2 appartenant aux dépôts de haut niveau marin. Elles 
sont, du point de vue paléoenvironnemental, similaires aux faciès de rampe à lagon évaporitique de la 
côte des Pirates. Ces variations eustatiques devant conduire à des migrations spatio-temporelles des 
milieux, quels sont les marqueurs environnementaux enregistrés lors du dépôt des roches du niveau 
C4a ?  

 
L’étude paléoenvironnementale réalisée dans la région de Lufu-Toto témoigne que ces roches 

sont réparties dans quatre zones des faciès. La première zone des faciès est caractérisée par les marnes 
gris vert à litage lenticulaire de marais maritimes, les marnes mauves à litage planaire de flat boueux et 
les shales dolomitiques d’étang salant. La deuxième zone des faciès est caractérisée par les marnes 
gréseuses de flat mixte. La combinaison de ces deux zones avec les criques tidales traduites par les 
marnes mauves à litage oblique est typique d’une côte macrotidale, adjacente au lagon restreint à 
biolithite, calcaire mudstone et dolomie grise si l’on se réfère aux travaux de Nichols (2009), et que 
Selley (1996) qualifie autrement de « complexe côtier-lagonaire ». 
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Lake Naivasha is a vital regional freshwater resource in the central rift valley of Kenya, 
located at 1884 m. above sea level. It is also recognized as a classic amplifier lake (Trauth et 
al. 2010), where lake level (and surface area) responds dramatically to climate variability 
because of the important contribution of river inflow to lake water balance. During the African 
Humid Period (ca. 14800 to 5500 year ago), Lake Naivasha’s surface level is estimated to have 
been ca. 80 m higher than today, establishing a southward overflow (Richardson & Richardson 
1972; Bergner et al. 2003). It has been demonstrated that also climatic variation in the last ca 
1650 years induced major hydrological shifts, including salinity crises and associated 
reshuffling of the aquatic ecosystem (Verschuren et al. 2001, Van der Meeren et al. 2019). 
Preservation of a continuous sedimentary archive in such a dynamic environmental setting is 
only possible because of the protected depositional environment present in the submerged 
Crescent Island Crater basin (Verschuren 1999). We here present the first results of a new 
sedimentary sequence recovered from this basin in 2020, and representing the last 7000 years 
of climate and environmental history.  

Our proxy data (sediment composition based on loss-on-ignition and x-ray 
fluorescence) indicate that Lake Naivasha was already in a shrinking phase 7000 years ago, and 
experienced episodes of pronounced hydrological closure around 5900, 4000 and 3400 years 
ago. Around 3000 years ago, a brief but prominent low-stand initiated the high responsiveness 
of the Lake Naivasha system to decadal-scale variations in moisture balance, similar to that 
documented in the last 1650 years. 

Our high-resolution paleohydrological record really improves understanding of Lake 
Naivasha’s response to the progressively deteriorating water balance associated with the shift 
from the African Humid Period towards the drier Late-Holocene period. We show that the 
timing of the major lake-level regression at Lake Naivasha, associated with the loss of its 
southward overflow, predates the commonly accepted end of the East African Humid Period 
(‘EAHP’, Tierney et al. 2011) around 5000 years ago (Tierney & deMenocal 2013), as well as 
the most pronounced lake-level regression at the more northerly situated rift-valley lakes Suguta 
and Turkana (Bloszies et al. 2015). We suggest that different hydrological sensitivity among 
these lake basins to shifts in precipitation and temperature-controlled evaporation may explain 
some of the observed differences, besides a different balance between westerly (Atlantic) and 
easterly (Indian Ocean) contributions to local rainfall.  
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The sustainable use and management of natural resources in border regions require 

unambiguous geological information from neighbouring countries. However, the available data 
often lack compatibility and the same level of detail across borders. Aim of the Belgian-Dutch 
H3O projects is to produce seamless, cross-border, 3D geological and hydrogeological models 
of the Cenozoic deposits across the border between Belgium and The Netherlands. “H3O – De 
Voorkempen” is the third consecutive project, focusing on the Noorderkempen (Flanders) and 
the western part of Noord-Brabant (The Netherlands). The project started in 2020 and the final 
results will be delivered in 2023. 

A crucial step in any cross-border geological modelling task is to establish the correlation 
between lithostratigraphic units on both sides of the border. In this project, the correlation is 
initially based on the available knowledge of regional lithostratigraphy (including chronology, 
depositional environment, sedimentological characteristics) and then further fine-tuned based 
on the interpretation of high-quality boreholes, geophysical well logs and seismic lines that 
cover the main geological complexities and cross the international border. The correlations are 
graphically presented in a chrono-lithostratigraphic correlation chart and cross-section profiles. 

The established correlation scheme will be used as a base for converting or reinterpreting 
the available data. In the final stage, the harmonized datasets will be used to create a 
geometrically and stratigraphically consistent 3D model of “De Voorkempen”. The result will 
be a state-of-the-art reference for the subsurface structure of the project area, which can be used 
as a base for scientific research and cross-border management of natural resources. 

The Belgian-Dutch H3O projects are carried out by a partnership between TNO – 
Geological Survey of the Netherlands, VITO and RBINS – Geological Survey of Belgium, with 
support from the Flemish Bureau for Environment and Spatial Development (VPO), Flanders 
Environment Agency (VMM), Province of Noord-Brabant and drinking water company 
Brabant Water. The geological models are/will be available in the public domain via the online 
data portals of DOV (Database of the Subsoil in Flanders) and DINOloket (Data and 
Information on the Dutch Subsurface). For the technical reports of previous H3O projects, see 
Deckers et al., 2014 and Vernes et al., 2018. 
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During the last decade organic-rich shales (mudstones, siliceous mudstones and 
marlstones) gained scientific interest as unconventional petroleum reservoir and source rocks. 
The main shale gas target in the Northwest European Carboniferous Basin (NWECB) is the 
Namurian basinal shale which belongs to the Mississippian shale play that occurs in the UK, 
France, Belgium, the Netherlands, Germany, Poland and Ukraine. A series of studies have been 
conducted on these shales, including the Bowland Shale in the UK, Epen Formation with 
Geverik Member in the Netherlands and the Upper Alum Shale in Germany (Kombrink, 2008; 
Doornenbal and Stevenson, 2010; Uffmann et al., 2012; Ghazwani et al., 2018; Emmings et al., 
2020). Geological characteristics like geochemistry and mineralogy, depositional environment, 
provenance and preservation status of organic matter as well as reservoir quality of Namurian 
basinal shale have been addressed at these locations. Similar data are sparse in Belgium which 
leads to difficulties in evaluating its shale gas potential. Namurian basinal shale in Belgium is 
assigned to Namurian A age which is distributed in the Namur Synclinorium and Campine 
Basin. In order to infer the depositional environment and the characteristics of organic matter 
of Namurian basinal shale in Belgium and neighboring areas, samples from five locations have 
been collected and thin section petrography (including optical microscopy, 
cathodoluminescence),  X-ray diffraction, X-ray fluorescence, total organic carbon, total 
nitrogen, stable isotope analysis, organic petrography and Rock-Eval pyrolysis have been 
carried out. The major objectives of this investigation are to (1) define and describe the 
lithofacies and depositional setting of Namurian A mudstone, (2) describe the type, thermal 
maturity and enrichment mechanism of organic matter, (3) discuss shale gas potential of 
Namurian A mudstone.  

Sedimentological, petrographic and geochemical analyses at multiple scales from these 
five sampling locations allowed to distinguish eleven lithofacies. These sediments were 
deposited through various processes, including low density turbidity currents, low to moderate 
strength cohesive debris flows as well as hemipelagic and pelagic suspension settling. 
Namurian A mudstone in the Namur Synclinorium and Campine Basin consists of an organic-
rich mudstone succession that was deposited in a distal shelf-slope-basin floor setting below 
storm wave base within the Variscan foredeep zone. Namurian A mudstone in the Namur 
Synclinorium was deposited more specifically in a restricted shallow water foreland basin 
environment which had poor connection with the Paleo-Tethys ocean while deposition occurred 
in a shallow water foreland basin with good circulation with the Paleo-Tethys ocean in the 
Campine Basin. Four major provenances are responsible for Namurian A mudstone, including 
detrital minerals from Variscan orogeny and London-Brabant Massif, calcareous bioclasts from 
nearby basinal highs, in situ fauna from the slope settings as well as hemipelagic and pelagic 
suspension settling. 

Namurian A mudstone in the study area is overmature (vitrinite reflectance VRo 1.9 to 
3.5%). Solid bitumen, vitrinite and inertinite dominate the organic assemblage in Namurian A 
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mudstone while the liptinite maceral group is missing in all samples. This is explained by the 
fact that liptinites comprising Type I/II kerogen almost completely convert to hydrocarbons and 
a residue (solid bitumen) and therefore they are not present in high maturity shale gas reservoirs 
(Hackley, 2017). Organic carbon isotope results, organic petrology and sedimentological data 
indicate that the original, immature Namurian source rock contained both terrestrial organic 
and marine organic matter, but in different percentages at different locations. The origin of 
marine organic matter can be linked to phytoplankton and microorganisms while terrestrial 
organic matter relates to continental plants. Mechanism of organic matter enrichment includes 
several factors. Lithofacies with high TOC deposited commonly in the environment with 
relative high primary marine productivity, good preservation conditions, relative high 
deposition rate and dominated marine organic matter while lithofacies with low TOC deposited 
in the environment with decreasing primary marine productivity, less good preservation 
conditions with more oxygenated water, siliclastic and carbonate dilution, relative low 
deposition rate, increasing terrestrial organic matter.  

Rock-Eval pyrolysis indicates that S2 values (ranging from 0.1 mg HC/g to 2.2 mg HC/g, 
averaging 0.5 mg HC/g) are low at all locations which indicates homogeneous and low 
remaining hydrocarbon generating potential in Namurian A mudstone. According to burial and 
thermal history modelling results, rapid deposition occurred during the Pennsylvanian. During 
this rapid subsidence period, the base of the Namurian A Formation was buried to a depth 
between 3500 to 4000 m when the highest burial temperatures (roughly 200 to 230℃) were 
reached. Namurian A mudstone became overmature during this period and extensive 
hydrocarbon generation took place. Loss of generated gas has occurred during uplift and 
pressure decrease afterwards.  
 
References 
Doornenbal, H., and Stevenson, A., 2010. Petroleum geological atlas of the Southern Permian 

Basin area. EAGE. 

Emmings, J. F., Davies, S. J., Vane, C. H., Moss‑Hayes, V., & Stephenson, M. H., 2020. From 
marine bands to hybrid flows: Sedimentology of a Mississippian black shale. 
Sedimentology, 67(1), 261-304. 

Ghazwani, A., Littke, R., Gaus, G., & Hartkopf-Fröder, C., 2018. Assessment of 
unconventional shale gas potential of organic-rich Mississippian and Lower 
Pennsylvanian sediments in western Germany. International Journal of Coal Geology, 
198, 29-47. 

Hackley, P. C., 2017. Application of organic petrology in high maturity shale gas systems. 
Bentham Science Publishers, Vol.1, 205-235. 

Kombrink, H., 2008. The Carboniferous of the Netherlands and surrounding areas; a basin 
analysis. Geologica Ultraiectina (294). Department Aardwetenschappen. 

Uffmann, A. K., Littke, R., & Rippen, D., 2012. Mineralogy and geochemistry of Mississippian 
and Lower Pennsylvanian black shales at the northern margin of the Variscan Mountain 
Belt (Germany and Belgium). International Journal of Coal Geology, 103, 92-108. 
 



 
Geologica Belgica Meeting 2021, September 15-17, Tervuren, Belgium – Abstract Book, p. 179 

Uncovering earthquake doublets in a lacustrine sedimentary record  
 
Katleen WILS1, Maxim DEPREZ2, Catherine KISSEL3, Morgan VERVOORT1, Maarten 
VAN DAELE1, Mudrik R. DARYONO4, Veerle CNUDDE2,5, Danny H. NATAWIDJAJA4, 
Marc DE BATIST1 

1. Renard Centre of Marine Geology, Department of Geology, Ghent University, Ghent, 
Belgium (katleen.wils@ugent.be) 

2. PProGRess/UGCT, Department of Geology, Ghent University, Ghent, Belgium 
3. Laboratoire des Sciences du Climat et de l’Environnement, Université Paris-Saclay, Gif-

sur-Yvette, France 
4. Research Center for Geotechnology, Indonesian Institute of Sciences, Bandung, Indonesia 
5. Environmental Hydrogeology, Department of Earth Sciences, Utrecht University, Utrecht, 

The Netherlands 

Two successive earthquakes with similarly high magnitudes on nearby fault segments 
separated by no more than a few hours’ time are considered to form an earthquake doublet. 
Such doublets have been described in historical archives around the world (e.g. Lay and 
Kanamori, 1980; Lin et al., 2008), but their identification in paleoseismic records remains 
ambiguous. This has major implications for seismic hazard assessments based on those records, 
as inferred major paleo-earthquakes could also have resulted from separate, consecutive 
earthquakes. Moreover, our limited knowledge on the occurrence of earthquake sequences 
inhibits identification of potential common fault behaviour, which could result in significant 
mitigation of the risk associated to an imminent second shock. Identification of earthquake 
doublets in paleoseismic records is thus of crucial importance. The continuous sedimentation 
records provided by lacustrine settings have great potential to record closely-timed earthquakes 
in the form of multi-pulsed seismo-turbidites (e.g. Van Daele et al., 2015; Migeon et al., 2017). 
However, such multi-pulsed character could also originate from synchronously-generated 
turbidity currents in multiple locations by the same earthquake. To distinguish those from 
turbidity currents generated separately as a result of individual earthquakes, identification of 
flow directions and thus source areas is required. The most compelling argument for the 
occurrence of an earthquake doublet is then formed by the delayed arrival of turbidity currents 
originating from the same source location. 

 
To determine whether lacustrine paleoseismic records are indeed capable of revealing 

earthquake doublets, we performed a detailed analysis of a multi-pulsed turbidite identified in 
the sedimentary infill of Lake Singkarak, located in West Sumatra. This turbidite has been 
attributed to an earthquake doublet that occurred in March 2007 (Wils et al., 2021), consisting 
of two Mw>6 earthquakes on adjacent fault segments of the Sumatran Fault, separated by no 
more than 2 hours (Daryono et al., 2012). Considering that elongated grains tend to align 
according to the dominant flow direction (e.g. Paris et al., 2010), we developed a new 
methodology that analyses the geographical orientation of grains present within each turbidite 
pulse to determine its source area. For this purpose, we combine high-resolution X-ray 
computed tomography with paleomagnetic measurements. Application to the 2007 seismo-
turbidite in Lake Singkarak reveals the presence of similar source areas in two intervals of 
turbidity current amalgamation, clearly offset in time. To rule out potential confounding 
processes such as seiching or slope failures in absence of a second external trigger, grain-size 
analysis was additionally used. This confirmed that each earthquake in the 2007 West Sumatra 
doublet triggered separate turbidity currents in the lake. In this way, we provide the first 
unmistakable sedimentary evidence of an earthquake doublet, underscoring the invaluable 
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sensitivity of lacustrine paleoseismic records. Moreover, the outlined methodology is highly 
promising to analyse previously-described multi-pulsed lacustrine turbidites and reveal the 
occurrence of, up to now, unknown prehistoric earthquake doublets. 
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Session 6- Past, Present and Future of Life on Earth 

Conveners: 
Julien Denayer (ULiège), Valentin Fisher (ULiège), Stephen Louwye (UGent), Cyrille 
Prestianni (ULiège & RBINS), Thierry Smith (RBINS), Robert Speijer (KU Leuven) 
 
For this session we invite contributions from the entire spectrum of palaeontology. 
We aim at establishing an interesting mix of new develop-ments in palaeontology, 
representative of the various research groups and lines of research “made in 
Belgium”. Accordingly, the scope will range from micropalaeontology to 
macropalaeon-tology, from systematics to strati-graphy, from ecology to evolution, 
from climate to CT-scanning, and from dinosaur digs to nannofossil oozes. 
 
This session will be dedicated to Philippe Gerrienne and Eric Simon, two good 
colleagues that left us in recent years. 
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Contrary to the well-exposed Devonian–Mississippian succession, Cambrian–Silurian of 

Belgium is generally poor in brachiopods. Few Upper Ordovician lithostratigraphic units, such 
as the Huet Formation in the Brabant Massif (e.g. Malaise, 1873), have yielded rich brachiopod 
faunas. Only one brachiopod occurrence was documented so far in the Cambrian (Wanne 
Formation) of the Stavelot–Venn Massif (Vanguestaine & Rushton, 1979) whereas the Silurian, 
mostly represented by graptolitic shaly facies, is almost devoid of brachiopods although the 
Přídolí transgressive cover contains abundant but poorly diverse brachiopod faunas (e.g. 
Godefroid, 1995; Mottequin, 2019). Up to now, only Schmidt & Geukens (1959) have briefly 
discussed the occurrence of Tremadocian brachiopods found on both sides of the Belgian–
German border within the Stavelot–Venn Massif (Jalhay Formation). 

The lowermost Ordovician remained undiscovered in the Brabant Massif until the studies 
of Lecompte (1948, 1949), who recorded the presence of graptolitic horizons (see Wang & 
Servais’ (2015) discussion) and scarce trilobite specimens in the Thyle Valley, demonstrating 
the presence of Tremadocian rocks. Since these studies no new macrofossil faunas have been 
described from the Lower Ordovician until the recent, quite fortuitus discovery of brachiopods 
within the Chevlipont Formation (Ottignies Group), in the close vicinity of the ruins of the 
Villers-la-Ville Abbey (Candela et al., in press).  

The brachiopod assemblage collected from the Chevlipont Formation is neither abundant 
nor diverse. Eighteen samples were collected totalling over 100 specimens, some of which 
cannot be fully identified due to their poor preservation. In increasing abundance, the 
assemblage is composed of Broeggeria cf. salteri (70% of the total amount of specimens 
identified), Thysanotos sp. (29%) and Rosobolus? sp. (1%). The brachiopods are not associated 
to graptolites and trilobites although these were reported by Lecompte (1949) in the investigated 
area.  

The scarcity of the shelly faunas observed within the thick lithostratigraphic succession 
recognized in the Brabant Massif, which ranges from the upper Terreneuvian to the lower 
Tremadocian (525–482 Ma), is mostly due to the palaeoenvironmental conditions. Indeed, the 
succession comprises clastic, mostly pelagic and turbiditic sediments deposited in an 
embayment of a large rift that developed on the western Gondwana margin (Linnemann et al., 
2012) in continuation with the Pan-African orogen. 
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The presence of this low diversity assemblage of linguliformean brachiopods in a peri-
Gondwanan terrane, is typical of lowermost Ordovician brachiopod assemblages that have an 
origin in the Cambrian. Popov et al. (2013) suggested that the radiation and dispersion of 
lineages, which survived the severe crisis of linguliformean brachiopods experienced during 
the late Furongian to early Tremadocian, clearly controlled the biogeographic distribution of 
this group in the Ordovician.  
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All big cats, i.e. the clade Pantherinae, have always attracted attention but the jaguar (Panthera 
onca) has truly marked the cultural heritage of the whole South American continent (Sunquist & 
Sunquist, 2002). The jaguar is a heavy and powerful animal with the most powerful bite and the strongest 
canine within extant felines (Gonyea, 1976; Van Valkenburgh & Ruff, 1987; Werdelin, 1983). 
Researchers have tried to find a corresponding species in the fossil assemblages of Eurasia. Often called 
“European jaguar” or “Eurasian jaguar”, Panthera gombaszoegensis was a medium to large pantherine 
that went extinct approximately 350,000 years ago and is considered as the ancestor of the extant jaguar 
(O’Regan & Turner, 2004).  

While it was first regarded as proper pantherine species (Kretzoi, 1938b) it was quickly re-
attributed as a subspecies of the living jaguar, Panthera onca (Hemmer, 1971). Its taxonomic attribution 
remains debated as some authors still regard this taxa as a species on its own (Argant & Argant, 2011; 
Jiangzuo & Liu, 2020; Marciszak, 2014; Reynolds, 2013; Stimpson et al., 2015) while others maintain 
that the differences between P. gombaszoegensis and the living jaguar were not significant (Hankó, 
2007; Hemmer et al., 2001, 2010; Mol et al., 2011). The scarce material of P. gombaszoegensis made it 
difficult to solve this taxonomic debate as the species was created solely based on isolated teeth by 
Kretzoi (1938b) and almost all material ever described is dental material. Nevertheless, some 
undescribed material of P. gombaszoegensis from “La Belle-Roche” in Belgium could shed a new light 
on this obscure taxon. The skull ULg-PA-BR-II-81-146 is relatively complete and is almost three 
dimensionally preserved and we hereby provide the first comparative description of the 
craniomandibular anatomy of this taxon. This skull also shows that P. gombaszoegensis varies from P. 
onca in various points such as having less rounded skull, a less marked lambdoidal crest, a slightly more 
protruding mastoid processes in dorsal view or a ventrally directed jugular process. The skull ULg-PA-
BR-II-81-146 is also much larger than any extant jaguar showing a clear size reduction in the jaguar 
lineage. This suggests that the species P. gombaszoegensis is taxonomically and possibly ecologically 
distinct from P. onca. 
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The Hangenberg Crisis, at the Devonian–Carboniferous Boundary, severely affected the 

marine realm. The crisis is characterised by several events associated with change in the 
sedimentation and biotic extinctions and turnovers. The Hangenberg Black Shale event that 
recorded the extinction peak in the pelagic realm corresponds to a widespread development of 
oceanic anoxia and/or dysoxia. The Hangenberg Shale event record minor turnovers. The 
Hangenberg Sandstone event is associated with an extinction of neritic fauna in shallow-water 
settings, including the final demise of several classical Devonian faunas (stromatoporoids, 
quasiendothyrid foraminifers, placoderms, etc.). The succession of event is nowadays explained 
by a combination of sea level fluctuations (third order transgressive sequence, out-of-sequence 
regression) and global climatic changes (end of the Famennian glaciation and global warming 
during the Strunian, rapid cooling triggering the regression associated to the Hangenberg 
Sandstone event). Through the identification of Milankovitch cycles in the Chanxhe section, 
we aim at getting a better understanding of the timing of the different events of the Hangenberg 
Crisis in shallow-water settings. The sedimentary record of the interval of interest at Chanxhe 
is composed of alternating decimetre-thick carbonate beds with shaly siltstones, corresponding 
to the upper part of the Comblain-au-Pont Formation. The equivalent of the Hangenberg Black 
Shale is recorded by two dark shaly intervals separated by a carbonate bed. The dark character 
and the occurrence of pelecypods and smooth-shelled ostracodes, are pointing to dysoxia 
(Denayer et al., 2019). Above these dark horizons, the sedimentation is again dominated by 
neritic crinoidal packstone-grainstone tempestites. The Hangenberg Sandstone event in 
Chanxhe corresponds to a 20 cm-thick horizon of coarse-grained crinoidal and bioclastic 
grainstone containing detrital quartz grains (Denayer et al., 2020). It probably resulted from a 
short-term regression which is interpreted as associated with a rapid cooling. The termination 
of this regressive event, bracketed by biostratigraphy (spores and conodonts), has been 
proposed as the new criterium to define the Devonian-Carboniferous Boundary. 

The studied section, prior the Hangenberg Crisis, displays a clear cyclicity, with the 
carbonate-siliciclastic alternations (~0.8 m) bundled into larger cycles (~5 m) and separated by 
intervals dominated by the shaly facies. These 5 metre-thick limestone/shale alternations are in 
a preliminary interpretation associated with short eccentricity (100 kyr, Fig.1). Samples have 
been collected along the record every 10 cm and each sample was measured by the portable X-
Ray Fluorescence device (Tracer 5, Bruker), allowing to provide elemental evolution through 
the record. Spectral analysis is applied on a selection of elements and on the facies evolution, 
to identify the main cyclicity in the record and to confirm or not the preliminary interpretations.        
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Figure 1 Chanxhe I section showing the alternation of shales and carbonates in the Strunian 
Comblain-au-Pont Formation, with preliminary cyclostratigraphic interpretation.   
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The expansion of Pinaceae during the Cretaceous is exemplified by the numerous ovulate 
cone taxa found in Western Europe and North America. The Belgian Wealden facies deposits 
(Barremian-Albian, 125.0–100.5 My) have delivered hundreds of exceptionally well-preserved, 
yet isolated, pinaceous ovulate cones; these cones were placed by convention in form-genera 
(Alvin, 1953; Alvin, 1957; Alvin, 1960). A total of 10 species has been described in Belgium, 
representing about 33% of the known fossil cone species of this period. However, the validity 
of these taxa is questionable as their intra- and interspecific variabilities have never been 
studied. Moreover, quantifying the expansion of Pinaceae in terms of morphospace occupation 
is desirable, in order to reveal the dynamics of this important radiation. 

We use so-called traditional (length measurements and counts) and geometric (landmarks 
and semi-landmarks) morphometry to quantify the shape of the extensive sample of Cretaceous 
cones of Belgium, as well as a thorough sample of extent forms. Based on analyses of modern 
and fossil samples, we also propose a model to predict the number of specimens needed to most 
of the morphological variation. We used ordination methods, PCA and NMDS on 
morphometrics data to recreate the morphospace occupation and test for species delineation. 
We observe that the morphological disparity isn’t higher in fossil species than in present-day 
species. The very high morphological variability is confirmed for the current definition of 
Pityostrobus andraei and support this splitting of two distinct morphotypes (De Brito and 
Prestianni, 2021) as distinct species. This work demonstrates that a reassessment, with 
quantitative methods, of the ovulate cone species described in the 20th century is finally 
revealing the diversity of early Pinaceae and the shape of their radiation. 

References 

Alvin K.L., 1953. Three abietaceous cones from the Wealden of Belgium. Mémoires de 
l’Institut Royal des Sciences naturelle de Belgique, 125, 1-42. 

Alvin K.L., 1957. On the two cones Pseudoaraucaria heeri (Coemans) nov. comb. and 
Pityostrobus villerotensis nov. sp. from the Wealden of Belgium. Mémoires de l’Institut 
royal des Sciences naturelles de Belgique, 135, 1-27. 

Alvin K.L., 1960. Further conifers of the Pinaceae from the Wealden formation of Belgium. 
Mémoires de l’Institut royal des Sciences naturelles de Belgique, 146,1-39. 

De Brito L. & Prestianni, C., 2021. Pityostrobus andraei (Pinaceae) from the Barremian 
(Lower Cretaceous) of Belgium: A Morphometric Revision. International Journal of 
Plant Sciences, 182, 174-184. 

mailto:l.debrito@uliege.be
mailto:v.fischer@uliege.be


 
Geologica Belgica Meeting 2021, September 15-17, Tervuren, Belgium – Abstract Book, p. 189 

Belgium is the best place to define the Devonian-Carboniferous Boundary  
 
Julien DENAYER 1,2, Cyrille PRESTIANNI 1,3, Bernard MOTTEQUIN 3, Luc HANCE 4 & 
Edouard POTY 1 

1. Evolution & Diversity Lab, Université de Liège, Allée du Six-Août, B18, Sart Tilman, 
B4000 Liège, Belgium (julien.denayer@uliege.be, e.poty@uliege.be, cyrille.prestinani@uliege.be) 

2. Service Géologique de Wallonie, Service Public de Wallonie, Namur, Belgium 
3. O.D. Earth and History of Life, Institut royal des Sciences naturelles de Belgique, rue 

Vautier 29, B1000 Brussels, Belgium (cyrille.prestianni@naturalsciences.be, 
bmottequin@naturalsciences.be) 

4. Consult’Hance, rue de la Chapelle, 50, 5340 Gesves, Belgium (hanceluc@gmail.com) 
 

The Devonian-Carboniferous Boundary (DCB) was the first chronostratigraphic boundary to 
be officially and globally defined in 1935. It was soon acknowledged that the definition was not 
suitable, and 50 years of discussions were necessary before an agreement on the definition was 
reached. The DCB therefore was placed at the first appearance of the conodont Siphonodella sulcata 
in the stratotype section ‘La Serre E’ in S France. Once again, many specialists agreed that both the 
definition and the chosen stratotype were not sustainable due to taxonomic issues about 
siphonodellids, because the first occurrence of the marker was found in older strata (Kaiser 2009) 
and because the French stratotype was included within a sequence of reworked sediments. Hence, 
in 2016 the Working Group on the DCB suggested to revise the definition and collegially proposed 
a new criterium: the end of the reworking caused by the Hangenberg Sandstone regressive event 
concomitant to the end of the extinction phase, close to the first entry of the conodont 
Protognathodus kockeli. This depositional event bracketed by biostratigraphy being chosen, it was 
then tested in various settings in sections worldwide and proven to be working in many cases. 

The DCB is associated with a major extinction event caused by a rapid but short-lasting 
change in deposition and eustasy called Hangenberg event that extends all along the latest Devonian 
(Strunian) and earliest Carboniferous (basal Hastarian) with several extinction phases in the pelagic 
realm but a single short-time extinction event in the neritic and continental realms. This extinction 
occurred during a period of biotic recovery that followed the Kellwasser event and covers the whole 
Famennian stage. The Strunian recovery most probably happened during a phase of climatic 
amelioration at the end of the Famennian and to a transgression that produced a switch from coastal 
siliciclastic to proximal mixed deposits with a progressive increase of the carbonate content. Hence, 
the Comblain-au-Pont and lower Hastière Formations are regarded as the transgressive system tract 
of a 3rd-order sequence. The middle member of the Hastière Fm is interpreted as the highstand 
system tract and is capped by an erosion surface corresponding to the sequence boundary. This 3rd-
order sequence boundary can be traced within the Basin, but also outside, as far as South China 
(Poty, 2016). Superimposed to the 3rd-order sequences are well marked orbitally-forced precession 
cycles (wet-dry climate alterations) of c. 18.6 ka, appearing as irregular c. 40 cm-thick couplets of 
limestone and calcareous shale beds (Poty, 2016).  

The Hangenberg Black Shale event is locally recorded as dark shale that likely spread on the 
shelf and marks the maximum flooding surface of sequence 1. Before and after this event, carbonate 
facies rich in benthic macro- and micro-fauna continued to develop, with no significant change in 
the marine biota. The Hangenberg Sandstone event, recorded as a sandstone bed in pelagic sections, 
is variously recorded at the base of the Hastière Fm, either as a sandy siltstone bed in proximal 
sections, or as a horizon with limestone clasts in more distal ones. The Hangenberg Sandstone event 
beds occur sharply in the stratigraphic record and does not correspond to the long sea-level fall of 
a 3rd-order sequence boundary but interpreted as a short out-of-sequence event (Poty, 2016).  

The revision of the stratigraphic distribution of major fossil groups led to the demonstration 
of a continuous biostratigraphic succession of foraminifers and palynomorphs with no obvious 
hiatus in neritic settings. The variable development of some micropalaeontological zones that were 
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often described as evidence for depositional hiatuses are nowadays regarded as complex eco-
biostratigraphical interaction with the environment. The LN palynozone has been demonstrated to 
be an ecozone based on occurrence of strongly environment-related markers and consequently 
included in the LE zone (Prestianni et al. 2016). In Belgium, it is only recorded in a thin horizon 
within the Hangenberg Sandstone equivalent (Denayer et al. 2020). The DFZ8 foraminifer zone is 
re-interpreted as a facies-related variation of the basal Tournaisian MFZ1 (Denayer et al. 2020) and 
is clearly post-Hangenberg Sandstone event after contemporaneous fauna (rugose corals, 
conodonts) and correlated by sequence stratigraphy above the DCB. 

The base of the Carboniferous is marked by extinctions of Devonian taxa, concomitantly with 
the end of the reworking produced by the Hangenberg Sandstone event just below the entry of the 
conodont P. kockeli. It is also coincident with the boundary between the foraminifer zones DFZ7-
MFZ1 and palynozones LE-VI and coral zones RC0-RC1, which all see the extinction of Devonian 
taxa. After the short-lasting regressive phase of the Hangenberg Sandstone event, normal settings 
returned with the deposition of the Hastière Fm. Hence the Hangenberg Sandstone event is proposed 
as the most natural Devonian-Carboniferous Boundary. 

Recent reviews of deep-water – ‘condensed’, in fact very lacunar – sections, coupled with 
unsolvable issues concerning the taxonomy – not mentioning palaeobiology – of conodonts 
demonstrated their strong limitation for defining global stratotypes. As suggested by many authors 
(e.g. Lucas 2020), the use of single palaeontological marker should be abandoned. Therefore, the 
definition of the DCB by several biotic and abiotic markers along a biostratigraphically-constrained 
timeline is potentially the best solution. 

The applicability of such a timeline-based definition was demonstrated during the 19th 
International Congress on Carboniferous and Permian and approved by the Working Group on the 
Devonian-Carboniferous Boundary of the Subcommission on the Carboniferous Stratigraphy. The 
search for a stratotypic section for the DCB is ongoing and Belgium has excellent candidate sections 
to propose. Thanks to decades of detailed research on sedimentology, macro- and micro-
palaeontology, and very fine stratigraphic correlations within the Basin, sections such as 
Anseremme, Gendron-Celles, Spontin and Chanxhe are among the best documented worldwide and 
display all the markers established by the new criterium. Recent holistic revision of biostratigraphy, 
together with ongoing geochemical and cyclostratigraphic analyses make the Belgian sections the 
best candidates for the Global Stratigraphic Section and Point for the Devonian-Carboniferous 
Boundary. 
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During the early Paleogene, Earth’s climate was under the influence of a long-term 
warming trend that was punctuated by short-term, global warming events, with the Paleocene-
Eocene Thermal Maximum (PETM) being the most pronounced (Westerhold et al., 2020). The 
PETM is globally characterized by negative stable isotope excursions (δ18O and δ13C) in both 
marine and terrestrial sediments. In the subsurface of the US Atlantic Coastal Plain, the PETM 
is additionally marked by the widespread distribution of fine-grained sediments, contrasting 
with the sediment-starved shelf setting during the Paleocene. Isotopic data from that area show 
additional small, but distinct, δ13C and δ11B excursions in a more clay-rich interval just below 
the base of the PETM, coined as the “pre-onset excursion” (POE) (Lyons et al., 2019; Babila et 
al., submitted). Its relationship with the PETM is still undetermined, but it may indicate that the 
latest Paleocene climate was not as stable as previously assumed and experienced a more 
gradual or stepwise change towards the PETM in association with an enigmatic disturbance in 
the carbon cycle.  

In this study we focus on the South Dover Bridge (SDB) core in Maryland, where the 
POE is best expressed in the geochemical record, and the Paleocene-Eocene (P-E) transition is 
stratigraphically constrained by calcareous nannoplankton and stable carbon isotope data (Self-
Trail et al., 2012). In addition, the SDB site is presumed to be situated in a middle to outer 
neritic marine setting near the paleo-Potomac River outflow system thus providing insight into 
variations in the regional hydrological cycle. We generated a high-resolution benthic 
foraminiferal, stable isotope, trace-metal and grain size record to disentangle the environmental 
changes leading up to and throughout the PETM. The dominant mid-shelf benthic foraminiferal 
assemblage indicates a shift from well-oxygenated, continuously oligo- to mesotrophic bottom 
water conditions during the late Paleocene to an environment under the increasing river 
influence. The POE is marked by modest ocean warming (<2–3°C) associated with minor, but 
important changes in the assemblages, with a group of taxa (e.g. Pseudouvigerina triangularis, 
Cibicidoides alleni) strongly decreasing in relative numbers and the appearance of planktic 
excursion taxa, normally only found within the PETM (Robinson and Spivey, 2019). At the 
PETM onset, and subsequent warming of 3–4°C during the main PETM, an input of kaolinitic 
clay points towards major shifts in the hydrological regime. Benthic foraminiferal diversity 
decreases as more stress-resistant taxa (e.g. Pulsiphonina prima, Anomalinoides acutus, 
Pseudouvigerina wilcoxensis) become dominant and planktic foraminifera become abundant, 
similar to the observation at other sites from this coastal plain (Stassen et al. 2012). This 
indicates periodically dysoxic bottom water caused by river-induced stratification of the water 
column. The PETM recovery phase marks a return to high food levels, decreased river influence 
and higher oxygen levels, as indicated by the relative decrease of more stress-resistant taxa, the 
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steady increase of e.g. Bulimina virginiana and the reappearance of Paralabamina lunata. The 
topmost part of the recovery phase is truncated by a regional unconformity. 

Additionally, we place the record in a depth-transect across the paleoshelf and correlate 
it with sites from New Jersey in order to evaluate stratigraphic completeness and regional 
variations in sediment accumulation during the PETM. This exercise shows that the SDB core 
is expanded and presents an excellent record of the P-E transition. The high sedimentation rate 
at this site, resulting from increased fluvial input, enables a detailed record of the peak warming 
during the PETM. To conclude, we show that changes in the marine environment started during 
the POE, hinting to an environmental trigger gradually building up, until the system was 
suddenly perturbed at the onset of the PETM. This scenario is not compatible with an 
extraterrestrial impact triggering the PETM onset, but better fits a longer-term process, like 
episodic volcanic outgassing.  
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Baleen whales (Mysticeti) are the largest mammals that ever lived; nowadays they are 
represented by fourteen species located within four families (Balaenidae, Balaenopteridae, 
Eschrichtiidae and Cetotheriidae). The evolutionary history of baleen whales can be traced back 
to the late Eocene, and the extant families diverged from each other during the Miocene. 
Balaenids (right whales) appear in the fossil record of Patagonia around 20 Ma ago with the 
species Morenocetus parvus. Despite that early record, until the late Miocene only one species 
was described, Peripolocetus vexilifer (16-15 Ma). However, many fossils of this family were 
described from latest Miocene to Pliocene deposits around the world. Nowadays, the family 
Balaenidae includes two genera (Balaena and Eubalaena) and four species (the bowhead 
Balaena mysticetus and three right whales Eubalaena spp.), that are all quite morphologically 
similar, with common traits such as an arched rostrum, a large head, long baleen plates, high 
lower lips, and a finless back. 

The fossil record of balaenids from the Pliocene of the southern part of the North Sea 
stands out for its diversity. Five species were described based on specimens discovered in the 
area of Antwerp (north of Belgium): Antwerpibalaena liberatlas, Balaenella brachyrhinus, 
Eubalaena ianitrix, Balaenula balaenopsis and Balaenotus insignis. Adding to this rich North 
Sea record, a few species are known from the Pliocene of other places of the world (for example 
Achaeobalaena dosanko from Japan, Balaenula astensis and Balaena montalionis from Italy). 
New balaenid specimens keep being discovered in the Antwerp area, such as the type material 
of the recently described A. liberatlas, further highlighting a high diversity of fossil balaenids 
in the southern North Sea. However, some more work is needed to better understand the 
stratigraphical context of earlier finds. Indeed, the syntypes of Balaenula balaenopsis and 
Balaenotus insignis were described in the late 19th century by paleontologist Pierre-Joseph Van 
Beneden and the descriptions and stratigraphical information provided in these early works are 
now outdated and need to be reassessed.  

Looking deeper into the stratigraphical issues, in his 1878 paper Van Beneden provided 
limited information about the geographical context of Balaenotus insignis and Balaenula 
balaenopsis: that the specimens were found near Stuyvenberg, close to Antwerp. Thanks to the 
work done by De Meuter et al. (1976) on local geological sections and stratigraphical work 
done by De Schepper et al. (2009), we can correlate the available geographical data with 
stratigraphic units present at the place. With this method, it was recently concluded that the 
syntypes of both B. insignis and B. balaenopsis most likely originate from the lower Pliocene 
Kattendijk Formation, although it cannot be completely excluded that they could originate from 
the reworked Lillo Formation. This second hypothesis appears less likely because in the 
discovery area, this unit is very thin (only a few centimeters thick). Based on dinoflagellate cyst 
assemblages, these fossils are most likely to be dated from the Zanclean (in an interval of 5-4.4 
Ma for the Kattendijk Formation). 

The other fossil balaenids were also found in sandy deposit near Antwerp, but were 
described more recently, within an updated stratigraphical context. The holotype of 
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Antwerpibalaena liberatlas was discovered in the base of the Oorderen Sands Member of the 
Lillo Formation, with a Piazencian age (between 3.21 and 2.76 Ma). The holotype of Eubalaena 
ianitrix was found in the Kruisschans Sands Member of the Lillo Formation, which deposited 
in the same time interval. The last balaenid species from the Belgian Pliocene is Balaenella 
brachyrhynus; its holotype was found in the Kattendijk Formation, meaning that it is older than 
the holotypes of both Eubalaena ianitrix and Antwerpibalaena liberatlas, and possibly 
approximately contemporary to the syntypes of Balaenotus insignis and Balaenula balaenopsis. 

The balaenid fossil record from the Belgian Pliocene thus reveals a moderately high 
diversity (as compared to other fossil balaenid localities worldwide) during a relatively short 
time interval. The next steps of the revision of the North Sea balaenids will be to reassess the 
anatomy, systematics, phylogeny, and stratigraphic context for specimens described during the 
19th century, providing further insight into this unique sample. By doing this, a better 
understanding of the whole family Balaenidae could be obtained, including a closer look at 
evolutionary trends such as convergence toward gigantism and the evolution of the forelimb 
and other postcranial elements. Still, many balaenid specimens from the Belgian Pliocene are 
very incomplete, and additional species (and more complete specimens from previously 
described species) could still be found in the region of Antwerp, as hinted by the presence of 
more fragmentary remains, particularly a broad morphological range of earbones (periotics and 
tympanic bullae). The construction of new buildings in that area and the resulting access to 
temporary outcrops will most likely lead to new discoveries that will help gaining a better 
understanding of the evolution of this highly specialized family of skim-feeding baleen whales.  
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CT-CEPH: Applying micro-CT imaging in the study of Belgian fossil nautilid 
cephalopods  
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Brain project in Pillar II Heritage science B2/191/P2/CT-CEPH, nicknamed CT-CEPH, 
and funded by the Belgian Science Policy Office (BESLPO), is presented. The project will take 
a fresh look at Devonian, Early Carboniferous and latest Cretaceous to Paleogene nautilid 
cephalopods (Fig. 1) from Belgium, trying to further document major steps in nautilid evolution 
by CT scanning of the type collections of the Royal Belgian Institute of Natural Sciences 
(RBINS) and Royal Museum for Central Africa (RMCA).  

 

Figure 1. Collage of screenshots of various 3D-models and volume renderings of fossils of 
Belgian Early Carboniferous, Late Cretaceous and Paleogene nautilid cephalopods, 
supplemented with the logos of the project, the RBINS and Belspo. 
 

Cephalopods (Class Cephalopoda, Phylum Mollusca) are amongst the most diverse, 
intelligent, and rapidly evolving marine invertebrates that have explored a multitude of 
evolutionary pathways since their entry point more than 500 My ago. Their invention of a 
chambered shell providing an energy-efficient way to migrate up and down the water column, 
makes them stand out from all other mollusks. It is especially the internal organization of this 
complex three-dimensional buoyancy mechanism that allows to document major steps in their 
evolution, making from X-ray computed tomography an extremely powerful method in the 
study of fossil Cephalopoda. It allows for correct and detailed measurements of typical shell 
parameters, as well as for the exploitation of new and/or previously underexplored and (partly) 
hidden parameters. 
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The project aims at gaining better insights in the complex evolutionary history of the 
Nautilida (Subclass Nautilia), the lineage leading up to the single surviving stock of externally 
shelled cephalopods alive today, extant Nautilus. It focuses on Devonian, Early Carboniferous 
and latest Cretaceous to Paleogene time slices of nautilid history, during which major steps in 
their evolution took place and which are not fully understood, and for which RBINS and RMCA 
collections hold a large number of important specimens. It will exploit on (1) the ongoing mass-
accumulation of CT scanning data of RBINS & RMCA type specimens currently taking place 
(in the scope of the DIGIT & DiSSCo-Fed projects), and (2) the knowledge and expertise of 
the RBINS. It also aims to make a major contribution to the scientific valorization of the 
collections of the federal scientific institutions by executing innovative research. 

The latest information about the project is available via the following links: 
https://www.naturalsciences.be/en/science/do/94/scientific-research/research-
projects/project/21138 and https://twitter.com/ctceph 
  

https://www.naturalsciences.be/en/science/do/94/scientific-research/research-projects/project/21138
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X-ray computed tomography (CT-) scanning is revolutionizing the study of extinct 

organisms. Its non-invasive and non-destructive character makes it currently by far the most 
potent method to allow fossils to be studied in three dimensions and with unprecedented detail. 
More importantly, and differing from other 3D techniques, CT-scanning looks through and 
inside objects, revealing hidden structures and characters. Recent innovations in the field of 
CT-scanning allow obtaining details up to a few micrometers in resolution, and higher quality 
images of relatively dense materials, like fossils, even when wholly encased in hard sediment 
(Keklikoglou et al., 2019). 

In 2016, the Royal Belgian Institute of Natural Sciences (RBINS) acquired two high-end 
X-ray CT machines: the micro-CT RX EasyTom and the nano-CT XRE-Tescan UniTom. Both 
scanners are currently nearly full time in use to help accomplishing the gigantic task of the 
digitization of the RBINS and Royal Museum for Central Africa (RMCA) type collections, the 
aim of two multi-year Belspo funded projects, DiSSCo-Fed (2018-2023) and DIGIT-4 (2019-
2024). With about 300.000 types and 48.000.000 general specimens, 46.000 and 3.000.000 
respectively in their paleontology collections, the results of nearly two centuries of intensive 
collecting and research, these two Belgian Federal Scientific Institutions (FSI’s) are major 
players in the European framework of scientific research infrastructures for natural history. 
Digitizing this large number of types, spread across almost the entire Tree of Life, and 
exhibiting an entire array of differing taphonomies, results in a steadily growing expertise of 
the RBINS-RMCA micro-CT lab (Brecko et al., 2018). While the newly acquired infrastructure 
and ongoing digitization projects are primarily oriented towards the digitization of type and 
figured specimens, these also offer great opportunities for researchers and teachers in various 
disciplines of paleontology.  

Targeting on researchers interested in incorporating micro-CT as a technique in their 
research projects, the current digitization workflow of the RBINS-RMCA micro-CT lab will be 
presented. While micro-CT offers many advantages, there are also pitfalls and limitations that 
need to be considered. Based on our expertise, and illustrated by some of our scanning results, 
important constraints that may block the pathway between your expectations and perfect micro-
CT-imaging results that can be fully incorporated into research projects will be presented. 
Possible effects of some of the most important parameters that may influence the quality of the 
output, and thus can increase the signal to noise ratio (SNR) will be reviewed, such as the size 
and shape of the specimen to be scanned, the density of its matrix the specimen is made of or 
encased in, the presence of certain minerals (e.g. pyrite) and how these may be distributed inside 
the specimen (e.g. finely disseminated, dense masses or crystals), the best possible resolution 
in relation to the specimen and preferred output, the time needed to scan a specimen, the choice 
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between machines to be used and their limits and different possible scan settings (e.g. beam 
power, filters…). Post-processing parameters to be considered are the size of the image stack 
output (will the computer be able to handle the amount of Gigabytes?), the time needed to 
render and segment regions of interest and optimize 3D-models, and which format suits best to 
visualize and export the data (renderings, meshes, videos, virtual sections…). While 
segmentation may be a time-consuming task, new developments like the incorporation of 
artificial intelligence (e.g. the Deep Learning function in Dragonfly ORS) offer great potential 
to reduce the workload in complex segmentation.  

Many researchers are also teachers. The reason why they may also be particularly 
interested in the 3D models of the already digitized types that are available on the Virtual 
Collections platforms of the RBINS (http://virtualcollections.naturalsciences.be/) and RMCA 
(https://virtualcol.africamuseum.be/). While 3D models are not intended to replace physical 
specimens, they may become significant teaching aids in both the physical and virtual 
classroom. In addition, the presence of a steadily growing number of 3D-models and animations 
of extant animals that are also added to these Virtual Collections, would allow teachers to 
connect fossils (in general incomplete) with extant (more complete) relatives.  

Last but not least, while the focus of this communication is largely on micro-CT, some of 
the many other new techniques that are being tested, used and improved will be highlighted 
(see e.g. Brecko & Mathys, 2020; Brecko et al., 2014, 2016, 2018; Mathys et al., 2013, 2019 
for some examples). Interested in our work, expertise, techniques, equipment, or scans-on-
demand? Please do not hesitate to reach out! 
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In Belgium, the Pleistocene was characterised by a subarctic environment with highly fluctuating 
conditions. Species had to adapt to the diverse landforms the region had to offer. The Ardennes uplands 
served as migration corridors and ecological hub where many species could find resources. The 
calcareous reliefs and the impressive karstic and cave systems in southern Belgium also offered 
countless shelters for large predators - humans and large carnivores alike. 

Many Pleistocene cave sites and sedimentary sequences have been discovered in this area since 
the first explorers Ph-Ch. Schmerling and É. Dupont excavated the filling deposits of the vast limestone 
system in the 19th century. The numerous palaeontological and anthropogenic vestiges that were 
recovered from these early explorations clearly demonstrate the attractiveness of the region during the 
last glaciation of the Pleistocene. However, if cave bears and cave hyaenas were the most predominant 
predator species in this region alongside with Neanderthals and Anatomically Modern Humans, little is 
known about their respective behaviours amongst the predator guild and how they occupied and shared 
this territory. 

Caverne Marie-Jeanne is one of the many palaeontological collections that are housed at the Royal 
Belgian Institute of Natural Sciences. Despite being excavated in the 1940’s, the assemblage is very 
well documented (stratified deposits, collection of the fine fraction, etc) which allows advanced faunal 
analyses. Our in-depth reassessment of the faunal material from Level 4 has highlighted the presence of 
a hyaena “natal den”, where the remains of more than 200 hyaena cubs were identified. The contextual 
data suggest that these remains accumulated in a relative short period of time, suggesting a high 
mortality rate and a possible reduced genetic fitness in Crocuta around this time period. In any way, the 
exceptional number of cubs in this level makes this den truly unique and sheds new light on cave hyaenas’ 
reproductive behaviour, territory management and local adaptation. Backed-up with extant literature 
references on modern Crocuta species and ongoing isotopic studies, the rediscovery of Caverne Marie-
Jeanne material helps us further our knowledge of cave hyaena ethology and understand how apex 
predators of the Pleistocene adapted to local northern environments. 

Figure 

Figure - Skeleton of one of the cave hyaena cubs 
discovered at Caverne Marie-Jeanne (photo: 
RBINS). 
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Today, the semi-aquatic clade of Pinnipedia is represented by three extant families: 
Odobenidae (the walrus), Otariidae (fur seals and sea lions), and Phocidae (true seals). The 
latter, i.e. the clade Phocidae, is morphologically the most diverse family. Indeed, regarding 
their size, extant phocids range from slightly over one meter (genus Pusa) to over six meters 
(Mirounga leonina, southern elephant seal). In addition, as for other pinnipeds, phocids have a 
marked sexual dimorphism, which is most easily visible in the size difference between males 
and females. This size difference is most remarkable in elephant seals (genus Mirounga) in 
which the females are approximately half the length of males.  

 Historically, long bones, or appendicular bones, and primarily the humerus and the femur, 
have been considered to be diagnostic for phocid seal identification. As such, humeri and 
femora have often been used as type specimens for extinct phocid taxa. In total, over twenty 
extinct species of seals are represented by either an isolated humerus or an isolated femur as 
type specimen. These taxa are primarily taxa described from the Neogene of the North Atlantic 
realm and Parathetys, and the state of preservation of these type specimens varies largely. Also, 
consequently, morphological phylogenetic analyses have relied (too?) heavily on humeri and 
femora, as they are the only fossil remains consistently found in variable conditions for many 
known extinct species (e.g.: Van Beneden, 1877). However, recent preliminary studies start to 
question whether the variation of morphological features of long bones are truly diagnostic: can 
isolated long bones be used as type specimens for species identification? Are these differences 
significant enough, allowing to build phylogenetic tree heavily relying on characteristics of 
long bones? Or is interspecific morphological variation obscured by intraspecific variation, due 
to intense sexual dimorphism in some species and geographical distribution among different 
populations of the same species? Despite this, to date, only very few published studies focussed 
on a quantitative assessment of intra- and interspecific bone morphology in phocids (Churchill 
& Uhen, 2019). Furthermore, morphological variation between both subfamilies of Phocidae, 
the “northern” Phocinae and the “southern” Monachinae, has long been described qualitatively 
but only preliminarily treated in quantitative studies.  

Whereas the limited number of previous studies either used few, simple measurements 
and/or 2D data of small datasets, a large and comprehensive study capturing intraspecific and 
interspecific morphological variation in three dimensions has been lacking. Thus, this study 
aims to quantitatively analyse the significance of morphological variations for the current 
phocid’s phylogeny using 3D morphometry. To do so, a 3D Procrustes morphometric analysis 
followed by a Principal Component Analysis (PCA) followed by a Discriminant Function 
Analysis (DFA) has been performed on 101 humeri and 78 femora 3D models sampling 
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respectively from 18 and 16 phocid species. This biological sample includes the extant 
Cystophora cristata, Erignathus barbatus, Halichoerus grypus, Histriophoca fasciata, 
Hydrurga leptonyx, Leptonychotes weddellii, Lobodon carcinophaga, Mirounga angustirostris, 
Monachus monachus, Monachus schauinslandi, Omnatophoca rossii, Pagophilus 
groenlandicus, Phoca vitulina concolor & richardii, and the extinct Callophoca obscura, 
Leptophoca sp., Phocanella pumila, Pliophoca sp., Prophoca sp. and Sarmatonectes sintsovi. 
To capture the 3D morphology of the long bones, 17 fixed landmarks and 29 curves (188 semi 
landmarks) have been selected on the humeri as well as 14 fixed landmarks and 25 curves (140 
semi landmarks) for the femora.  

The intraspecific variation of long bones morphology in extant species is thus compared 
with the interspecific variation among extant and extinct species. The resulting PCAs’ 
morphospaces seem to sort more or less at the subfamily level while the DFA seems to better 
sort the taxa into the subfamilies suggested by previous studies, but most genera appear poorly 
defined. Thus, the morphological variation of long bones in phocids suggests that humeri and 
femora might be diagnostic enough to differentiate between subfamilies (Phocinae and 
Monachinae) as well as some genera within each subfamily. However, other characters from 
other bones than humeri and femora are needed  to differentiate all the genera. As such, isolated 
long bones perhaps should not be used as type specimens based only on their morphology. 
However, the fact that genera can still be separated on the basis of isolated humeri and femora 
to a limited extent, indicates that the existing fossil record of Phocidae with isolated long bones 
as type specimen cannot be disregarded altogether and special care is needed when reassessing 
these records on a species-by-species base. 
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Echolocating toothed whales (Cetacea, Odontoceti) from the Neogene of Belgium: 
historical studies, recent contributions and perspectives  
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 Odontocetes, the echolocating toothed whales, represent the largest group of modern marine 
mammals, with at least 75 extant species allocated to 10 families, including sperm whales (Kogiidae 
and Physeteridae, in the superfamily Physeteroidea), beaked whales (Ziphiidae), several monogeneric 
families of strictly freshwater to coastal dolphins (Iniidae, Platanistidae, Pontoporiidae, and the recently 
extinct Lipotidae), porpoises (Phocoenidae), the family of the beluga and narwhal (Monodontidae), and 
true dolphins (Delphinidae). Whereas the origin of Odontoceti can be traced back to the Eocene-
Oligocene transition, most modern families of this cetacean suborder only appear during the Miocene, 
with further radiation events occurring during the Pliocene. Their Neogene fossil record is thus critical 
to understand the evolutionary history of extant odontocete faunas. Over the past 160 years, marine 
deposits from the Neogene of the southern North Sea Basin in northern Belgium (and especially the area 
of Antwerp) yielded rich marine mammal faunas, now curated at the Royal Belgian Institute of Natural 
Sciences (RBINS) and including a relatively high number of odontocete species. Historical studies by 
P.-J. Van Beneden, B. du Bus, and O. Abel during the second part of the nineteenth and beginning of 
the twentieth centuries led to the description of a large number of extinct odontocete species. However, 
part of these taxa was defined based on type specimens with a low diagnostic value. Furthermore, the 
stratigraphic context of these early finds was generally poorly resolved, partly due to the complex 
geometry of Neogene marine deposits in northern Belgium and the lack of information about the precise 
locality and horizon for many specimens. 

 Together with the systematic and taxonomic reassessment of historic finds and biostratigraphic 
analyses of associated sediment samples, new fossil discoveries (often by citizen scientists and fossil 
collectors) in the different lithological units of the Belgian Neogene allowed for an improved 
understanding of local Miocene and Pliocene odontocete assemblages. 

 Though often lacking some stratigraphic resolution, the records from the lower to middle 
Miocene Berchem Formation include members of two extinct families: the heterodont Squalodontidae 
(genus Squalodon) and the hyper-longirostrine Eurhinodelphinidae (several species in the genera 
Eurhinodelphis, Schizodelphis and Xiphiacetus). In addition, another hyper-longirostrine dolphin from 
the Berchem Formation has been referred to the extinct subfamily Pomatodelphininae, in the family 
Platanistidae (nowadays only retaining the South-East Asian river dolphin Platanista). Several 
physeteroids were recovered from the Berchem Formation, including the stem physeteroid Eudelphis 
mortezelensis and the physeterids Placoziphius duboisi (from the Edegem Sands Member) and 
Orycterocetus crocodilinus. Probably originating from the Antwerpen Sands Member, the diminutive 
species Thalassocetus antwerpiensis was previously referred to the Kogiidae (pygmy and dwarf sperm 
whales), but has been recently revised as a physeterid. This unit also yielded some of the geologically 
oldest beaked whales worldwide, in the genera Archaeoziphius, Beneziphius, and possibly Aporotus. 
Finally, the diversity of early delphinidans ('kentriodontids') from the Berchem Formation is most likely 
considerably under-estimated, with only one species from the genus Kentriodon and, more tentatively 
from a stratigraphic viewpoint, the diminutive species Pithanodelphis cornutus being currently recorded, 
a low number that contrasts with other Miocene localities of the North Atlantic realm. 
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 The upper Miocene Diest Formation yielded a somewhat less disparate assemblage, with 
another record of the sperm whale Thalassocetus, several beaked whales, some of them known from 
many skulls (at least species of the genera Choneziphius and Ziphirostrum), and possibly a small 
pontoporiid dolphin (Protophocaena minima, to be confirmed with in situ finds). Recent discoveries in 
the lower part of the Diest Formation indicated the survival of one eurhinodelphinid species, Xiphiacetus 
cristatus, during the Tortonian, a phenomenon that appears to be restricted to the North Sea Basin. 

 Contrasting with its richer assemblage of mysticetes (baleen whales), the lower Pliocene 
Kattendijk Formation only yielded an unnamed monodontid (with cranial remains displaying shark bite 
marks), the phocoenid Brabocetus gigaseorum (the earliest named porpoise outside the Pacific realm) 
and the delphinid Pliodelphis doelensis (the earliest named true dolphin for the North Sea Basin). In 
addition, dinoflagellate cysts associated to crania of the beaked whale Mesoplodon posti suggest that 
this species also originates in the Kattendijk Formation, providing a calibration point for the early 
radiation of this species-rich extant ziphiid genus. 

 From younger deposits of the uppermost lower to upper Pliocene Kruisschans Sands Member 
of the Lillo Formation, up to now only one odontocete was named, the porpoise  

Septemtriocetus bosselaersi. 

 Recent finds in the Antwerp area and the reappraisal of the historical collection at the RBINS 
underscored the interest of the Belgian odontocete faunas to (1) investigate the emergence, radiation, 
and extinction of various clades, (2) tackle palaeobiogeography-related questions, more specifically the 
faunal similarities with the Atlantic Coastal Plain, along the east coast of USA, and (3) focus on 
palaeobiological questions, for example through tooth wear and dental damage on physeteroid teeth and 
bone microstructure and osteohistological analyses on beaked whale rostra. 

 More fragmentary specimens (e.g. isolated ear bones) and comparisons with coeval, richer fossil 
localities from the North Atlantic realm and Mediterranean suggest that much remains to be discovered 
about the odontocetes from the Neogene of northern Belgium. The future construction of large buildings, 
parking lots, docks, and tunnels in the area of Antwerp will give access to temporary outcrops that should 
provide new opportunities to improve our knowledge of the Miocene and Pliocene evolutionary history 
of echolocating toothed whales in the North Sea. 
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Mid-latitudinal tropical conditions during the Early Eocene Climatic Optimum: 
Reconstruction of a coastal paleoenvironment in the southern North Sea Basin
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The early Eocene is characterized by a long-term climate warming toward the Early 
Eocene Climatic Optimum (EECO), accompanied by a northward shift of tropical conditions. 
During this warm period, shallow marine conditions prevailed in Belgium as recorded by the 
fine sands of the Egem Member (Mbr.) of the Hyon Formation. These sands are well-exposed 
in the Ampe quarry and contain abundant well-preserved, large nummulites. Here, we present 
a high-resolution reconstruction of nearshore marine conditions by use of grainsize data, stable 
isotope data (foraminifera and otoliths) and elemental geochemistry (nummulites). Previous 
paleotemperature reconstructions in this region have been based on the δ18O of fish otoliths 
(Vanhove et al., 2011 and 2012), indicating mean annual shallow sea temperatures around 25-
35°C during the EECO. However, the otolith δ18O record shows a wide range of variation within 
one sample layer, which is partially due to species-specific δ18O fractionation and dissimilar 
living conditions (ontogenetic effects). Additionally, when converting the otolith δ18O value to 
a paleotemperature estimate, the regional Eocene δ18O value of the seawater (δ18Osw) has to be 
assumed (e.g., -1.0 ‰; Vanhove et al., 2011), raising concerns about the validity of this record. 
By combining new nummulite-based paleotemperature record (Mg/Ca paleothermometry, see 
Martens et al., 2019) with the δ18O signal of Cibicidoides proprius, a small benthic foraminifera, 
subtle variations in the δ18Osw values can be reconstructed, allowing a re-interpretation of 
otolith-based paleotemperature data and enable a high-resolution paleoenvironmental 
reconstruction of this shallow marine setting. 

Nummulites are sessile larger benthic foraminifera, which do not fractionate their Mg/Ca, 
and the resulting paleotemperature record is not directly dependent on the δ18O estimates of the 
seawater. Within the Egem Mbr, Nummulites aquitanicus first appear within layer F0, near the 
base of the Egem Mbr., together with oysters and solitary corals. The oysters remain abundant 
within the overlying sand layers, with the corals recurring in the succeeding beds. Nummulites 
re-occur throughout the middle to upper part of the member and are highest in abundancy in 
the poorly sorted layers FI and FII, and within the laminated silty sands of layer nr. 17 (figure). 
Their absence within the lower part might be due to a differing salinity or too shallow 
paleodepths as the highest abundancies occur in layers FI and FII, which coincide with deeper 
offshore conditions. The nummulites from the middle part of the Egem Mbr. record an 
paleotemperature of 25 °C (averaged mean annual temperatures), which increases to 28 °C as 
recorded by the nummulites from the  silty sands of layer Nr. 17. Near the top of the Egem Mbr 
(FII), a maximum average temperature of 30 °C is reached.  

In conclusion, when using nummulite geochemistry as a paleotemperature proxy, we 
solve certain problems of the otolith-based method and document a paleotemperature rise of ± 
5 °C. Our data show that during the EECO the southern North Sea Basin was a warm, tropical 
marine environment with the annual average temperature seawater ranging between 25 to 30 °C. 
These temperature data are in line with previous evidence for a weakened Eocene equator-to-
mid-latitude gradient (Evans et al., 2018) and allow snapshots of the paleoenvironmental and 
climate evolution on a regional scale. 
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The evolutionary history of vertebrates began, at the latest, during the early Cambrian (c. 520 Ma) 
with the first occurrence of elongated and laterally flattened soft-bodied organisms known as chordates, 
possessing a notochord (the forerunner of the vertebral column) but devoid of backbone and jaw. 
Vertebrates subsequently underwent major anatomical changes, such as the acquisition of a vertebral 
column, development of a skull, formation of jaws, and adaptations to terrestrial life. The VERTIGO 
project is a Belspo-funded project (Brain project B2/202/P1/VERTIGO) that started in March 2021 and 
preliminary results will be given during this talk. This project focuses on two of the major steps of the 
evolutive history of vertebrates, namely (i) the evolution of early soft-bodied chordates and (ii) the 
radiation of a group of early vertebrates (euphaneropids).  

Early chordate and early vertebrate fossils provide our only direct information on the origin of 
vertebrates and on how their distinctive body plan evolved. Unfortunately, the fossil record of early 
chordates and part of the early vertebrates (i.e. euphaneropids, in the scope of this project) is extremely 
scarce as these organisms mostly consist of decay-prone soft parts (e.g. integument and muscles) that 
are usually degraded and lost prior to fossilisation, making the interpretation of their anatomy highly 
challenging (Sansom et al., 2010). As a result, the affinities of soft-bodied fossils of purported chordates, 
such as Metaspriggina or Pikaia, remain highly debated. A broad range of phylogenetic affinities has 
been proposed for each taxon, and little consensus has been reached. The myomeral arrangement, as 
well as the presence of a notochord, a dorsal nerve chord, a pharynx and an endostyle are all characters 
pivotal in the debate of the chordate origin, but they first need to be clearly identified. 

Euphaneropids (‘naked anaspids’) are a group of early jawless vertebrates. Because they are 
generally preserved as imprints, the same issues of preservation and interpretation of morphological 
characters occur. Euphaneropids are the group that first demonstrated the presence of (i) gill filaments 
enclosed by gill pouches (Janvier et al., 2006), (ii) paired anal fins (Sansom et al., 2013) and pelvic fins 
(Chevrinais et al., 2018), and (iii) an intromittent organ in vertebrates (Chevrinais et al., 2018). 
Consequently, and in spite of its scarcity in the fossil record and the usual poor preservation of the fossils, 
this group of jawless vertebrates is crucial for our understanding of early vertebrate evolution. 

Although early stages of vertebrate evolution are regularly clarified by new finds of fossils, 
serious gaps remain in our understanding of the modalities and the timing of the character acquisitions. 
To overcome these issues, the VERTIGO project focuses on the study of new findings of putative early 
chordates and early vertebrates (euphaneropids) from the Lower Devonian of Belgium. It is crucial to 
retrieve as much anatomical details as possible from these unique specimens for systematic, 
phylogenetic and evolutionary purposes. In this aim, state-of-the-art imaging and spectroscopy 
techniques allowing new sources of morphological contrasts and a spatial resolution of their 
(bio)chemistry are used: band-pass emission macroscopy and Synchrotron-based micro-X-ray 
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fluorescence major-to-trace elemental mapping. They will allow to (i) test the early chordate assignment 
of the Belgian soft-bodied fossils – if their early chordate assignment is confirmed, these exceptional 
findings would broadly extend the stratigraphic range of these animals and these hitherto unknown 
fossils could provide pivotal new insights into our understanding of chordate evolution; (ii) study 
precisely the Belgian euphaneropids that, given the importance of this group and the recent advances 
they permitted for our understanding of vertebrate evolution, require a lot of consideration. 
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Ordovician shelly fauna in the Silurian?   
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The end-Ordovician mass extinction, linked to a major glaciation, led to profound 

changes in Hirnantian-Rhuddanian biotas (Ordovician-Silurian transition). The Hirnantia 
Fauna, the first of two Hirnantian survival brachiopod-dominated communities, characterizes 
the lower-middle Hirnantian deposits globally, and mapping its distribution is essential to 
understand how the extinction occurred. In this presentation, we describe, illustrate, and discuss 
the first reported macro-fossiliferous Hirnantia Fauna assemblage from Belgium, occurring in 
the Tihange Member of the Fosses Formation at Tihange (Huy), within the Central Condroz 
Inlier.  

Six fossiliferous beds have yielded a low-diversity brachiopod-dominated association. 
Besides the brachiopods (Eostropheodonta hirnantensis, Plectothyrella crassicosta, Hirnantia 
sp. and Trucizetina? sp.), one trilobite (Mucronaspis sp.), four pelmatozoans (Xenocrinus sp., 
Cyclocharax (col.) paucicrenulatus, Conspectocrinus (col.) celticus and Pentagonocyclicus 
(col.) sp.), three graptolites (Cystograptus ancestralis, Normalograptus normalis 
and ?Metabolograptus sp.), together with indeterminate machaeridians and bryozoans are also 
identified. 

The graptolite assemblage indicates the Akidograptus ascensus - Parakidograptus 
acuminatus Biozone, indicating an early Rhuddanian (earliest Silurian) age, and thus, an 
unexpected late occurrence of a typical Hirnantia Fauna. This Belgian association may 
represent an additional example of a relict Hirnantia Fauna in the Silurian, sharing 
characteristics with the only other known example, from Rhuddanian rocks at Yewdale Beck 
(Lake District, England), although reworking has not been completely ruled out. 

The survival of these Hirnantian taxa into the Silurian might be linked to delayed post-
glacial effects of rising temperature and sea-level, which may have favoured the establishment 
of refugia in these two particular regions that were palaeogeographically close during the Late 
Ordovician-early Silurian.  
(Paper accepted for Journal of Paleontology) 
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Contributions to Belgian Paleogene (plant) research: a tribute to Philippe 
Gerrienne  
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The paleobotanist Philippe Gerrienne was internationally renowned for his work on 
early land plants. His research career was however not limited to the study of Devonian floras. 
He also actively contributed to the progress of Belgian Wealdian (Early Cretaceous), early 
Paleogene and Quaternary research. In this framework, Philippe’s interest for Paleogene plants 
already appeared when he helped to sort Stockmans’ paleobotanical collections of the Royal 
Belgian institute of Natural Sciences (RBINS) during a civil service he did between 1987 and 
1989. In the old conservatoires, he discovered hundreds of silicified trunks and branches from 
the “upper Landenian” (early Eocene) of Belgium, which were collected in 1970 in the area of 
Hoegaarden during the construction of the Brussels-Liège highway (E40-A3). 

From 1994, the RBINS developed new research activities in early Paleogene Belgian 
sites. At this occasion, fossil plants discovered next to vertebrates from the warm earliest 
Eocene at Dormaal were studied in collaboration with the Royal Museum for Central Africa, 
which owns an excellent xylotheque of tropical woods (Doutrelepont et al., 1997). This first 
step allowed in 1999, after several preliminary works, to start a partnership with the University 
of Liège (ULiège) and the University of Mons (UMons) through a F.R.F.C.-I.C. (FNRS) project, 
leaded by Muriel Fairon-Demaret (ULg), on the "Reconstruction of the terrestrial ecosystems 
in Belgium during the Palaeocene-Eocene transition, 50-60 million years ago". During three 
years (1999-2002), numerous fieldworks in Belgium and research activities in labs were 
realized, including a first database of more than 600 hundreds fossil wood specimens.  

In this overview, I summarize the main accomplishments that have been done in the 
field. At Péruwelz, we found a silicified trunk fragment of a new arborescent Ericaceae in the 
marine Thanetian (Upper Paleocene), which was named Agaristoxylon garennicum (Gerrienne 
et al., 1999). The paleoenvironment of Dormaal was reconstructed based on fruits and seeds 
from the Paleocene Eocene Thermal Maximum (Fairon-Demaret & Smith, 2002). The most 
successful work was probably the study of the in situ monospecific Glyptostroboxylon forest 
of Overlaar at Hoegaarden (Fairon-Demaret et al., 2003). This warm Everglades-like 
paleoenvironment attracted the Belgian media and finally led to the construction of the geopark 
of Hoegaarden. 

In 2004, Philippe described the Givetian (middle Devonian) seed precursor Runcaria 
heinzelinii Stockmans, 1968 from Ronquières, Belgium (Gerrienne et al., 2004). The 
rediscovery of the 385-million-year-old basal seed plant and, the same year, the retirement of 
his close colleague Muriel Fairon-Demaret focused definitively his interest on the Paleozoic. 
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Figure Philippe Gerrienne (in the middle) with two volunteers at the early Oligocene 
vertebrate site of Boutersem during the construction of the Brussels-Liège TGV railway in 
September 1999. 
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The Eocene gastropod Campanile giganteum combines a large size with very high growth 
rates (600 mm/year) along the helix. This combination enables retrieval of stable isotopic 
profiles with a resolution of days to weeks (de Winter et al., 2020). To correctly interpret these 
results, an accurate assessment of the life conditions of this giant gastropod is important. 
Whereas there were numerous species of the family Campanilidae during the Eocene, there is 
only one extant species, Campanile symbolicum (Iredale, 1917), and only few studies have been 
performed on its life and habitat.  

To gain a better understanding of the ecology, habitat and life mode of Campanile 
giganteum, we have generated a stable carbonate carbon isotope (δ13C) record on a specimen 
with a length of 283 cm along its helix, from the Lutetian of Fleury-la-Rivière (France). The 
age model of this specimen is based on its stable oxygen isotope profile (Van Horebeek et al., 
2021). Even though stable carbon isotopes in biogenic carbonates are complex, a δ13C record 
can provide insights in changes in habitat or food sources through the life of these animals. The 
carbon-isotopic composition of mollusc shell carbonate is largely controlled by the CO2 present 
in the extrapallial fluid, in the space between the outer space between the outer epithelium and 
the shell. The CO2 extrapallial fluid is derived from respired CO2 and dissolved inorganic 
carbon (DIC) of ambient seawater. According to McConnaughey & Gillikin (2008), the CO2 in 
marine invertebrates is mainly dependent on ambient DIC with only 10% coming from respired 
CO2.  

The stable carbon isotope record of the specimen used in this study (Fig 1) varies between                          
-2.75‰ and +2.41‰ with an average of -0.29‰ and a total range of 5.22‰. The specimen 
shows a shift from mainly positive δ13C values to mainly negative δ13C values at about the age 
of two years. There are multiple possible explanations as to why this shift is present. The change 
from mainly positive δ13C values to negative δ13C values could be caused by a migration to a 
habitat with a DIC that has different δ13C values, such as a migration form a lagoonal setting to 
a more open marine setting, or a shifting diet, causing large variations in δ13C values of the 
respired CO2.  
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Figure 1: δ13C values during the life of the studied specimen given by Julian dates. Summers 
are indicated in green with numbers indicating the age of the specimen. A blue line represents 
a δ13C value of 0.00‰. Age values are obtained with the age model of Judd et al., 2018.  
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The mid-Maastrichtian event (MME), ~69 Ma, represents a global negative δ13C 

excursion which appears to coincide with the extinction of inoceramid bivalves and latitudinal 
migration of planktonic foraminifera (Frank et al., 2005; Huber et al., 2008). While the actual 
extinction of inoceramids was diachronous across the globe, the decline of this important 
marine fossil group is generally linked to environmental changes across the mid-Maastrichtian 
interval. The MME is potentially related to changes in oceanic circulation, but the true 
mechanisms causing this event and its relation to the inoceramid extinction are not well 
understood. While the MME, and associated decline of inoceramids, has been recorded from a 
variety of deep-sea sites (Voigt et al., 2012 and references therein), little is known about the 
MME signature in shallow epicontinental environments. 

Recently, the MME has been recorded for the first time from the type-Maastrichtian, in 
the Maastricht-Liège region (The Netherlands and Belgium), in newly generated bulk carbonate 
carbon isotope records (Vellekoop et al., in prep.). These records come from the Hallembaye 
quarry (NE Belgium) and former ENCI quarry (SE Netherlands), which are approximately 8 
km apart. The carbonate succession was deposited in a shallow subtropical sea during the Late 
Cretaceous. We generated species-specific stable carbon and oxygen isotope records and high-
resolution benthic foraminiferal assemblage data across the MME interval at these two quarries, 
in order to unravel biotic and environmental expressions of the MME in the Maastrichtian type 
area. This was done using the high-resolution sample set acquired in the context of the 
Maastrichtian Geoheritage Project (Vellekoop et al., in prep.).  

The MME does not seem to have had a large impact on the benthic environment in the 
type-Maastrichtian epicontinental environment, as highlighted in Figure 1. Strong fluctuations 
in benthic foraminiferal number (BFN, per gram of dry sediment) during the MME indicate 
fluctuations in organic matter flux. However, the high and nearly constant species evenness (E) 
shows that neither oxygen nor organic matter flux were limited during the event. Remarkably, 
in the Hallembaye quarry the otherwise rare endobenthic species Cuneus trigona reaches a peak 
abundance of 33% at the onset of the MME, which can be explained by a change in either 
quantity or quality of the organic matter reaching the seafloor. This peak is not yet found in the 
ENCI quarry, which might be due to the low (2 m) sampling resolution. 

The species-specific benthic foraminiferal δ13C values are consistently higher than the 
bulk δ13C values (dominated by calcareous nannoplankton). This inverted δ13C gradient may 
suggest that the Maastrichtian chalk sea was characterized by enhanced oxygen minimum zones 
in the water column. The inverted gradient appears to decrease during the MME, which suggests 
that the oxygen minimum zone was weaker during the MME, hinting towards changes in 
productivity or ocean circulation during the event. 
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Figure 1: summary of the most important data from both the ENCI and Hallembaye quarry 
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Present-day marine biotas are increasingly subject to anthropogenically-forced extinctions. The 

study of the global mass extinction event at the Cretaceous-Paleogene (K-Pg) boundary can aid in our 
understanding of the patterns of selective extinction and survival and the dynamics of ecosystem 
recovery. Outcrops in the Maastrichtian type region (The Netherlands, Belgium) comprise an expanded 
K-Pg boundary succession, presenting a unique opportunity to study marine ecosystem recovery within 
the first thousands of years following the Chicxulub impact (Smit and Brinkhuis, 1996; Vellekoop et al., 
2020). Here, the palynological, micro- and macropaleontological record of this unique succession is 
studied and reevaluated. Ecosystem changes across the K-Pg boundary in this region are rather limited, 
showing a general shift from epibenthic filter feeders to shallow-endobenthic deposit feeders. The fauna 
of the lowermost Paleocene still has many ‘Maastrichtian’ characteristics, a biological assemblage that 
survived the first hundreds to thousands of years into the earliest Paleocene. The shallow-marine 
oligotrophic carbonate sea of the Maastrichtian type area was inhabited by starvation-resistant, low 
nutrient-adapted taxa, that were seemingly less affected by the short-lived detrimental conditions of the 
K-Pg boundary catastrophe, such as  darkness, cooling, food-starvation, ocean acidification, resulting in 
relatively high survival rates. The high survival rate allowed for a fast recolonization and rapid recovery 
of marine faunas in the Maastrichtian type area. 
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Figure 1: A) map of the Maastricht area (SE Netherlands, NE Belgium), showing the localities 
referred to in the text; the boxed area is shown in B. B) detailed map of the Geulhem area, with the 
former Ankerpoort-Curfs quarry and the adjacent Geulhemmerberg K/Pg boundary sections in 
subterranean galleries. C) schematic stratigraphical context of the former Ankerpoort-Curfs quarry 
and adjacent Geulhemmerberg K/Pg boundary sections (note: vertical exaggeration is 10x). Adapted 
after Vellekoop et al., 2020. 
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Campanile giganteum (Lamarck, 1804) is an extraordinary gastropod occurring in Lutetian (~ 45 
Ma) deposits. The largest specimens of C. giganteum are almost one meter long and with growth rates 
surpassing 600 mm/year along their helix, these giant snails have some of the highest known growth 
rates among gastropods (de Winter et al., 2020). They are abundantly present in the Paris Basin (France), 
specifically in the Banc à Verrains, also known as ‘the Campanile bed’, which is part of the Calcaire 
Grossier Formation (Dominici & Zuschin, 2016). Finding several specimens of C. giganteum within one 
square meter is not unusual. Campanile specimens can also be found in regions outside the Paris Basin, 
such as the Hampshire Basin. However, the number of specimens in these regions is not as high as in 
the Banc à Verrains. To this day, it is not clear why this species occurred in such high abundance in the 
Lutetian deposits of the Paris Basin. Therefore, the aim of this study was to reveal the preferred habitat 
of C. giganteum. We reconstructed the paleoenvironment of the Banc à Verrains utilizing quantitative 
macro- and micro-paleontological data.  

A sample of 308 g was taken from the original matrix of a C. giganteum specimen from the Banc 
à Verrains in Fleury-la-Rivière. Foraminiferal and non-foraminiferal components were counted and 
identified to genus or species level in five different fractions ranging from 63 μm to >1 mm (fig. 1). The 
diversity and abundance of various taxa indicates the presence of two disparate paleoenvironments. The 
foraminiferal assemblage is dominated by porcelaneous species of the miliolid suborder, suggesting 
hypersaline lagoonal conditions. The non-foraminiferal components mainly consist of turritellid 
gastropods in the largest fraction and broken bryozoan pieces, sponge spicules and sea urchin needles 
in the smaller fractions, indicating a normal marine, high-nutrient environment with deltaic influences 
(Molenaar & Martinius, 1996; Dominici & Kowalke, 2007).  Furthermore, the large number of epifaunal 
grazers, such as Cerithiidae species, suggests a shallow marine seagrass environment (max. 20 m deep). 
Based on this seemingly contradictory information, we suggest that deposition of the Banc à Verrains 
took place at 10-20 m depth where the giant Campanile snails lived in seagrass meadows. The finer 
particles with numerous miliolids were likely derived from a nearby superhaline lagoon from which 
sediment was swept into the slightly deeper and more offshore part of the basin during storms.  
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Figure 1: Relative contributions of the different classes of non-foraminiferal components and 
foraminiferal families in (a) the > 250 μm fraction and (b) the 63 μm – 250 μm fraction. c) from left to 
right: 2 miliolid specimens, 1 turritellid specimen, 1 bryozoan fragment.  
 
References 

de Winter, N.J., Vellekoop J., Clark A. J., Stassen, P., Speijer, R. P. & Claeys, P. (2020). The giant 
marine gastropod Campanile giganteum (Lamarck, 1804) as a high-resolution archive of 
seasonality in the Eocene greenhouse world. Geochemistry, Geophysics, Geosystems, 21, 4. 

Dominici, S. & Kowalke, T. (2007). Depositional dynamics and the record of ecosystem stability: Early 
Eocene faunal gradients in the Pyrenean foreland, Spain. Palaios, 22, 268-284. 

Dominici, S. & Zuschin, M. (2016). Paleocommunities, diversity and sea-level change from middle 
Eocene shell beds of the Paris Basin. Journal of the Geological Society. 173, 889-900. 

Molenaar, N. & Martinius, A.W. (1996). Fossiliferous intervals and sequence boundaries in shallow 
marine, fan-deltaic deposits (Early Eocene, southern Pyrenees, Spain). Palaeogeography, 
Palaeoclimatology, Palaeoecology, 121, 147-168. 

a) > 250 μm fraction 

b) 63 μm – 250 μm fraction 

c) 



 
Geologica Belgica Meeting 2021, September 15-17, Tervuren, Belgium – Abstract Book, p. 219 

Assessing the diversity of insects damage traces in the fossil flora of Gelinden 
(Limburg, Belgium)  
 
Raphaël ZAMBON 1, Cyrille PRESTIANNI 1,2 

1. Evolution and Diversity Dynamics Lab, Université de Liège, Liège, Belgium 
(raphael.zambon@student.uliege.be, cyrille.prestianni@uliege.be) 

2. OD Earth and Life Directory, Royal Belgian Institute of Natural Sciences, Bruxelles, 
Belgium (cprestianni@naturalsciences.be) 

Plants and insects are two of the most important clades of multicellular organisms, both 
in terms of diversity and in abundance. They are relatively ancient groups, appearing in the 
Late Ordovician according to molecular clocks (Sanderson et al., 2004, Misof et al., 2014). 
Indeed, it is the colonisation of the continents by the plants that allowed the insects to develop 
on land (Labandeira, 2005). Therefore, these two groups have shared a long history of 
coevolution, developing a wide diversity of complex interactions, whose oldest examples are 
described as early as the Late Silurian (Labandeira, 2006). These interactions range from 
mutualist relations, such as pollination, to more predatory forms, such as herbivory and 
parasitism. The latter can be particularly evident in the fossil record thanks to the traces they 
left on the host plants, which are often more abundant, older and more informative than the 
remains of their perpetrator (Labandeira, 2007). 

The study of these interactions in the fossil record is of great importance, as it not only 
gives us a better understanding of the evolution of such relations, through time and space 
(Labandeira, 1998, 2006), but also provides us with crucial information on the mechanics of 
these associations, which are still relevant in present time (Liu et al., 2015). Indeed, 
interactions are at the direct basis of the food chain, of the associated ecosystems (Labandeira, 
2006). The study of their evolution through time notable allows to understand the reaction of 
such interactions to environmental change (Wilf & Labandeira, 1999).  

The Palaeocene is a particularly interesting period from this point of view, as it directly 
follows the cataclysmic event of the K-T extinction and ends with the sudden warming of the 
Palaeocene-Eocene Thermal Maximum, changes which reflect on plant-insects associations 
(Currano et al., 2010; Tanrattana et al., 2020). While Palaeocene plant-insect associations 
have already received a certain interest with the development of the wider discipline in the 
last 30 years, most of these studies have focused on North American floras (Wilf et al., 2006, 
Wilf, 2008), in no part due to the relative rarity of European Palaeocene sites in comparison 
(Kvaček, 2010). However, up to now, the only similar study on a European site, at Menat of 
Selandian (Middle Palaeocene) age (Tanrattana et al., 2020), has revealed some interesting 
dynamics in comparison to its American equivalents, in particular when it comes to the 
diversity of insect-mediated damages (Wappler et al., 2009), making the study of other 
European floras all the more interesting.  

In such a context, this study aims at investigating the multiple traces of damages present 
in the Selandian flora of Gelinden, in Belgium (Saporta, 1873, Saporta & Marion, 1878), in 
particular from the point of view of damage diversity. The point is to provide a basis of data 
usable for comparison of sites of similar age and nature, and therefore lead to a better 
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understanding of the dynamics of plant-insect interactions during the Palaeocene of Europe, 
and in relation with the rest of the world. 
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Karstic regions face even more 
than other regions several societal 
challenges due to their specific 
characteristics, such as their 
secondary permeability, mid-to-
long-term instability, detrital and 
chemical deposits as well as their 
strong anthropogenic interactions 
among which tourism. Karstic 
regions cover between 10 and 
15% of the continental surface 
(with exception of Antarctica), and 
25% of the world population is 
dependent of karstic water. 
Recently karst research gain 
interest on the international 
agenda since the discovery of new 
antibiotics in caves and the 
identification of potential karst 
systems on planet Mars, a pledge 
of successful human colonization 
since sheltered from cosmic rays. 
Karstic deposits, detrital or 
chemical provide since several 
decennia a window on earth 
history, through information on 
local and regional karstological, 
geological, tectonic, 
geomorphological, environmental 
and climatic evolution. Recently, Belgium was the driver of a change in paradigm 
of speleogenesis. The recent new perspectives ask for a better comprehension of 
karstic processes, still too much considered as a black box in its relationship with 
large geological processes, such as ore mineralization. These karst regions which 
are full of enchantment and legends are since long visited by humans that left their 
traces. The richness of these areas is the core of the geoheritage interest of several 
touristic areas. It is therefore no surprise that 2021 is the international year of 
karst 
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Exposure to radon gas represents a significant health risk in certain situations and 
environments. Indoor exposure to radon in dwellings is one of the most important sources of 
radiological exposure of the Belgian population. Radon in workplaces can also be an important 
source of exposure and is therefore addressed in the radiological protection regulations. Karstic 
systems play a special role in the management of radon since they can lead to very local and 
very high radon concentrations. Therefore, a better understanding of the behaviour of radon in 
such systems is  needed. The present study investigates the dynamics of radon gas and external 
gamma dose rate in the specific settings of the Grotte du Noû Bleû karstic system in Chanxhe 
(Sprimont). The radon concentrations vary highly depending of the ventilation and air exchange 
rate with outdoor air of the specific gallery location. The radon concentrations increase in 
summer, a phenomenon commonly observed in caves and controlled by the temperature 
differences between the cave and the outdoor air. The measurements also allow to evaluate the 
health risk and dose to the speleologist active in this specific cave, which seems to be moderate 
for ‘normal’ speleological activities of less than 100 hours per year.  
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La Lembrée is a river of Belgium, located 25km south of Liège. Its watershed makes up to 52 
km2 from its outlet into the nearby Ourthe river on the west side, to the A26 highway on the East. Most 
of its surface is composed of Cambrian, Ordovician and Devonian shales, sandstones and conglomerates. 
However, a significant portion of the basin is composed of Givetian and Frasnian limestones on the west 
side, which are known to be subject to karstification, as many caves have been discovered in the region 
(De Bie & Van Houtte, 2020). Many occurrences of water infiltration points are listed over the 
calcareous aquifers (CWEPPS, 2020). This includes point infiltrations of 3 small streams (Bressine, 
Fermine and Izier sinkholes), as well as point and diffuse infiltrations in the thalweg of the Lembrée 
river (figure 1). The latter allow for the river to completely lose through those infiltration points during 
dry season, it is then common to mention the existence of a subsurface Lembrée which has been explored 
partially (De Bie & Van Houtte, 2020). A perennial resurgence, “Le Moulin”, is located 1km upstream 
the outlet of the basin. It is the only strongly active resurgence in the basin and is suspected to drain out 
a major portion of the limestones aquifers as well as the subsurface Lembrée stream. The objective of 
this study is to characterize those karstic flows in the Devonian limestones by the use of tracer tests. 

A tracer tests campaign has been performed from May 2019 to January 2020. It consists of four 
tracer injections and 6 measurement points. The injections have been done using variable quantities of 
uranine tracer at the Bressine, Fermine and Izier sinkholes and in the Lembrée river, a few meters 
downstream the Moulin resurgence. The tracer concentration has been measured by the use of 6 
fluorometers Fluo-G (Poulain et al., 2017), which have been placed in the Moulin resurgence and a 
close-by small resurgence, in the Illusions cave and in 3 other nearby resurgences, just outside the basin 
in the nearby valley of the Ourthe river (figure 1). For each injection, restitution curves have been 
assessed on each fluorometers to characterize the existing links between the sinkholes and the 
resurgences. 

Results show that all three Bressine, Fermine and Izier sinkholes are in direct connection with 
the strongly active Moulin resurgence down the valley. Restitution curves have complex shapes spread 
throughout up to 16 days after the injection. First arrival times (FAT) and maximum travel speeds (MTS) 
are strongly variable. Bressine sinkhole connection with the Moulin resurgence shows low FAT and 
high MTS (128 m/h) compared to both Fermine and Izier sinkholes (15 and 13 m/h respectively). 
Additionally, the injection in the Lembrée river downstream the Moulin resurgence showed a link with 
a minor resurgence outside the basin (Etang resurgence). 

Based on the varied calculated MTS, two types of karstic flow can be proposed in the Devonian 
limestones: a well-developed karst conduit flow with fast travel speed (>128 m/h), and a slow diffuse 
flow throughout the saturated fissured limestone aquifers (<15 m/h). The two types of connections are 
drawn on the map (figure 1) based on the tracer tests results. The well-developed conduit spreads from 
the Bressine sinkhole to the Moulin resurgence, allowing the low MTS. The slow diffuse flow is 
observed for both Fermine and Izier sinkholes with low MTS. The previously mentioned karstic network 
probably collects these waters, as it acts as a collector for the side limestone aquifers. This collector 
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eventually mixes with the subsurface Lembrée, which is observed in many caves in the valley (De Bie 
& Van Houtte, 2020), before the Moulin resurgence. Those flows are consistent with the new geological 
map (Marion & Barchy, 2021) in terms of sinkholes location, links with the resurgences and flow 
directions. 

These conclusions could not be made based on the previous version of the geological maps 
(Lohest & Fourmarier, 1902) and no clear interpretation could have been made without the recent map 
(Marion & Barchy, in press). This highlights the crucial importance of a good knowledge of the geology 
in terms of rock types and the structures they draw. A well-established geological map is of crucial 
importance for any hydrogeological characterization study. 
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Figure 1. Subsurface flows and flow speeds for Bressine, Fermine and Izier sinkholes. 
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The present study focuses on observations that were made on the dolostones of the 

Waulsort Formation outcropping in South of Belgium. The lenticular deposits of this Formation 
are made of massive limestones containing mainly bryozoans and stromatoporoids. 
Dolomitization affects some parts of those buildups in a very heterogeneous way.  

At first, the research focused on karst developed in the dolomitized sections of the 
buildups (Dewaide et al., 2014). Distinctive field features associated to these karsts were 
defined: limited extension of the karst cavities, development along fracture planes, presence of 
different calcite facies underlying cavities. Micro-observations and cathodoluminescence (CL) 
conducted in this study highlighted dedolomitization processes. Petrographic and geo-chemical 
gradients (fig.1, fig.2) were observed and interpreted as the consequence of complex fluid flow 
history. A first paragenesis was proposed to explain the origin of the observed petrographic 
textures. 

 

Figure 1. Sequence of cathodoluminescence photomicrographs showing a petrographic gradient from 
calcite to dolomite. [D] dolomite, [DD] dedolomite, [C] calcite cement in a micro-cavity. 
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Figure 2. LIBS images illustrating geo-chemical variation through a rock sample (Mg, Ca and Sr content).  

 

In 2015 and 2018, oxygen and carbon isotopes analysis were collected. The data show 
that the Waulsortian dolostone has a deep burial origin while dedolomitization and subsequent 
calcite cementation seem to be linked to meteoric water. Further investigations (2018, 2019) 
used LIBS (Laser-Induced Breakdown Spectroscopy) analysis in order to gather some clues 
regarding the geochemical evolution of samples from dedolomitized zones and the associated 
paragenesis. The results point out to oxydizing conditions and near-surface environments, as it 
would be consistent with an open karst system. Porosity development within dolomite was also 
questioned through these investigations. 

Recently (2020-2021), LIBS, CL and Plasma-Induced Luminescence (PIL) analyses have 
focused on non-dolomitized limestones of the same study area. The presence of REE (Rare 
Earth Element) was evidenced by CL and in earlier calcite phases. Further investigations are 
undertaken in order to i) investigate in more detail the REE-bearing calcite, ii) understand the 
origin and the role of REE-enriched fluids in the Waulsortian rocks evolution and karst 
formation history. 
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The RISSC project (https://www.rissc-interreg.eu/) is supported by the European 
“Interreg” program which develops social and economic cooperation between European 
regions. In this framework, Wallonia and Hauts-de-France Regions cooperate to improve risk 
management related to ground movements due to underground cavities. Due to similar geologic 
context and industrial history, both territories host similar cavities (natural or anthropic). These 
cavities induce a potential threat for the population or the infrastructures in terms of ground 
stability. However, the risk management is different in the two border regions because of 
distinct national or regional politic strategies. Furthermore, the tools that are used on both sides 
of the border need to be upgraded. For these reasons, the RISSC project has emerged in order 
to provide common and better tools for the prevention and the management of cavity-related 
ground movement issues. 

Thanks to the cooperative work of several cross-border experts, RISSC achieves concrete 
results through three main work actions: 
1) Inventory of the cavities and the threats, and characterization of the possible consequences 

at the surface; 
2) Development of local solutions to monitor or even reduce the risk; 
3) Supply of technical assistance for local actors and population through the creation of useful 

tools and sources of information. 
 

Inventory and characterization 
 

Inventories of underground cavities have been established on both sides of the border. 
Cross-check of these information allows to propose common typology and description of the 
cavity types. The possible threats they represent need to be assessed, namely through physical 
data. Several test sites were chosen and works have been conducted on site and in laboratory 
by actors of the RISSC project. Investigations lead to effective characterization of rock masses. 
Figure 1 illustrates a geo-mechanical map established on the site of La Malogne quarry 
(Wallonia). This analysis feeds the numerical models that are developed to assess the stability 
of cavities. 

This work axis also aims to compare and improve existing methodologies for the 
evaluation of ground movement hazard (Kheffi and Pacyna, 2018; Ineris, 2012). The methods 
are applied on different sites across the border where ground movements represent a risk., and 
hazard mapping are built. Furthermore, compared accidents (collapse) analysis on both 
territories can be carried out in order to understand the mechanisms and the context that favour 
collapsing events. This approach is very important for the improvement of risk management 
politics. 
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Figure 1. Definition of geo-mechanical zones on the test-site of La Malogne, ancient quarry 
(Belgium): II - Good rock mass quality; III – Fair rock mass quality, IV – Poor rock mass 
quality; and collapsed areas (Georgevia et al., 2020). 
 
Local solutions for monitoring and reducing the risk 
 

In this part of the project, the different techniques used for risk management (monitoring 
and securing) are addressed. Some of them are tested on pilot sites. This axis of the research 
aims to provide suitable solutions for specific contexts in terms of geology, type of cavity (shape 
and size), etc. Alternative solutions, as touristic valorisation, are also explored. 
 
Technical support 
 

This part of the project has, as main objective, to create an effective cross-border 
interaction between public services, local authorities and actors, experts and population. 
Through the lessons learned from the various technical works driven by the RISSC project, 
useful tools ought to be created (geo-portal, methodology guides, practical information, …). 
Those tools will support the work of all the actors implied in the cavity risk management who 
should be included in a cross-border network created on the initiative of the RISSC project.  
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Located in Global UNESCO Geopark “Famenne-Ardenne”, the Han-sur-Lesse cave has 

been investigated for many years for its scientific interests in terms of karstic processes, 
speleothem growths, vault collapsing in link with earthquakes, Holocene deposits, … but no 
research, that concern the current sedimentation, was done inside the cave. 

However, during floods, huge quantities of sediments are depositing in some karstic 
chambers and covers long sections of the touristic footpaths that have to be cleaned several 
times per year. Despite the huge investment in footpath floor washing operations, no 
investigation was done to try to quantify and understand the current sedimentation processes 
inside the cave. 

From the Belvaux sinkhole to the Trou de Han resurgence, the underground Lesse river 
is a complex network consisting of several subterraneous rivers stretches that connect flooded 
areas. Inside the cave, three different flow paths can be, successively, activated according to 
the Lesse’s yields; over 25 m³/s the Belvaux sinkhole is saturated and the Lesse overflows in 
its open-air meander (Bonniver, 2011). 

According to Van Campenhout & al. (in press), the annual solid discharge of suspended 
sediment, that enters the cave, may be estimated around 10,000 T/year. 

As sedimentation is very fluctuant through the karst, going from large growing dunes in 
chambers to no sedimentation in narrow and siphoning zones, observations were conducted 
inside the main cave chambers that are (from upstream to downstream): “Daniel Ameye”, 
“Synanthrope”, “Armes”, “Draperie” and “Embarquement” chambers (figure 1). 

In order to identify sediment sources and sediment path, sedimentological 
characterizations are done combining macroscopic observations, grain-size analyses, 
calcimetry and organic matter loss of ignition. First results show that: carbonate minerals areless 
than1.5 %; organic matters (branches and leaves) can reach close to 100 %; several sedimentary 
sequences, due to organic matter variations, are observed on a yearly basis (figure 2); stygophile 
worms are very frequent and can disturb the sediment deposits; and clayey boulders are 
observed at several places probably in link with desiccation cracks. 

Recent observations seem to indicate, on a long-term basis, an accumulation of sediments 
inside the cave. Together with sedimentation plates, they indicate that sediment accumulation 
is an ongoing process in certain places of the cave. 
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Figures 

 

 

Fig 1 : Location map of the Han-sur-Lesse cave (modified from Bonniver, 2011). 

 

Fig 2: Sediment charactérisation of the Draperie cave’s deposit 
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State of knowledge on Kongo Central karst, DRC  
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Although knowledge of karst is of great importance both in terms of water resources and the risks 
it can generate for populations and infrastructures, it is currently little studied in the DRC from a 
geoscientific point of view. The GeoRes4Dev project, funded by Belgian cooperation, notably made it 
possible to award DEA and doctoral scholarships to geologists from the DRC and the Republic of Congo 
with the aim of increasing their capacities in the study of the Karst. This work is currently being carried 
out within the framework of this project. Karst sensus stricto develops in carbonate rocks. These are 
present in certain regions of the DRC, including in particular the urbanized areas of Lubumbashi (Haut-
Katanga), Kisangani (Tshopo), Mbuji-Mayi (Kasai oriental), Kimpese and Mbanza-Ngungu (Kongo-
Central). Our Karst study began in the latter region, the most accessible in a country where travel is 
often slow and expensive. In Kongo-Central, carbonate rocks are part of the Neoproterozoic Schisto-
Calcaire subgroup that extends from southwest Gabon to northwest Angola over 1400 km. In the DRC, 
they cross the province from north to south over a width of up to 150 km. The different layers of this 
system are subhorizontal, the total thickness of carbonate rocks can reach more than 1000 m. The caves 
of this region have been widely described by biologists and archaeologists as the living environment of 
endemic species or ancient populations which have left vestiges of life there, but the study of karst as 
such has been generally limited to the exploration of a few speleologists or occasional visits from 
geoscientists. The most recent inventory of karst cavities in the DRC was published by Shaw in 2013on 
the basis of a bibliographic review. It is fairly complete, but the location and description of the sites by 
the various authors, often old, are not very precise and the data have not been checked in the field. 
Indeed, in addition to the imprecision of location and description, a cave may have received different 
names and the same name has sometimes been assigned to different cave, which makes the unique 
identification of a cave is quite difficult. 

As part of our work, following the compilation of data from bibliographic sources, information’s 
obtained from local scientists, observations on satellite images and new field work, we have today 
arrived at a compilation of 150 caves in the Kongo-Central, some of which may however still be 
redundant. Only about 90 of them could be located with varying degrees of precision and of these, 11 
were topographied. These figures are obviously provisional as the work is currently continuing. The 
longest known cave has nearly 10 km of galleries. Caves generally develop in a subhorizontal way, on 
2 or 3 levels. The passages can be narrow but some caves have large multi-decametric rooms with 
speleothems beautiful enough to be of touristic interest. The observation of satellite images greatly 
contributed to the location of the sites but it also made it possible to highlight the presence of numerous 
geomorphological forms (sinkholes, losses, resurgences, etc.) which could be potential accesses to the 
endokarst. This region, still very partially explored, has great potential for discovering caves and a more 
exhaustive inventory, coupled with a more systematic underground topography, should serve as a basis 
for understanding both their development and the hydrogeological networks that use them and which 
constitute the region's water resources. It can also serve as a base for finding sites of interest to biologists 
and archaeologists working in the area  

 

Shaw J.G., 2013. Caves of the Democratic Republic of the Congo: Exploration, science and history. 
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Algeria offers a large variation of karstic landscapes (Collignon, 1991). This study 
focuses on the Messinian carbonate platform outcropping in the northern piedmont of Ouarsenis 
mountains and extending below the Chelif plain. Boukadir has not been classified as an 
Algerian karstic area. In June, 1988, in the region of Boukadir, northwestern Algeria, a large 
collapse sinkhole of 60 m in diameter and 35 m deep in the Chelif plain and it broke the national 
road RN4. This collapse sinkhole suggests that there were large underground cavities under the 
Quaternary alluvium, at an altitude near or lower than the present sea level. In the piedmont, 
there is another large collapse sinkhole perched high up called "Bir el Djeneb". Our aim, is to 
analyse the processes that lead to the formation of these sinkholes, using geological, 
speleological, and geomorphological data. 

The Ouarsenis piedmont is made up of 3 main geological units. The basal Tortonian to 
Messinian blue marls are overlain by a 70 m thick bioclastic carbonate unit, and thereupon by 
80 m of homogeneous Lithothamnium carbonate packstones (Neurdin- Trescartes, 1992; 
Moulana et al., 2021). A drill hole S1 was made in the Chelif plain, and it reveals that the same 
carbonates outcrop at 61 m depth under the plain. The cross-section based on 6 mechanical drill 
cores (Scet-Argi, 1985) parallel to the piedmont (Fig.1.a), highlight a 70 m deep incision in the 
carbonate at the level of the present river Oued Taflout, filled by a basal 35 m thick light brown 
clay unit with some gravels, then by a 30 m thick alluvium composed pebbles and gravels. The 
speleological analyses are based on Birebent (1947) evidenced five caves. The most 
considerable karstic feature is Bir Djeneb, a cylindrical pit about 20 m in diameter and 63 m 
deep, located 5.5 km SW of Boukadir. It is dug mostly in unconsolidated sediments with 
carbonates outcropping at its base (Fig. 1. b). Geomorphological analyses show a well-
developed hydrological network on the carbonate piedmont, the lack of sinkholes and poljes, 
an important fracture/fault network and the occurrence of shelter caves at different levels 
attesting from the progressive incision of the drainage network.  

The results show that an atypical karst with very minimal present-day surface 
weathering and deep active karstification. The development of a surface calcrete enhanced 
surface flow and the development of the hydrological network. The carbonate facies and 
pervasive vertical factures still favours a diffuse infiltration, which reduced localized 
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dissolution and flow, and preventes the development of large caves. The endokarst is poorly 
developed whereas the epikarst is prevalent and characterized by shelter caves. The large voids 
deep below the present-day base-level are inferred to be a paleokarst related to the Messinian 
Salinity Crisis who lowered the Mediterranean Sea level. However, the link of Bir Djeneb with 
the MSC, is not evident. The genetic relation of the two holes thus remains problematic. 

References  
Birebent, J. 1947. Spéléologie de l’Algérie : Inventaire. Agence National des Ressources 

Hydraulique. Alger, le 1er Décembre 1947. Rapport.   
Collignon, B. 1991. Les principaux karsts d’Algérie. Quelques éléments de synthèse, actes du 

9ème Congrès National de la SSS., Akten des, 9. 
Moulana, M. L, Hubert-Ferrari, A. Guendouz, M. El Ouahabi, M. Boutaleb, A. & Boulvain, 

F. 2021. Contribution to the sedimentology of the Messinian Limestones of Boukadir 
(Chelif 2 Basin-Algeria). Geologica Belgica.  

Neurdin-Trescartes, J. 1992. Le remplissage sédimentaire du bassin néogène du Chelif, 
modèle de référence de bassins intramontagneux (Doctoral dissertation, Pau). 

Scet – Argi. 1985. Hydrologie – Hydrogéologie et bilan des ressources, Etude du 
réaménagement et de l’extension du périmètre du moyen Chéliff : Rap A1.1. 2. Pub. 
Ministère de l’Hydraulique. 72 p. 

Figures 

  

Figure 1. a. Map and cross-section of Bir Djeneb cave, northern Ouarsenis piedmont; after 
BIREBENT, 1947, modified. b. Reinterpreted geological cross-section based on 6 
mechanical drill cores parallel to the piedmont and across Oued Taflout (Scet-Argi, 
1985). The section shows a ~ 70 m deep Messinian incision at the location of Oued 
Taflout filled first by ~40 m of clay and then by coarser alluvial deposits. 
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Session 8- New Spectroscopic Methods in Geosciences 

Conveners: 
Jean-Marc Baele (UMons), Sophie Decrée (RBINS-GSB) 
 
The technological advances of the last decades open 
new opportunities for geoscientists to solve a wide 
range of geological problems. Besides the emergence 
of new techniques such as LIBS (Laser-Induced 
Breakdown Spectroscopy), LAMIS (Laser-Ablation 
Molecular Isotopic Spectroscopy), PIL (Plasma-Induced 
Luminescence) and THz (Terahertz) spectroscopy, the 
increased availability and improved performance of 
radiation sources, detectors and spectrometers have 
brought more traditional techniques such as electron 
microscopy, X-ray and Raman spectroscopy to the next 
level. With these techniques, large geochemical and 
mineralogical datasets can be quickly acquired and 
with minimal efforts, which fosters the development of 
imaging and screening applications. In this session, we 
encourage any contribution on the application of new 
spectroscopic methods in geosciences, emphasizing 
their benefits, complementarity with other well-
established techniques, but also their limitations. 
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Pegmatite deposits are an exploration frontier for some of the elements required to a transition towards 
greener and digital technologies. Critical raw materials such as lithium, niobium, and tantalum are 
commonly associated with pegmatites (Linnen et al., 2012). However, these deposits are frequently 
hosted by complex mineral assemblages (Galliski et al., 2019; Hulsbosch and Muchez, 2020; Kaeter et 
al., 2021), and some minerals within these assemblages cannot be straightforwardly analyzed by 
conventional analytical methods (e.g. XRD, XRF, EPMA, LA-ICP-MS).  

Conventional methods are not ideal to analyze complex assemblages due to their lack of spatial 
resolution (i.e. bulk analyses), their difficulty to detect light elements (e.g. lithium and/or hydrogen) or 
elements with variable oxidation state (e.g. Fe and Mn) in the mineral structures, or because of 
problems with matrix matching and standardization. Conversely, Raman spectroscopy overcomes 
many of those problems allowing the direct analysis of complex minerals (Rondeau et al., 2006; 
Watenphul et al., 2016) with little to no previous sample preparation. Recent developments of hard- 
and software capacities have improved the potential of confocal Raman spectroscopy, allowing the 
fast measurement of Raman spectra (< 1s) with high spectral and spatial resolutions. Due to these 
technical advancements, we are now able to collect Raman images in realistic acquisition times at low 
user costs. Therefore, a new set of tools is available to obtain high-quality analyses of textural and 
molecular data and to investigate complex mineral assemblages in situ (Araujo et al., 2021).  

The crystallization of the Buranga pegmatite will be used to show how Raman mapping can illustrate 
complex geological processes. The Buranga pegmatite is a phosphorus-rich and Nb-Ta-Sn-mineralized 
magmatic dike from western Rwanda, mostly known for its intricate phosphate mineralogy (Daltry 
and von Knorring, 1998; Fransolet, 1975). High-resolution Raman mapping is used to (1) highlight 
different members in solid solutions (amblygonite [LiAlPO4F] - montebrasite [LiAlPO4OH], Figure 
8A); (2) investigate the textural relations in complex mineral assemblages showing multiple phosphate 
minerals; and (3) support the characterization of Nb-Ta oxide minerals within these complex 
assemblages (Figure 8B). Raman mapping can accurately detect textures and mineralogical changes in 
complex mineral assemblages with high spatial resolution. Moreover, Raman images can be used to 
spatially constrain chemical variations within some mineral phases. Most of the minerals determined 
could not be unambiguously identified by other methods (optical microscopy and EPMA), and could 
not be separated for bulk analyses (XRD or XRF), highlighting the strong potential of Raman 
spectroscopy for this type of study.  

The recognition of complex mineral phases formed during the crystallization of pegmatitic melts is 
essential to unravel the petro-metallogenesis of pegmatites and to identify the geological processes 
taking place. This brings us closer to understanding some of the natural processes occurring on Earth 
and elucidates the way that some critical raw materials ore deposits have formed.  
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Figure 8. Raman maps of phosphate mineral assemblages from the Buranga pegmatite, Rwanda. (A) 
Raman map showing the alteration of primary F-rich montebrasite by secondary F-moderate and F-
poor montebrasite. Modified from Araujo et al. (2021). (B) Raman map showing a columbite grain 
associated with secondary phosphates in an alteration pod within rosemaryite, a primary phosphate. 



 
Geologica Belgica Meeting 2021, September 15-17, Tervuren, Belgium – Abstract Book, p. 237 

Combined Laser-Induced Breakdown Spectroscopy (LIBS) and Plasma-Induced 
Luminescence (PIL) for geochemical mapping and profiling of geological samples 
 
Jean-Marc BAELE1, Séverine PAPIER1, Lorraine DEWAIDE2, Joris CORON1, Anne-
Christine DA SILVA3, Vincent HALLET2, Rudy SWENNEN4 and Vincent MOTTO-ROS5 

1. Geology and Applied Geology - Faculty of Engineering, University of Mons, Mons, Belgium 
(jean-marc.baele@umons.ac.be) 

2. Geology, University of Namur, Namur, Belgium & ISSeP, Colfontaine, Belgium 
(lorraine.dewaide@unamur.be) 

3. Geology, Faculty of Sciences, University of Liège, Liège, Belgium (ac.dasilva@uliege.be) 
4. Geology, KU Leuven, Leuven, Belgium (rudy.swennen@kuleuven.be) 
5. Institut Lumière Matière, University Claude Bernard Lyon 1, Lyon, France (vincent.motto-

ros@univ-lyon1.fr) 
 
Laser-Induced Breakdown Spectroscopy (LIBS) allows to obtain elemental composition 

of a variety of materials through the interaction of high-power laser light with matter. Several 
physical processes take place when a laser pulse with sufficient energy to induce a breakdown 
and ignite a plasma is focused on the surface of a solid sample. First, radiative de-excitation of 
the plasma species (ions, atoms and molecules) results in a series of optical emissions combined 
into a spectrum which allows to obtain the elemental composition of the sample. Second, de-
excitation of the luminescence centres in the material influenced by plasma radiation produces 
an optical emission recently recognized as Plasma-Induced Luminescence (PIL; Gaft et al., 
2011). Both LIBS and PIL emissions coexist but the weaker PIL is masked by the intense LIBS 
emission, so only longer-lived PIL emissions are detectable when plasma has cooled down to 
ambient (i.e., ~ 100 µs after the laser has been fired). 

Combining PIL with LIBS just requires a dedicated detector set to a specific delay and 
integration times, which are usually longer than for LIBS, and operates in parallel with the LIBS 
detector. A first advantage is that luminescence provides additional information to the 
elemental/molecular data collected by LIBS, including the detection of elements below the 
detection limit of LIBS (Gaft et al., 2019). A second advantage is that luminescence activators 
(similar to the well-known activators in e.g., cathodoluminescence) can be investigated as 
simultaneous LIBS analysis can be performed. So far, Mn2+ and rare-earth elements have been 
identified as PIL activators in a orange-luminescent calcite from Lompret Quarry, Frasnian 
(Figure 1) and a green-luminescent calcite from Furfooz, Waulsortian, respectively. In both 
cases, the images obtained with cathodoluminescence and PIL are comparable, except that PIL 
also includes some photoluminescence. As photons with a variety of wavelengths and possibly 
X-rays (and electrons?) from the plasma contribute together to the excitation of luminescence 
centres, laser-induced plasmas are a broader, but less selective excitation source. The possibility 
of gating PIL could improve selectivity of luminescence centres based on their specific decay 
time, though. 

Just as importantly, with the ability of laser sources to fire at high repetition rates (Hz to 
kHz), PIL emission can be recorded along with elemental data across large surfaces or on a 
large number of hand samples for a period of time that is significantly reduced compared to 
other techniques (XRF, EDS, etc.) This allows to obtain elemental and luminescence images of 
large samples that could not fit within typical cathodoluminescence or SEM chambers and with 
minimal preparation (no polishing, no coating required). In addition, luminescence and 
geochemical profiles can be obtained from sample sets collected along geological sections for 
correlation or cyclostratigraphic applications. Preliminary results from Cretaceous chalk (Mons 
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Basin, Belgium) and Devonian carbonate/siliciclastic records (New York State, U.S.A.) show 
good consistency between LIBS and XRF profiles, and between PIL and Mn or Ca composition 
(Figure). 
 

 

 
 
Figure 1. (a) principle of LIBS and PIL. Both optical emissions result from the same laser 

pulse but are recorded with a different timing. (b) 250 µm-resolution PIL image in real colours 
of a large calcite monocrystal with two syntaxial generations, and corresponding LIBS map in 
false colours for Mn (Lompret, Belgium). The similarity between the PIL image and Mn 
distribution suggests Mn2+ as a luminescence activator. D : integration delay, G : integration 
(gate) time. (c) comparison between Ca signals as measured by XRF and LIBS for a 6 m-thick 
Devonian carbonate/siliciclastic section. (d) same as (e) with PIL and Ca-LIBS. 
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The ROBOMINERS project 
 

ROBOMINERS (Bio-Inspired, Modular and Reconfigurable Robot Miners, Grant 
Agreement No. 820971, http://www.robominers.eu) is a European project funded by the 
European Commission's Horizon 2020 Framework Programme. The project brings roboticists 
and geoscientists together to explore new mining and sensing technologies and demonstrate a 
small robot-miner prototype designed to exploit unconventional and uneconomical mineral 
deposits (technology readiness level 4 to 5). This approach could change the current mining 
paradigms dictated by larger existing machines, while reducing mining waste and 
environmental footprint (Lopez and al. 2020). 
 

ROBOMINERS selective mining ability 
 

One of the key functions of ROBOMINERS is “selective real-time” mining, in other 
words the ability for the miner to choose an optimal progression path while mining in a 
particular orebody geometry (inspired by the petroleum industry geo-steering technique). This 
will be done by a continuous monitoring of the surrounding rock properties (hardness, 
abrasivity, electrochemistry, thermal conductivity, 3D electrical/induced polarization 
tomography), and by a “digestive mineralogy” unit, performing on-board 
mineralogical/geochemical diagnostics of the extracted material. 

After an extensive review and tests on existing geochemical sensing techniques, the 
consortium selected a few sensing methods, based on the considered environment (underground 
gallery drilling, mud/slurry-filled environment with very limited to no visibility) and the 
opportunity to test proven techniques as well as original methods that can be distributed on and 
in the miner body. Amongst these are X-Ray fluorescence spectrometry, Laser-induced 
fluorescence spectrometry, near and mid-infrared reflectance spectrometry and laser-induced 
breakdown spectrometry. 
 

ROBOMINERS LIBS spectrometer and preliminary lab results 
 

Laser-induced breakdown spectrometry (LIBS) is a very interesting atomic emission 
technique for real-time monitoring of slurries. The technique uses a high-energy pulsed laser 
beam on the surface of a sample to produce a plasma. The plasma emission is then collected 
and coupled into a spectrometer for analysis to identify and quantify the chemical elements in 
the sample (Fabre, 2020). LIBS have many attractive features, such as fast multi-element 
detection, simple or no sample preparation, and low detection limits, even on light elements. It 
has been already used as a competitive approach to monitor slurries using flow cells in mining 
(Khajehzadeh et al., 2017) and inside molten metals in metallurgy applications (Moreau et al., 
2018). While true quantitative measurements remain a challenge outside a controlled lab 
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environment, qualitative and semi-quantitative measurements are possible and is very relevant 
for ROBOMINERS selective mining application. 

The work presented here deals with the conceptualization and prototyping of a slurry 
LIBS spectrometer, optimized for robotized and in-stream, in-slurry operation. We compare the 
performances of two candidate designs, one based on a fast-repetition, mid-energy fiber laser 
(1mJ/pulse@1064nm, 10KHz) and the other on a high energy compact diode pumped laser 
(50mJ/pulse@1064nm, 20Hz), both associated with simple, compact, and ruggedized optics 
and spectrometers. Tested slurry analogs include mixtures of lead-zinc sulfides, copper-cobalt 
oxides, phosphorites and oil shales. First results show very good characterisation capacity of 
both setups, with detection limits below 0.1% on most target elements, with an advantage of 
the high energy pulse setup for deep UV emissions (ex: Phosphorus detection) at the expense 
of ruggedness and flexibility. 

Once an instrumental setup is selected, the next development steps include retrofitting 
for testing in an industrial scale slurry circulation system at the K-UTEC facilities 
(Sondershausen, Germany) and, after validation of all components, integration on the 
ROBOMINERS prototype for the field demonstrations planned in 2023. 
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Ore deposit research conventionally relies on macroscopic and microscopic two 

dimensional (2D) observations of hand specimens and thin/polished sections. Microanalytical 
techniques are used to characterize the chemical and structural variations of millimeter- to 
centimeter-sized samples with a spatial resolution down to micrometer scales (Pearce et al., 
2018). Microscopic observations are hereby often limited to 2D techniques, such as optical 
microscopy and scanning electron microscopy (SEM), assisted by mineralogical and chemical 
analyses (e.g. X-ray diffraction (XRD) and X-ray fluorescence (XRF)). Although these 2D 
techniques are well-known and commonly used for the characterization of geological samples, 
they are not capable of reproducing the real three-dimensional (3D) interior (Wang & Miller, 
2020). As a consequence, estimations based on these 2D analyses are not sufficiently 
informative to characterize complex mineral resources. 

This urges the need for the development of new and innovative technologies for adequate 
ore characterization (Gessner et al., 2018; Sittner et al. 2020). Additionally, 3D characterization 
is crucial for improving the understanding of ore genesis (Godel, 2013). This is particularly 
applicable to petrological and genetic investigations of low-grade fine-grained ore deposits 
(Kyle & Ketcham, 2015). 

We developed a methodology to investigate in 3D both detailed structural and chemical 
information of ores, which are almost impossible to collect by only using traditional 
microscopic techniques. Using lab-based non-destructive X-ray micro-computed tomography 
(µCT) within a comprehensive methodology, we enable the 3D chemical and mineralogical 
characterization of ore samples. 

We present a methodology to investigate the mineralogy of a pegmatite-hosted Sn-Nb-
Ta-(W) mineralization of Gatumba (Rwanda) (Dewaele et al. 2011), where we address the 
spatial and temporal position of the ore minerals with respect to the gangue minerals. We 
demonstrate the acquisition of novel hyperspectral µCT data to complement high resolution 
µCT data. Hyperspectral µCT enables us to chemically differentiate between cassiterite, 
columbite-tantalite and ferberite-hübnerite in 3D. 

This methodology combines 2D traditional techniques and advanced 3D techniques to 
allow for a thorough understanding of the geology and genesis of ore deposits. These results 
will enable us to acquire important 3D microscopic insights into the formation history of 
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economically relevant ore deposits and positioning of the elements of value in the 
mineralization, having direct implications for their exploration. 
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The Rocroi inlier is composed of two main groups of Cambrian to Ordovician rocks. The 
sedimentary rocks of the Deville Group (Lower Cambrian, about 400 to 600 m thick) have a rather 
light color and were deposited in a shallow platform environment with numerous sandstone beds 
interlayered. The sedimentary rocks of the Revin Group (Middle to Upper Cambrian and Lower 
Ordovician, >1000 m thick) are dominated by dark schists and quartzites that were deposited in a 
deeper environment, with common turbiditic sequences. 

The overall structure of the eastern part of the Rocroi inlier may be summarized as a wide 
syncline in its central part (Revin Group) bounded by two anticlines (Deville Group). Folds are E-
W-trending, N-verging and sometimes overturned. Cleavage is dipping to the south in both the 
Lower Paleozoic rocks from the inlier and unconformably overlying Upper-Silurian/Devono-
Carboniferous formations. 

144 magmatic veins up to 10 m thick and with a strike of N60° occur in a 8 x 20 km area in 
the south half of the inlier (Goffette, 1991). This vein swarm has a clear bimodal affinity, with 
diabase and/or microgranite fillings. 

In the Rocroi inlier, metamorphism and cleavage affect both the Cambro-Ordovician 
basement and the Devonian cover as well as magmatic veins. This metamorphism, prograde from 
north to south, is characterized by a deep cleavage in slates, the presence of porphyroblasts (e.g., 
magnetite, pyrite, chlorite group, ilmenite) and color change of the Deville group rocks (north: red 
and green; south: purple-grey). Maximum metamorphic conditions known in the Rocroi inlier were 
defined in the range of 378 to 500°C and 300 MPa by Beugnies (1986), Potdevin and Goffette 
(1991b), Potdevin et al. (1993) and Robion et al. (1995) (Fig. 1). These data were mainly derived 
from mineral paragenesis and illite crystallinity of samples collected along the Meuse river, and 
represent a good N-S trend representative of the eastern part of the inlier. However, data is still 
lacking in most areas elsewhere and the techniques used to define peak metamorphic conditions can 
be impacted by retrograde metamorphism, which has been recognized in the Rocroi inlier. 

To complete the dataset, we used Raman Spectroscopy of Carbonaceous Material (RSCM) 
approach to obtain the maximum (peak) metamorphic temperature reached by the rocks. From the 
16 analyzed samples, 6 were collected in the Meuse valley to compare our results with previous 
data and 9 others were collected in other locations across the inlier to investigate lateral variation 
of peak temperature. Finally, one sample was collected in the Devonian cover at Mont de Vireux in 
the North of the Rocroi inlier (Fig. 1). 

The results yielded three temperature groups: 1) the Devonian shale from Mont de Vireux, 
with 247.41 ± 18 °C, 2) the northern part of the Rocroi inlier, a group of 11 samples with a mean 
value of 361.58 ± 14 °C and 3) south of the Grande Commune fault, with a group of 3 samples with 
a mean value of 510.22 ± 8 °C. These results show that peak metamorphism temperature is 
homogeneous in a W-E trend and is not smoothly but abruptly changing along the N-S direction, 
with an overall decrease from south to north. 

Two scenarios are currently investigated to explain the obtained peak metamorphism 
temperature. In the first scenario, the Rocroi inlier consists of two distinct blocks separated by the 
Grande-Commune fault. During the Silurian-Devonian back-arc extension event, the associated 
burial metamorphism (Fielitz, 1997; Fielitz and Mansy, 1999) was stronger in the south block due 
to a deeper burial depth associated to a normal (listric) fault (tilted blocks system). The Variscan 
shortening subsequently uplifted the south block by inverting the Grande-Commune normal fault 
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into a thrust fault. In a second scenario, contact metamorphism was induced by magma at depth. 
This scenario is supported by the fact that 2 out of the 3 samples that exhibit >500°C peak 
metamorphism are close to magmatic veins. However, the third sample was collected far from any 
known magmatic body. In addition, data from Robion et al. (1995) in the southermost Rocroi inlier, 
where no magmatism is observed, also show a minimum metamorphism temperature of 500°C 
based on the breakdown of pyrrhotite into magnetite. 
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Figure 1: Geological map of the Rocroi inlier with RSCM sample temperatures (green dots), 
sample temperatures (purple dots, after Robion et al., 1995) and metamorphic zones 

(after Beugnies, 1986). 
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Identification and mapping of mineral and volatile phases inside crystalline melt 
inclusions hosted in minerals is a particularly challenging analytical problem, especially for 
traditional micro-analyses based on electron-microbeams. Confocal Raman spectroscopy can 
provide a solution as the technique is able to target phases with high spatial resolution inside 
mineral hosts. However, the acquisition of normal Raman modes of a daughter mineral or 
volatile (e.g. H2O, CO2 etc.) phase inside a crystalline melt inclusion is complicated by the 
superposition of the Raman signal of the mineral phase hosting the inclusion. Consequently, 
these experiments de facto result in mixture spectra composed of the Raman vibrations of, on 
the one hand, the host phase and, on the other hand, the daughter mineral or volatile phase. 
Spectral analysis of mixtures in this type of Raman data is a particularly challenging task. 

Traditionally, the Raman identification of phases in inclusions has been performed by 
manual separation of spectral components (e.g. Frezzotti et al., 2012). Actions can involve 
visually and qualitatively assigning individual peaks to either the host or daughter mineral based 
on reference spectra or by subtracting the host mineral spectrum from the mixture spectrum. 
These univariate procedures can be particularly prone to user-subjectivity and often lead to 
ambiguous phase identification, for example due to overlapping peaks in both host and daughter 
mineral spectra. In general, Raman spectroscopic identification of daughter minerals is a rather 
qualitative, time-consuming and challenging procedure. This is especially the case for mineral 
hosts with a complex Raman signature. 

In order to overcome the above-mentioned analytical difficulties associated to univariate 
identification, we propose a novel methodology based multivariate spectral mixture analysis to 
generate and rank numerous calculated mixture spectra composed of two weighted components: 
(1) the measured host mineral spectrum and (2) a mineral reference spectrum from a spectral 
library. Mixture analysis is performed by convolution to create calculated mixture spectra 
composed of the measured pure host mineral spectrum and a mineral reference spectrum from 
a database. Multivariate spectra matching algorithms (correlation and first derivative Euclidean 
distance) have been applied to quantitatively evaluate similarities between the measured 
mixture spectrum and myriad calculated mixture spectra (i.e. combinations of spectra from 
database with the host spectrum). For the purpose of this study, the RRUFF database has been 
chosen, containing 2239 IMA approved minerals, supplemented with the Horiba and in-house 
spectral database for additional mineral and volatile spectra. The degree of similarity between 
the measured mixture spectrum and calculated mixture spectra is subsequently ranked based on 
the Hit Quality Index (HQI) parameter which is also used as a certainty indicator for daughter 
mineral identification.  

The identification method is further extended to Raman mapping experiments of minerals 
and volatiles in melt inclusions. Here, the different spectral components imbedded in the 
hyperspectral Raman image have been initially resolved by two standard postprocessing 
multivariate algorithms for Raman mapping: (1) Multivariate Curve Resolution Alternating 
Least Squares (MCR-ALS) and (2) Classical Least Squares (CLS).  
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Figure 1. Raman mapping experiment of a crystalline melt inclusion in tourmaline from the Emmons 
Pegmatite. Phase identification is performed by spectra matching algorithms and the mapping data is 
resolved by both (1) Multivariate Curve Resolution Alternating Least Squares (MCR-ALS) and (2) 
Classical Least Squares (CLS) multivariate statistics. 

The new procedure is ultimately applied to crystalline melt inclusions in foititic 
tourmaline from the Emmons Pegmatite (Maine, USA) using the Raman hardware described in 
Prado Araujo et al. (2020). Multivariate data analyses by spectra matching algorithms and 
subsequent MCR-ALS and CLS mapping routines resulted in high-spatial resolution (~1µm) 
mineralogical maps of the felsic and volatile melt inclusions hosted inside foitite (i.e. muscovite, 
garnet, quartz, calcite and volatiles; Fig. 1). The proposed procedures enable user-independent, 
quantitative phase identification and mapping of crystalline melt inclusions hosted in complex 
minerals by confocal Raman spectroscopy. 
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Latest developments in micro-X-ray fluorescence (µXRF) analysis in geosciences:  
high-resolution element mapping, digital image analysis, and quantifications  
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Quantitative insights into the geochemistry and petrography of sedimentary, igneous, 
and metamorphic rocks are fundamental to understand their formational processes. Traditional 
analytical techniques used to obtain major- and trace-element data sets focus predominantly on 
either destructive whole-rock analysis or laboratory-intensive phase-specific micro-analysis. 
Here, we present micro–X-ray fluorescence (μXRF) as a state-of-the-art, time-efficient, and 
nondestructive alternative for major- and trace-element analysis for both small and large rock 
samples (up to 20 cm wide). This technique uses the principles of classical bulk X-ray 
fluorescence while being able to document the heterogeneous nature of a sample by applying 
multiple spot analyses, line scans, and high-resolution mapping of a flat sample surface. For the 
last five years, μXRF has been used for geological applications but on a relatively small scale 
in predominantly invertebrate palaeontology and carbonate sedimentology (e.g., de Winter & 
Claeys, 2016). New developments in for instance experimenting with spatial resolution and 
measurement time, the use of specific X-ray tube filters, and the incorporation of certified 
reference materials have opened a wide array of applications in different geoscientific fields 
due to the rapidly produced geochemical data sets by μXRF combined with petrographic and 
sedimentological data sets, that can be derived from μXRF maps.  

We demonstrate the potential of μXRF analysis in geology by applying element mapping on 44 
samples from the Chicxulub, Popigai, and Ries impact craters, including shocked crystalline basement, 
impact melt rocks, and impact melt-bearing polymict breccias (suevites). These samples were mapped 
under near-vacuum condition (20 mbar) using a Bruker M4 Tornado benchtop μXRF instrument at the 
Vrije Universiteit Brussel, by using a rhodium X-ray source with maximized energy settings, two 
silicon-drift detectors, and a polycapillary lens focusing the X-ray beam down to 25 μm. The μXRF 
mapping required limited to no sample preparation and generated high-resolution major- and trace-
element maps in a matter of hours (~1 h for 8 cm2, using an integration time of 1 ms for each 25-μm-
diameter-pixel at a 25 µm spatial resolution). These chemical distribution maps can be used as 
qualitative multi-element maps, as semiquantitative single-element heat maps, and as a basis for a novel 
image analysis workflow. This workflow allows segmentation of clasts based on their geochemical 
composition rather than visual characteristics such as color. This way the modal abundance of major 
lithological components is quantified (Fig. 1), and an extensive data set of the size and shape of each 
clast is produced that aids in quantifying the degree of sorting of the sample (Kaskes et al., 2021). When 
thin sections are mapped with μXRF, a direct petrographic verification of clast and matrix types is also 
possible. However, one should take into account that elements heavier than Fe are not fully attenuated 
due to the limited thickness of the thin section (30 μm) and the corresponding μXRF maps are therefore 
less reliable. This image analysis method is a powerful tool to characterize impact breccias and other 
relatively coarse-grained lithologies, such as plutonic rocks, volcanic breccias, conglomerates, and 
meteorites.  
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Both whole-rock and clast-specific compositional data can be derived from μXRF mapping 
based on a manual selection of regions of interests. The quantification of the impact rocks from this 
study was based on the Standardless Fundamental Parameter method due to their strong heterogeneous 
nature. This technique is accurate for most major elements (with Na2O–CaO being accurate within 10% 
compared to the results based on bulk powder techniques) but tends to overestimate most trace-element 
concentrations for samples thicker than 1 mm. To improve these results, matrix-specific calibration 
curves can be constructed using international reference materials in combination with the use of X-ray 
tube filters and a longer measurement time. Overall, we demonstrate that μXRF is more than only a 
screening tool for heterogeneous impact rocks, because it rapidly produces bulk and phase-specific 
geochemical data sets that are suitable for various applications within the earth sciences. 
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Figure 1. Image analysis results derived from digital segmentation based on an Fe-Si-Ca μXRF 
map from Popigai suevite sample Pop C6 (modified from Kaskes et al., 2021). 
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Fourier-transformed infrared (FTIR) spectroscopy is a spectrochemical technique able to retrieve 
macromolecular information from organic materials. When combined with a microscope (micro-FTIR), 
the (geo)chemical composition of single specimen dinoflagellate cysts (dinocysts) can be determined. 
Over the last decades a small number of dinocyst micro-FTIR studies booked often inconsistent results 
by overlooking important methodological aspects during analysis. 

This study takes into account variables like sample preparation, specimen morphology and size 
and spectral data processing steps and presents a standardized method based on attenuated total 
reflectance (ATR) micro-FTIR spectroscopy which is able to collect robust spectral datasets. These 
datasets are largely devoid of nonchemical artifacts inherent to other infrared spectrochemical methods 
which have typically been used in similar studies in the past (i.e. transmission and transflection 
spectroscopy). Several guidelines are proposed which facilitate the collection and qualitative 
interpretation of highly reproducible and repeatable spectrochemical dinocyst data. These, in turn, pave 
the way for a systematic exploration of dinocyst chemistry and its assessment as a chemotaxonomical 
tool or proxy. 

An ATR micro-FTIR case study on morphologically similar late Paleogene to early Neogene 
dinocysts Palaeocystodinium golzowense, Svalbardella clausii and Svalbardella cooksoniae is also 
presented, which highlights the chemotaxonomical potential of the method.  

 

mailto:pjotr.meyvisch@ugent.be


 
Geologica Belgica Meeting 2021, September 15-17, Tervuren, Belgium – Abstract Book, p. 250 

Geochemical imaging at hand-sample scale of Belgian Zn-Pb ores using Laser-
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Within the framework of the ongoing LIBS-SCReeN (Brain-be) project, strategies are 

being developed for screening trace-elements in Zn-Pb ores, waste products and contaminated 
soils from east Belgium using Laser-Induced Breakdown Spectroscopy (LIBS) technology (see 
also Verheyden et al., 2021). Here we address geochemical screening of hand samples of ores 
with the aim of rapid mineral and geochemical mapping. Several samples of Zn-Pb ores were 
selected from university and Royal Belgian Institute of Natural Sciences collections for LIBS 
mapping using a system developed at UMONS. With this system, the LIBS signal is recorded 
as the sample is moved in synchronization with the laser. Laser spot size can be selected from 
50 to 500 µm and repetition rate up to 20 Hz. With these settings, a surface of several tens of 
cm2 can be scanned in less than one hour depending on the chosen spatial resolution. A 100 Hz 
laser source is currently implemented to speed-up the acquisition process and obtain usable 
geochemical maps in minutes. The LIBS dataset consists of a hyperspectral datacube from 
which the elemental images are extracted. LIBS spectra are complex and computer-assisted 
methods for fast and efficient data retrieving and analysis are currently investigated in 
collaboration with KULeuven. At the moment, the analysis is qualitative but produces very 
informative images of relative concentration of major and trace-elements in the material. 
Comparison of LIBS data with EDS and XRF analyses performed on the same samples yielded 
very consistent results (Baele et al., in press). Besides its capability of high-speed measurement, 
LIBS offers several analytical advantages compared to other methods such as reduced matrix 
effect in high-z minerals (e.g., galena), which absorb much of the X-rays, and excellent 
detectability of trace-elements such as germanium, silver, cadmium, copper, antimony, arsenic, 
thallium and possibly gallium. The LIBS images obtained so far show that trace-element 
distribution is very heterogeneous and follows particular patterns in the investigated Zn-Pb ore 
samples (Fig. 1). This information is useful for the design of a point-and-shoot screening 
strategy of raw samples (for example, how many random spots are needed or which shooting 
pattern is best to have a chance to hit a zone with high trace-element concentration? Are there 
visual guides for pointing these particular zones on the samples?). LIBS images can also be 
used for selecting the most interesting areas on the sample to be further investigated with more 
conventional but quantitative microscopic techniques. Finally, LIBS imaging of Zn-Pb ores 
provides information of petrogenetical importance (Baele et al., in press). For example, trace-
elements in sphalerite show contrasting relations, with common co-occurrence of Fe and Ge, 
which has only been reported in very few Zn deposits worldwide (Cook et al., 2009), and anti-
correlation of Ge with Ag-Cd-Sb-Cu.   
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Figure 1. Example of elemental imaging by LIBS of a sphalerite-pyrite-calcite sample 

from Andenne, Belgium. The distribution of both major and trace-elements can be visualized 
in the images extracted from a single hyperspectral dataset (pixel size: 250 µm). Note the similar 
distribution pattern for Fe and Ge in sphalerite. 
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Nowadays we are faced with several challenges regarding mineral exploration and 
exploitation in Europe. The biggest accessible deposits have already been discovered and 
exploited, with some of those mines dating back of thousands of years. What remains now are 
the small and difficult to access deposits, leading to the needs of new and more sustainable 
mining methods. In the last years several projects like ROBOMINERS were started with the 
expectation to have relevant impact in social, technological, environmental and economical 
areas and aiming to help in (i) reducing EU dependency on import of raw materials, (ii) pushing 
the EU to the forefront in sustainable minerals surveying and exploration technologies and to 
(iii) improve resource efficiency and responsible sourcing.  

 
The main objective of the ROBOMINERS project is to develop a Bio-Inspired, Modular 

and Reconfigurable Robot Miner, equipped with selective mining perception and mining tools 
for small and difficult to access deposits. A consortium that includes geoscientists, roboticists 
and engineers is working to build a modular robot prototype (Technology Readiness Level 4 to 
5), design a new mining system via simulation and modelling and to use the prototype to study 
and advance future research on different areas of robotics and raw materials alike (Lopez et al. 
2020).  

 
ROBOMINERS will not reach its end-state by the end of the project. Therefore, it 

already prepares future development with visions for 2030 and 2050, coinciding with important 
EU targets (2030: reduce GHG emissions, more renewable energy; 2050: climate neutrality). 
These visions will impact the developments of robotics, selective mining and mining 
ecosystem. The considered methods and tools, although innovative at this point, will be 
continuously assessed, and compared to new technology developments in the relevant fields. 
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LIBS  

LIBS or Laser-Induced Breakdown Spectroscopy is a trending technique for rapid and 
flexible elemental analyses of solids, liquids or gases (e.g., Fabre, 2020). High-energy laser 
pulses ablate materials and induce a plasma, which emits light that is analysed by a 
spectrometer. The produced wavelengths or spectral lines are related to the elements present in 
the target material. LIBS can analyse a broad range of elements, with the important challenge 
of producing quantitative or semi-quantitative analyses on materials with a variable matrix, 
such as soils.  

 
The LIBS-SCReeN project 

The LIBS-SCReeN project is dedicated to the development of LIBS instrumentation and 
rapid screening protocols for mineral exploration. The aim is to rapidly detect elements 
considered as economically interesting (especially linked to Critical Raw Materials) or 
economically and environmentally damaging. The chosen pilot study in LIBS-SCReeN focuses 
on Belgian lead-zinc ores and associated elements such as germanium, indium, gallium or 
silver. In addition, rapid soil monitoring LIBS tools designed to detect lead, cadmium or arsenic 
are also evaluated in the framework of post-industrial revalorisation of mining sites. 

 
LIBS analysis of soils 

Soil moisture, grain size and density influence laser/matter interactions, plasma 
temperature and lifetime, which, in turn have an impact on the intensity of the spectral lines and 
their distribution, i.e. the relative intensity of the spectral lines of a single element. To mitigate 
these effects and obtain reliable LIBS measurements, dried soil material sieved at 75 
micrometers and compressed in pellets is usually used (Kim et al., 2013). The complex and 
high spectral resolution of LIBS signals (hundreds to thousands spectral lines are visible) 
combined with the variety of soil compositions may highly benefit from automated systems 
based on computer learning techniques. 
 
Materials and methods 

To start the experimental setup for soils in the LIBS-SCReeN project, two different soils 
are sampled from the Parc Leopold (Brussels) and from the Sclaigneaux reserve (Liège), a 
former industrial site known for its soils containing up to tens to hundreds ppm of zinc, lead, 
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copper, or cadmium. The aim is to investigate whether major, minor and trace-elements can be 
identified, and which type of corrections and algorithms are best applied to automatically i) 
distinguish the different soils and ii) identify the target elements.  

We analysed soil pellets from both sites 30 times by a small in-house LIBS instrument 
based on miniature DPSS laser producing 90µJ, 1.2 ns, energy pulses at 1029 nm with a 
repetition rate of 2.5 kHz. The light is collected by two fiber optics and a benchtop two-channels 
CMOS spectrometer without time gating (i.e. the spectrometer records the light emitted during 
the entire plasma lifetime). This rather original setup allows a continuous ablation by thousands 
of laser shots and an accumulation of the produced light in a single spectrum with a relatively 
low background signal. The analysis is performed while slowly moving the sample during laser 
ablation, which allows to continuously renew the laser induced plasma sparks and produce an 
averaged spectral signature of the surface of the pellet. The 200 to 400 nm spectrum is given 
after subtraction of the dark signal, i.e. background light conditions before ablation.  

Mathematical techniques are used to enhance the spectral information, compare different 
soils, discriminate between soil samples and detect target elements. Firstly, to correct for 
fluctuations in background light intensity, baseline correction was applied using statistics-
sensitive Non-linear Iterative Peak-clipping method (SNIP). The obtained spectra are 
normalised and multivariate principal component analysis (PCA) is applied for comparing the 
two soils samples and identify the spectral lines that contribute the most to their discrimination.  

 
Preliminary results and perspectives 

The in-house low-energy, high-repetition miniature LIBS instrumentation recently 
developed at RBINS with a slow sample movement protocol succeeded to produce specific 
spectral lines of major and minor elements. Si, Ca, C, Al, Mg, Fe, Ti and Mn were easily 
identified. Na and K could not be identified since their lines fall outside the spectrometer range 
or overlap with Zn lines. Zn and Pb and maybe some Cu were identified in the Sclaigneaux soil 
and small peaks of Zn were identified in the spectra of the soil from Brussels. Cd, As and Ni 
were not detected while these elements are probably present in the Sclaigneaux soil.  

PCA analysis shows we can clearly discriminate between the two soils (Brussels and 
Sclaigneaux) based on their LIBS spectral profile. The spectral lines that showed to be retaining 
most variability and thus are most relevant in differentiating between the soils were 
corresponding to both major and minor elements as listed above. Trace elements, present at 
ppm-levels, are still difficult to identify. Another drawback in the analysis is the problem of 
overlapping peaks. We are continuing our efforts for optimizing the analytical protocol to 
increase sensitivity towards trace elements or elements with strongly overlapping spectral 
profile.  

The rather original, easy-to-use, and relatively portable instrumentation and protocol 
needs to be further tested with soils with known composition (ground-truth measurements) and 
compared to results obtained with the bench LIBS instrumentation developed at UMONS to 
develop semi-quantitative analyses.  
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Session 9- Polar Sciences and Ice-sheets 

9.1. Polar Sciences and Ice-sheets 
 
Conveners: 
Xavier Fettweis (ULiège), François Fripiat (ULB), Frank Pattyn (ULB) 
 
This sub-session will explore our 
understanding and quantification of 
past, present, and future 
interactions in the Polar Regions 
and the consequences for the earth 
system and society. We particularly 
invite contributions presenting the 
recent advances in future ice sheets 
and sea-level changes, 
atmosphere-sea ice-ocean 
processes, and biogeochemical 
cycling in the Polar Regions. Finally, 
this session will be an opportunity to bring together modelers and observational 
scientists to share information, identify common problems, and seek collective 
vision and endeavors for Belgian research in Polar Regions. 
 
9.2: Permafrost 
 
Conveners: 
Sandra Arndt (ULB), Sophie Opfergelt (UCLouvain), Bjorn Tytgat (UGent) 
 
Permafrost, the ground that remains at or 
below 0°C for more than two consecutive 
years, underlines about one quarter of the 
exposed land surface in the Northern 
Hemisphere. In addition, the wide Arctic 
shelf hosts a large, yet poorly quantified 
reservoir of subsea permafrost- a 
terrestrial relict that mainly formed during 
glacial periods when the shelf was exposed 
during low sea level. The Earth’s high 
latitude regions are warming twice as fast 
as the global average. As a consequence, 
permafrost thaw unlocks previously frozen material which becomes available for 
biogeochemical reactions, with cascading, yet poorly known effects on the 
terrestrial and aquatic ecosystems, carbon and nutrient cycling, as well as Arctic 
greenhouse gas budgets and thus climate. In this session, we welcome 
contributions related permafrost-climate feedbacks, the impacts of permafrost 
degradation on Arctic biogeochemical cycling, ecosystems and hydrology, past 
permafrost dynamics as a key to future projections, Alpine permafrost systems, 
permafrost microbial ecology, remote sensing of permafrost dynamics, subsea 
permafrost, and thermokarst processes. 
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Methane hydrates located in upper continental slopes and associated with subsea permafrost 
are highly susceptible to dissociate (break apart and release methane) as the ocean continues to 
warm (Ruppel & Kessler, 2017). The dynamics and timescales of benthic methane seepage 
triggered by hydrate dissociation are critical in understanding the impact of methane hydrates 
on the ocean–atmosphere carbon system, and yet, remain poorly constrained. Previous 
modelling efforts show that ocean bottom warming over the next centuries will result in a 
decrease in the methane hydrate deposits, leading to methane seepage to the seafloor and an 
increase in ocean acidification, with the Arctic, being one of the most affected regions 
(Boudreau et al., 2015; Kretschmer et al., 2015; Biastoch et al.,2014; Marin-Moreno et al., 
2013). 

On a global scale, methane released from hydrates can be consumed at several stages during its 
transport through the sediment and the overlying water column. In particular, more than 80% 
of the methane migrating within the sediment can be microbially consumed via oxidation before 
it escapes into the water column (Hinrichs & Boetius, 2002; Reeburgh, 2007). However, active 
supplies of methane gas at shallow depths (Wallmann et al., 2006), slow microbial growth 
(Regnier et al. 2011) or insufficient intrusion of sulfate in recent sediments (Ruppel & Kessler, 
2017) may lead to methane seepage at the seafloor before benthic sink processes can have a 
large mitigating impact. The DIC outflux through the SMTZ contributes to alkalinity or carbon 
dioxide in different proportions to the water column, depending on the rates of authigenic 
carbonate precipitation and sulfide oxidation and will significantly impact ocean chemistry and 
potentially atmospheric dioxide (Akam et al., 2020). 

Here, we present a 1D thermo-hydro-(micro)biogeochemical hydrate model developed to 
improve the quantitative understanding of the benthic methane sink  and assess the potential 
impact of hydrate-related methane fluxes on ocean acidification. The thermo-hydraulic 
formulation accounts for multi-phase transport of methane and allows capturing the dynamics 
of hydrate formation and dissociation in the pores media. The (micro)biogeochemical reaction 
network accounts for the main redox and equilibrium reactions (including, aerobic degradation 
of organic matter, denitrification, organoclastic sulphate reduction (OSR), methanogenesis, 
nitrification, sulfide re-oxidation and aerobic/anaerobic oxidation of methane (AeOM/AOM)) 
that drive methane, total alkalinity, total sulfide and dissolved inorganic carbon 
production/consumption in oxic and anoxic marine settings. In particular, the AOM rate can be 
expressed as a bioenergetic rate law, which explicitly resolves the dynamics of the microbial 
community to represent transient changes in the biofilter efficiency and thus capture windows 
of opportunity for methane to escape to the water column. 
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The Greenland ice sheet (GrIS) is a key contributor to see level rise (Oppenheimer et al., 2019). By 
melting in surface, ice sheet is thinning and reaches higher temperature which accelerate the melting 
processes coming from Global Warming. The main goal of our research is to improve the representation 
of this melt-elevation feedback, which is crucial to determine how and when GrIS will melt and will 
involve in a near future, by coupling different kind of numerical models. 

The difficulty to model this feedback relies on the fact that ice sheet models (ISMs) can reproduce the 
dynamic of the ice sheet and thus provide an evolution of the surface elevation, whereas (regional) 
climate models (RCMs) can represent the ice/snow and atmosphere interactions trough the surface mass 
balance (SMB) and its components. A coupling between these two kind of models appears as a solution 
and has already been accomplished (Le clec’h et al., 2019). However, responses of ISMs to a same 
forcing field may be quite different, while SMB from different RCMs are relatively more similar with 
the same forcing (Goelzer et al., 2018; Fettweis et al., 2020). Coupling could therefore be dependent of 
which ISMs are used. 

To avoid a coupling, costly in computing time, SMB vertical gradient as a function of local elevation 
variations could be used by ISMs to correct SMB forcing fields (Franco et al., 2012; Helsen et al., 2012). 
Nonetheless, these SMB gradients are computed with a RCM using a fixed topography, which could 
introduce biases if the surface topography vary significantly. 

Here we decide to full couple the regional climate model MAR (Modèle Atmosphérique Régional, 
developed in Uliège, Fettweis et al., 2017) specifically developed to run polar climate and forced at his 
lateral boundaries by CESM2 (a CMIP6 Earth System Model, scenario ssp585), with the ISM PISM 
(Parallel Ice Sheet Model, developed in Postdam Institute for climate change research, PIK, Germany 
and in Unervesity of Alaska Fairbanks, UAF, USA, Winkelmann et al., 2011). The coupling means that, 
each year, we exchange ice thickness from PISM to update the topography and ice mask of MAR, and 
SMB fields from MAR to update forcing fields of PISM. 

First of all the aim is to analyze what became the GrIS in 2200 with this extreme scenario. By comparing 
our coupled simulation with an uncoupled simulation, we have assessed the extent to which changes in 
surface elevation require the use of a coupling. This comparison also allows us to highlight the physical 
processes that are impacted by this change in surface topography.  
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The Greenland Ice Sheet (GrIS) will be losing mass at an accelerating pace throughout the 21st 
century, with a direct link between anthropogenic greenhouse gas emissions and the magnitude of 
Greenland mass loss. Currently, approximately 60 % of the mass loss contribution comes from surface 
melt and subsequent meltwater runoff, while 40 % are due to ice calving. In the ablation zone covered 
by bare ice in summer, most of the surface melt energy is provided by absorbed shortwave fluxes, which 
could be reduced by solar geoengineering measures. However, so far very little is known about the 
potential impacts of an artificial reduction of the incoming solar radiation on the GrIS surface energy 
budget and the subsequent change in meltwater production. By forcing the regional climate model MAR 
with the latest CMIP6 shared socioeconomic pathways (ssp) future emission scenarios (ssp245, ssp585) 
and associated G6solar experiment from the CNRM-ESM2-1 Earth System Model, we estimate the local 
impact of a reduced solar constant on the projected GrIS surface mass balance (SMB) decrease. Overall, 
our results show that even in case of low mitigation greenhouse gas emissions scenario (ssp585), the 
Greenland surface mass loss can be brought in line with the medium mitigation emissions scenario 
(ssp245) by reducing the solar downward flux at the top of the atmosphere by ~40 W/m2 or ~1.5 % 
(using the G6solar experiment). In addition to reducing global warming in line with ssp245, G6solar 
also decreases the efficiency of surface meltwater production over the Greenland ice sheet by damping 
the well-known positive melt-albedo feedback. With respect to a MAR simulation where the solar 
constant remains unchanged, decreasing the solar constant according to G6solar in the MAR radiative 
scheme mitigates the projected Greenland ice sheet surface melt increase by 6 %. However, only more 
constraining geoengineering experiments than G6solar would allow to maintain positive SMB until the 
end of this century without any reduction in our greenhouse gas emissions. 
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The Arctic shelf is the largest shelf on Earth and hosts vast amounts of subsea permafrost and 
associated gas hydrates buried in its sediments (Sloan and Koh, 2007). These large carbon reservoirs 
have been slowly destabilised by the immersion of the shelf in response to sea level rise since the Last 
Glacial Maximum. Projected anthropogenically induced climate change and ocean warming will 
accelerate this destabilization, increasing the risk of vast amounts of methane (CH4) release from the 
shelf to the ocean-atmosphere system with important implications for global warming. However, in 
general, not all CH4 that is produced in marine sediments escapes to the water column, let alone the 
atmosphere. Efficient CH4 sinks generally consume a large fraction of the flux. In particular, the benthic 
CH4 sink - the complex interplay of multiphase methane transport and microbial oxidation processes - 
acts as an efficient biofilter that can completely consume CH4 fluxes anaerobically before they reach 
the seafloor. Nonetheless, the efficiency of this microbial filter is highly variable (0-100%) and depends 
on a complex interplay between fluid flow and microbial dynamics, as well as on the presence of CH4(g) 
and dissolved sulfate. In addition, under certain circumstances, the benthic CH4 sink also supports 
enhanced benthic alkalinity (ALK) effluxes with important, yet largely overlooked implications for 
ocean pH and CO2 emissions. Therefore, the full environmental impact of Arctic CH4 release to the 
ocean-atmosphere system, as well as its feedbacks on Arctic biogeochemical cycles and climate, still 
remains poorly quantified.  

Here, we use an integrated model-data approach to quantitatively assess the full biogeochemical 
impact of deep CH4 fluxes at active seep sites on the Eastern Siberian Arctic Shelf sampled during the 
SWERUS project (Brüchert et al., 2018). We quantify the efficiency of the benthic Anaerobic Oxidation 
of Methane (AOM) barrier, as well as its impact on benthic CH4, Dissolved Inorganic Carbon (DIC), 
and ALK effluxes. Results reveal that AOM is generally a very efficient barrier that consumes almost 
100% of the deep CH4 flux, although the efficiency at seep sites can be significantly reduced. In addition, 
AOM produces DIC and ALK that locally increase the porewater pH, resulting in a porewater saturation 
with respect to calcium carbonate minerals (ΩCal). The quantitative assessment of the AOM process on 
the Arctic Ocean pH thus needs to include the potential effects of sedimentary carbonate precipitation 
on the DIC to ALK ratio of the benthic effluxes. 
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Permafrost are permanently frozen ground found in northern latitudes. Deposits in permafrost 
regions store significant amounts of carbon, estimated at 1400 - 1600 GtC. Yedoma deposits, 
defined as ice-rich permafrost, contribute significantly to this carbon stock. With global 
warming, Yedoma deposits are likely to undergo abrupt thaw leading to thermokarst collapse, 
resulting in the formation of Alas deposits. The organic carbon stored in these frozen deposits 
could be exposed to microbial mineralization upon thaw, be released as CO2 or CH4 in the 
atmosphere and amplify global warming. However, many uncertainties remain on the subject, 
including the role of mineral elements on the mineralization rate of this carbon.  

This study focuses on the evolution of the different forms of iron (i.e., crystalline, amorphous 
or complexed forms) during abrupt thaw of an ice-rich permafrost profile and its impact on 
organic carbon release. We analyzed four sediment cores from central Yakutia (Siberia) 
representative for progressive stages of thermokarst processes (i.e., Yedoma dry, Yedoma lake, 
Alas dry and Alas lake). The concentrations of total iron and iron selectively extracted using 
dithionite-citrate-bicarbonate (DCB), ammonium oxalate, and Na-pyrophosphate were 
measured. The organic carbon bound to these iron pools was also selectively extracted. We 
found i) a lower concentration of well-crystallized iron in Yedoma deposits that have already 
undergone abrupt thawing during the Holocene, and ii) a lower concentration of complexed 
carbon in samples underneath lakes, under anoxic conditions, compared to samples from drier 
areas (Figure 1). 
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Figure 1. Schematic of the evolution of iron and carbon within the deposits from the four 
sampling site (Yukechi, Siberia): 1) Yedoma dry, 2) Yedoma lake, 3) Alas dry and 4) 
Alas lake.  
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Subglacial environments are dynamic environments that support active ecosystems and complex 
biogeochemical reactions driven by a range of physical processes, challenging previously held notions 
that subglacial environments are inactive, lifeless regions (e.g. Sharp and Tranter, 2017). These 
ecosystems and processes have impacts on other earth systems with implications for biodiversity and 
economic considerations (Wadham et al, 2013, Hawkings et al, 2014). Another pressing concern is how 
climate change may also affect subglacial processes. Our understanding of these processes however is 
hampered by the difficulty of directly observing the subglacial environment in any comprehensive 
manner.  

In the absence of direct observations, creating computer models of the subglacial environment is an 
attractive solution. Hydrological models of glacial environments have been in use for decades, while 
biogeochemical modelling has long been used by the geochemical community, although combining 
these approaches in one model has not yet been applied to the study of subglacial environments. To that 
end, we are developing a coupled hydrological-biogeochemical to investigate processes in subglacial 
environments, with particular focus on large ice sheets such as those in Greenland and Antarctica. We 
are also aiming towards an eventual goal of creating a modelling tool open for use and modification by 
the subglacial community. 

Our preliminary efforts have focused on using data from a glacial hydrological model and applying that 
to a basic geochemical framework to model potential processes at the Leverett Glacier, Greenland. We 
present preliminary results of modelled chemical weathering processes and CH4 production and compare 
these to known outflow data from Leverett. We also identify key directions for future development and 
highlight potential applications for the model to investigate other subglacial processes.  
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As the world’s oceans warm in the coming centuries, the temperature rise in the Arctic Ocean 
is expected to be even more pronounced because of Arctic amplification. As bottom water 
temperatures rise, the thawing of the subsea permafrost, believed to contain ~560 PgC of 
potential reactive organic matter (OM; Sayedi et al., 2020), is likely to accelerate. The projected 
thawing of the subsea permafrost will lead to a “reactivation” of this previously frozen and 
inaccessible OM. Bacterial degradation will resume, converting OM into methane (CH4). The 
amount of CH4 ultimately released into the Arctic Ocean is currently uncertain and the subject 
of debate, as a yet poorly understood portion of the CH4 is consumed before it reaches the water 
column. In particular, the benthic CH4 sink – the complex interplay of multiphase CH4 transport 
and microbial oxidation processes – acts as an efficient biofilter that can completely consume 
permafrost-derived CH4 fluxes before they reach the seafloor. Yet, the efficiency of this 
microbial filter is highly variable (0-100%) and can be significantly weaker if a large fraction 
of the produced CH4 is transported in gaseous form (phase inaccessible to the microbial 
community).  

The production of CH4 gas on the Arctic shelf will vary between hundredths and tens of 
PgC by 2100, and it seems anaerobic oxidation will only consume part of the dissolved CH4 
(Ridolfi et al., in preparation). The rest will accumulate in porewaters, facilitating the formation 
of free gas when saturation is reached. Therefore, we aim to provide a quantification of potential 
gaseous CH4 escape from projected permafrost thaw on the warming Arctic shelf by using a 
pseudo-3D reaction-transport model. The model is used to quantify multiphase CH4 production 
and transport for different warming scenarios over the entire Arctic shelf. Darcy’s law is used 
to describe the migration of the free CH4 gas phase. Then, we evaluate the sensitivity of the 
model to the variability and uncertainty in the key controls on benthic CH4 cycling: the quantity 
and reactivity of subsea permafrost organic matter, and the permeability of the sediments 
through which CH4 is transported.  
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Abrupt permafrost thaw leads to changing redox conditions (Figure 1), thereby affecting 
manganese forms and their potential role in organic carbon stabilization. We analyzed four 
sediment cores from Central Yakutia (Russia) representing progressive thermokarst processes, 
from continuously frozen Yedoma deposits (Windirsch et al., 2020) to an Alas lake in a 
Holocene thermokarst basin that underwent multiple lake generations (Jongejans et al, 2021). 
We analyzed total manganese concentrations and manganese selectively extracted with 
dithionite-citrate-bicarbonate (DCB), oxalate and pyrophosphate. In addition, we analyzed 
organic carbon selectively extracted by oxalate and pyrophosphate. We also determined the 
main crystalline minerals by X-ray diffraction analyses.  

We found that i) selective extractions by DCB, oxalate and pyrophosphate are valid for 
quantifying manganese phases, and ii) thermokarst processes influence interactions between 
manganese and organic carbon in ice-rich permafrost. 
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Figure 1: Evolution of redox conditions in response to progressive thermokarst processes: a) 
Surface subsidence and thaw lake development b) Lake drainage and sediment 
refreezing c) Second generation surface subsidence and thaw lake development. 
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Climate warming strongly affects the Arctic region by creating soil subsidence, increasing 

thaw depth and modifying water table depth. Thawing permafrost unlocks deeper soil mineral 
nutrients that may boost plant growth, and generates microtopography that may induce 
contrasted local soil moisture conditions. According to soil subsidence and drainage capacity, 
shift in vegetation through the Arctic and sub-Arctic region may vary, with sedges (as part of 
graminoids) expanding through wetter lowlands and shrubs expanding through drier uplands. 
Consequently, changes in the composition of Arctic tundra vegetation may influence local 
mineral element cycling through litter production, but this remains poorly constrained. In order 
to evaluate the influence of permafrost degradation on litter composition, we determined foliar 
mineral element stocks and annual litterfall fluxes from a typical Arctic tundra. We measured 
foliar elemental composition (Al, Ca, Fe, K, Mn, P, S, Si, and Zn) of leaf samples from 7 
vascular species and 6 non-vascular species (mosses and lichens) from two contrasted Alaskan 
sites, i.e., under experimental (CiPEHR) and natural (Gradient) warming. We found that foliar 
composition is specific to the species and independent of the permafrost degradation. Therefore, 
the shift in the tundra vegetation related to climate change is expected to mostly influence the 
change in litter mineral element composition.  

Upon sedge expansion, foliar mineral element stocks largely increased for elements 
highly concentrated into sedge leaves, such as Si (i.e., Si foliar stock increased ~4 times over 8 
years of warming experiment and related sedge expansion). Upon shrub expansion, foliar 
mineral element stocks increased for elements highly concentrated into shrub leaves, such as 
Ca and Mn (i.e., Ca and Mn foliar stocks were ~1.5 times higher upon shrub- than sedgeland). 
As a cascade reaction, changes in foliar mineral element stocks related to the shift in vegetation 
led to changes in their annual litterfall fluxes, with an increase in Si annual foliar fluxes upon 
sedge annual litterfall, and an increase in Ca and Mn annual foliar flux upon shrub annual 
litterfall (Figure 1). Consequently, sedge and shrub expansion led to contrasted litter elemental 
composition, and thereby contrasted nutrient cycling, with implications for further vegetation 
succession across the Arctic tundra. 
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Figure: Changing element cycling upon shift in subarctic tundra vegetation from shrub to sedge 
upon permafrost degradation. 
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Nitrous oxide (N2O) is a potent greenhouse gas (GHG), and a major stratospheric ozone 
depleter with impacts comparable to CFCs. The recent growth in N2O emissions to the 
atmosphere exceeds the worst scenarios of the IPCC, which highlights the importance to limit 
N2O emissions but also to better constrain the underlying sources and sinks. There is a lack of 
data regarding natural sources, especially in polar regions. In addition, sea ice is still considered 
as an impermeable inert layer in most climate models.  

MOSAiC, the largest survey of the Arctic Ocean, aimed to gain fundamental insights 
that are key to better understand global climate change at the epicentre of global warming. R.V. 
Polarstern drifted with the ice for one year, from 2019 to 2020 in the Central Arctic. MOSAiC 
provided a unique opportunity to monitor N2O concentrations within sea ice over the complete 
sea ice life cycle. We observed that the imprint of sea ice growth processes on N2O 
concentrations lasts untill summer, with limited seasonal changes. The decoupling between 
N2O and salinity patterns within sea ice suggests that N2O is mainly stored in the gaseous phase 
(i.e., bubbles) in the sea ice matrix, which has consequences for N2O transport and air-ice 
exchanges. Sea ice is N2O oversaturated with respect to atmospheric concentrations from Fall 
to Spring, but undersaturated in the Summer. Therefore, assessing if sea ice acts as a source or 
a sink for atmospheric N2O requires a careful budget calculation of N2O in sea ice to account 
for the observed shift in N2O saturation.  

Further investigations on oxygen and nitrogen (N) isotopes of fixed nitrogen (i.e., nitrate, 
NO3-, ammonium, NH4+, dissolved organic N, DON, and particulate organic N, PON), will 
evaluate the biological contributions to N2O dynamics, and provide a mechanistic 
understanding of the microbial processes at play. 
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Fjord systems show an estimated burial of 18 Mt of C yr-1, which corresponds to approximately 
11 % of the C globally buried in marine sediments. Fjord system areas only represent the 0.12 % of the 
marine surface, which makes them the greatest carbon burial per unit area in the world, and a pivotal 
hotspot for the global carbon cycle. Thawing of ice sheets and glaciers caused by climate change which 
is known to be amplified in polar regions, releases additional dissolved organic matter and iron to fjord 
environments and polar coastal waters. 

In sediments, the carbon and iron cycles are tightly interconnected. Organic molecules can be 
adsorbed onto Fe(III) oxyhydroxides surface but also co-precipitate with dissolved Fe to forms organo-
mineral associations (Fe-OM). These processes are believed to participate into the preservation of OM 
from mineralization and facilitate organic carbon burial in sediments.   

Globally, based on the so-called ‘citrate-bicarbonate-dithionite’ (CBD) extraction, approximately 
21.5 ± 8.6% of total organic carbon in marine sediments from different depositional settings is believed 
to be bound within Fe-OM, in a process so called “rusty carbon sink” [1]. However, the CBD method 
may present some limitations. Chief among those is the need to run a “blank” extraction to evaluate the 
innocuity of high ionic strength used in the CBD method on the stability of loosely bound OC in 
sediment, that may actually lead to an underestimation of up to 33% of the Fe-OC association [2]. Here, 
we propose to use Flow-Through Reactor [3] to quantify Fe-OM in sediment. With respect to the CBD 
extraction, a slow but constant flux of Na-Dithionite is injected in the reactor, which result in a long 
time-course extraction that presents several advantages: (i) it allows to use a much lower concentration 
of Na-dithionite than in the CBD methods, hence limiting the destabilizing ‘salt-effect’ on loosely bound 
OC (ii) and it avoids the use of citrate as Fe(II)-ligand thus reducing the risk of artefacts. Further benefits 
are the possibility to work at a circumneutral pH, room temperature and with intact sediment. Overall, 
the Na-dithionite extraction that we are developing will mimic much better microbial Fe reduction, the 
metabolic pathways by which Fe-OM could be destabilized in sediment. The FTR setup could also be 
used to explore the fate of Fe-OM under changing environmental conditions (e.g. pH, salinity, redox 
conditions). 

This new FTR-Na-dithionite method was applied on synthetic Fe-OM with different crystallinity 
levels, Ferrihydrite 2 Line-C, Ferrihydrite 6 Line-C, Goethite-C. The organic compound used to 
synthetize these mineral association was xylan, a compound commonly found in green algae and thus 
naturally present marine organic matter. Quartz sand coated with Fe-OM minerals previously 
synthetized, was used to fill a 1 cm sediment plug, deployed inside the FTR. The FTR is connected to a 
peristaltic pump, that allows to have a constant flow of the solution. The extractions were performed 
with different concentrations of Na-Dithionite (50 g/L, 20 g/L, 10 g/L), for a length of approximately 2 
hours. Output solution was analyzed for DOC, Fe(II) and total Fe to follow the kinetic of the extraction. 
Further investigations will be conducted in Fe-OM from fresh sediment collected in the Scheldt Estuary 
(Belgium) and, in the future, in Fe-OM from three fjord sediments from Sweden: The Hake fjord, the 
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Gullmar fjord and the By fjord, that present different redox conditions, and will allow to evaluate the 
stability of Fe-OM associations in different environmental conditions. 
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The Arctic shelf hosts a large, yet poorly quantified reservoir of relic permafrost. It has been 
suggested that global warming, which is amplified in polar regions, will accelerate the thawing of this 
subsea permafrost, thus potentially unlocking large stocks of comparably reactive organic matter (OM). 
The microbial degradation of OM in the thawing and generally anoxic permafrost layer has the potential 
of producing and, ultimately, releasing important fluxes of CH4 to the atmosphere. Because CH4 is a 
potent greenhouse gas, such a release would further intensify global warming. However, the potential 
role of subsea permafrost thaw on microbial CH4 production and CH4 emissions from Arctic sediments 
currently remains unconstrained.  

Here, we use a nested model approach to address this critical knowledge gap. We developed a 
pseudo-three-dimensional reaction-transport model for permafrost bearing sediments on the Arctic shelf 
to estimate the production, consumption, and, efflux of CH4 on the Arctic shelf in response to projected 
subsea permafrost thaw. The model accounts for the most pertinent biogeochemical processes affecting 
methane and sulfur cycling in permafrost bearing marine sediments. 

It is initialized based on an existing submarine permafrost map (SuPerMap, [1]) and forced by 
a range of projected thawing rate scenarios derived from the Max Planck Institute Earth System Model 
(MPI-ESM) simulation results for the period 1850-2100. Critical model parameters, such as permafrost 
OM content and its apparent reactivity are chosen based on a comprehensive analysis of published 
experimental data. Here, we present the output of this environmental scenario ensemble. 

Simulation results reveal that CH4 production rates are highly sensitive to changes in the 
apparent reactivity of permafrost OM. Although simulated CH4 production rates vary over a large range 
(0.02-46 PgC produced over 250 years; 0.05-64 PgC produced over 250 years), they generally highlight 
the potential for producing and, thus releasing large amounts of methane from thawing subsea 
permafrost on the warming Arctic Shelf.  
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Global warming affects the Arctic and sub-Arctic regions by exposing previously frozen 

permafrost to thaw, unlocking mineral nutrients, stimulating microbial activity, and boosting 
plant growth. Initially composed of graminoids, forbs, deciduous and evergreen shrubs, mosses 
and lichens, Arctic tundra is subject to a shrub, forb and moss expansion, at the expense of 
graminoid species. For now, little is known about the intrinsic foliar properties of these plant 
species and how they may influence properties of the underlying litter. Therefore, we 
investigated vegetation foliar properties and litter properties (organic carbon, C/N ratio, cation 
exchange capacity (CEC), pH, and concentrations of major and trace elements), from a typical 
Arctic tundra across a natural gradient of permafrost degradation.  

Results show that vegetation foliar properties are intrinsic to plant species and do not 
depend on the permafrost degradation stage. Furthermore, the natural gradient of permafrost 
degradation showed contrasts in litter mineral element concentrations, related to the occurring 
shift in vegetation. For example, we found a decrease in silicon concentrations in the litter 
between the least and the most degraded permafrost site, which is concurrent with the decrease 
in graminoids (Si-rich plant species) and the increase in shrubs biomass (Si-poor plant species), 
upon permafrost degradation. Therefore, changes in vegetation composition may influence 
litter properties, such as C/N ratio, CEC and mineral element concentrations (Figure 1), which 
could in turn influence C dynamics with the change of nutrient availability for plant cover. 
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Figure: Changing litter elemental composition and properties upon shift in subarctic 
tundra vegetation from sedges (left) to forbs and mosses (right) upon permafrost degradation. 
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Session 10 - Quaternary and Anthropocene (BELQUA)  

Convener: 
Nathalie Fagel (ULiège) 
 
This session, organized by the BELQUA National 
Committee, aims to review ongoing Quaternary 
research in Belgium and abroad. The Quaternary has 
been redefined in 2009 by the International Union of 
Geological Sciences (IUGS) and the International 
Commission of Stratigraphy (ICS) after decades of 
debates (Keer 2008). The Quaternary is now considered 
as the youngest system within the Cenozoic erathem, it 
is composed by the Pleistocene and the Holocene series 
and its base is fixed at 2.6 Ma. The Quaternary is 
characterized by a high climate variability, with a 
succession of cold (glacial) and warm (interglacial) 
periods. These environmental changes influence all the compartments of the Earth 
system (i.e., atmosphere, hydrosphere, cryosphere, lithosphere, and biosphere). 
The Quaternary also corresponds to a major evolution of the Hominids with the 
appearance of the earliest Homo genus. The human induced environmental 
changes will progressively exceed the natural changes, leading to the definition of 
the Anthropocene. We invite any contributions dealing with any field of the 
Quaternary, from field campaign to climate modelling. 
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Bruges late medieval harbour in northern Belgium is considered as a gateway society 
where goods, people and thoughts were exchanged. The landscape was earlier subject to an 
extreme flooding event leading to a natural large tidal inlet. Thereafter, interactions between 
man and nature in the Zwin area, via hydraulic interventions such as construction of canals and 
dikes, transformed the landscape into a major artery of connectivity. In the north-east, a network 
of outer ports arose: Damme, Monnikerede, Hoeke and Mude near the sea-mouth at Sluis. 
However, after its medieval heyday, Bruges’ economy collapsed and the city and its outport 
network fell in disuse. This area has been covered by a thin layer of clay and spared from human 
activities, thus providing a huge potential for interdisciplinary paleoenvironmental studies.  

Microfossils such as diatoms and palynological proxies (pollen, spores and non-pollen 
palynomorphs) are used to reconstruct the past landscapes of the greater Zwin area during the 
Roman/Medieval Age periods. Diatoms allow to visualize the evolution of the aquatic 
environment while pollen, spores and non-pollen palynomorphs allow a reconstruction of the 
evolution of the vegetation.  

At Hoeke, a total of 28 regularly spaced subsamples were taken for palynological 
and diatom analyses below the embankment. The three lower subsamples belong to a peat 
layer and the 11 upper subsamples are part of a silty clay/clayey silt layer. The total pollen 
record shows several origins of the palynomorphs with the presence of eutrophic wetland (e.i. 
Alnus) and oligotrophic wetland (e.i. Sphagnum) but also dryland forest (e.i. Corylus avellana 
and Quercus robur). In the upper layer, saltmarshes taxa (e.i. Chenopodiacaea and Senecio-
type), marine (dinoflagellate cysts) and freshwater (Pediastrum) occur next to the 
palynomorphs previously cited. The diatoms were however only present in the subsamples of 
to the upper layer and in one subsample from the peat layer, and the assemblages are dominated 
by marine/brackish species (e.i. Paralia sulcata and Rhaphoneis amphiceros), typical from 
coastal deposits in Belgium and in the Netherlands. In conclusion, at Hoeke a natural coastal 
environment is recorded with the presence of an inceased peat layer.  

At Mude, 24 subsamples for palynological and diatoms analyses were taken from 
silty/clayey deposits. The main upper layer is an embankment structure consisting of a lower 
clay layer and an upper shell layer deposited by human as a waste layer. The pollen record 
contains a mixture of palynomorphs similar to those found in Hoeke. The diatom record shows 
mixed signals with on the one hand a natural coastal environment represented by the 
continuously presence of the marine/brackish diatoms (e.i. Paralia sulcata and Rhaphoneis 
amphiceros). On the other hand the high abundance of terrestrial diatoms (e.i. Hantzschia 
amphioxys) in the shell layer are confirm the presence of an embankment. Further research is 
ongoing below the embankment in order to visualize the natural coastal environment evolution. 

 The palynological analysis at the Aardenburg site was carried out in three deposits: the 
Pleistocene sand, the Roman layer and the marine sediments. A total of 16 palynological 
subsamples were analysed and only 5 subsamples from the Pleistocene sand and the Roman 
layer held sufficient and well-preserved diatoms. The results indicate that the Romans were 
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living in an occasionally flooded saltmarsh area that could have evolved into a mudflat 
environment by ever increasing flooding. This evolution ultimately would have led to an 
uninhabitable area during Roman times. In the upper marine sediment layer, we observe a 
lithological transition from clay to slightly clayey silt. At this depth, the saltmarshes taxa 
decrease while Poaceae and Cerealia-type sharply increase. Humans could have used the area 
as grassland for sheep in a passive agriculture or they could have actively used the land 
as arable fields for agriculture. 
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Knowledge on hydrologic connectivity is important to grasp the hydrologic response at 
basin scales as changes in connectivity can lead to soil erosion, floods and land degradation. 
The Lake Tana Basin in Ethiopia constitutes the headwaters of the Blue Nile River and is 
undergoing rapid developments and environmental changes. Given the numerous studies on 
climate, hydrology and geomorphology conducted in the area, we analysed to what extent 
hydrologic connectivity has been taken into account. Doing so, we aimed at identifying research 
gaps relevant for land and water management. 

Following a systematic quantitative approach (Pickering and Byrne 2014), publications 
available in the Web of Science and Scopus databases were identified by searching for “Lake 
Tana” in combination with terms relating to climate, hydrology, land use/land cover and 
geomorphology. The search yielded about 400 publications from which 135 publications were 
retained after removing duplicates and screening for relevance. Drawing on the conceptual 
framework for a “systems approach in sediment and water transfer” studies (Keesstra et al. 
2018), we analysed to what extent changing drivers of connectivity, and their structural and 
functional relations have been taken into account. We further investigated the spatial scales at 
which these aspects have been studied, and the kind of models used as analytical tools 
(descriptive, empirical, statistical or process-based). 

Amongst the drivers of changing connectivity, climate was covered in the majority of 
the publications (64%), land use and land cover in about half (52%) and specific land or water 
management issues, including soil and water conservation measures, only in a minority (17%) 
of the publications. Aspects of structural hydrologic connectivity were accounted for by 
considering geomorphology (54%) and soils (47%), and to a lesser extent by hydrography 
(16%) and geology (12%). Aspects of functional connectivity were covered by looking at 
surface water fluxes (61%), sediment fluxes (18%) and subsurface water fluxes (13%) (Figure 
1). More than half (54%) of the publications reported on research conducted in one, or several, 
of the sub-basins of the Lake Tana Basin. About one third (34%) looked at the whole basin, or 
considered it as part of the wider Upper Blue Nile Basin, while a few (7%) were concerned with 
Lake Tana itself, and even fewer (4%) reported on studies conducted at field or plot level. 
Process-based models – with SWAT as the most popular – often combined with statistical 
models, were the most used tools of analysis (43%), directly followed by statistical models 
(36%). Some of the publications (19%) were solely descriptive and very few publications (3%) 
relied on empirical models such as the RUSLE equation. 
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Most striking is that none of the publications took hydrologic connectivity explicitly 
into account, but covered connectivity only implicitly. The implicit connectivity has been best 
accounted for by using semi-distributed process-based models. As changes in rainfall and 
evapotranspiration directly affect hydrologic connectivity, it is encouraging that this topic has 
already been extensively studied. However, more attention has been given to future projections 
of climate while little attention has been paid to the interaction between past changes in climate 
and land uses. Also, the variation in the water infiltration capacity in relation to geology, 
geomorphology and soils has received little attention. At the basin level, the impact of soil and 
water conservation measures has hardly been studied nor has the contribution of gully erosion 
been well taken into account in hydrologic and sediment modelling. We argue that by taking 
hydrologic connectivity explicitly into account in future research, better insights into the effects 
on hydrologic processes of changing climate and land uses could be obtained. 

Figure 1 – Number of publications covering aspects of changing drivers of hydrologic 
connectivity, besides aspects of structural and functional connectivity, following the concepts 
proposed by Keesstra et al. (2018). One publication can cover multiple (sub)aspects. 

References 
Keesstra S, Nunes JP, Saco P, et al (2018) The way forward: Can connectivity be useful to design 

better measuring and modelling schemes for water and sediment dynamics? Science of The 
Total Environment 644:1557–1572. https://doi.org/10.1016/j.scitotenv.2018.06.342 

Pickering C, Byrne J (2014) The benefits of publishing systematic quantitative literature reviews for 
PhD candidates and other early-career researchers. Higher Education Research & Development 
33:534–548. https://doi.org/10.1080/07294360.2013.841651 

83
17

24
1

4
2

16
64

21
73

0
87

0
70

23

Water fluxes (surface)
Water fluxes (sub-surface)

Sediment fluxes
Biota/vegetation fluxes

Geochemical fluxes
Land and water management fluxes

Geology
Soil

Hydrography
Geomorphology

Tectonic
Climate/change

Fire regime
LULC/change

Land and water management

Fu
nc

tio
na

l
co

nn
ec

tiv
ity

St
ru

ct
ur

al
co

nn
ec

tiv
ity

D
riv

er
s o

f
co

nn
ec

tiv
ity

Number of publications

https://doi.org/10.1080/07294360.2013.841651


Geologica Belgica Meeting 2021, September 15-17, Tervuren, Belgium – Abstract Book, p. 282 
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The aim of this study is to reconstruct climatic variability and its impact on the 
environment in Northern Chilean Patagonia during the last millennium, using a multi-proxy 
analysis of sediment cores from Lake Esponja (45°09’S, 72°08’W) and Lake Bertrand (46°55’S 
72°50’W). The lakes are located in the Aysen del General Carlos Ibanez del Campo region of 
north-western Patagonia. Core LEs14 (150 cm) was collected in Lake Esponja in 2014 at a 
depth of 40 m and core LBb11A (161 cm) was collected in a sub-basin of Bertrand Lake in 
2011 at a depth of 21 m.  

XRF core scanner geochemistry and SCOPIX X-radiography were conducted at 1 mm 
sampling resolution. The lake sediments are mainly composed of clayey silts with some 
organic-rich layers. The XRF core scanner geochemistry indicates dominant detrital supplies 
(> 80%) into the Lake Bertrand. The organic matter mainly comes from the watershed. 
Correlations between sedimentological and geochemical parameters as well as instrumental 
data allowed the identification of precipitation proxies. A multivariate analysis was used to 
reconstruct the precipitation for the last 2200 years through the sedimentary sequences of the 
lake. Both the Little Ice Age and the Medieval Warming events are identified within these 
reconstructions.  

The obtained reconstruction was compared with each other and with paleoclimatic 
information obtained from lake sediments and other climate archives. The application of similar 
methodology to other Patagonian lake sequences would bring a more global vision of the 
evolution of the climate in Patagonia over the last millennia. 

Keywords 
Holocene, Patagonia, Precipitation, Lake sediment, XRF core scanner geochemistry, 

Little Ice Age, Medieval warm period 
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The Ethiopian landscape is characterized by a steep topography, resulting in an altitudinal 
zonation of climate and vegetation. Archeological evidence suggests that the relatively cool and 
wet highland environments might have served as human refugia during times of increased 
aridity in the warm and dry rift valley (Foerster et al. 2015). Long term human presence at high 
altitudes in SW Ethiopia is also shown by occupied rock shelters (Ossendorf et al. 2019) and 
sedimentological evidence of agriculture (Coltorti et al. 2019). The Ethiopian Highlands are 
even identified as a potential center of plant domestication for several crops including coffee 
and teff (Diamond 2002). 

A good insight into Ethiopia’s past vegetation would allow to shed light on vertical shifts 
of vegetation zones as a response to humidity fluctuations over time and could contribute to 
reconstruct Ethiopia’s agricultural history, which is still largely unknown. A dozen pollen 
studies have been conducted in Ethiopia, but almost exclusively using single-proxy and single-
location approaches, limiting the understanding of the past dynamics of a complex and zoned 
vegetation. This research aims to contribute to filling these research gaps by reconstructing the 
vegetation of the Gamo Highlands in SW Ethiopia, using a multi-proxy and multi-site approach. 
For this, several swamps and lakes were selected at different altitudes near the city of Arba 
Minch and sediment cores were collected for proxy analysis.  

The pollen data obtained from a peat core from the wetland at Gelba (2300 m asl) will be 
presented. At this site, the Late Glacial is characterized by elevated values of afroalpine and 
ericaceous taxa, as well as podocarp and juniper pollen and high charcoal values. Around 13 ka 
BP the percentage of afromontane pollen starts to increase. This vegetation change can be 
linked to the wet and warm conditions of the African Humid Period. A shift to more arid 
conditions is observed around 6.5 ka BP, shown by an increasing abundance of taxa from the 
wooded grassland zone. A final sudden shift in the vegetation composition is observed around 
two thousand years ago, simultaneously with a rise of charcoal and coprophilous fungi. This 
zone can be interpreted as a reflection of significant human impact on the vegetation, confirmed 
by an increase of disturbance taxa in the pollen record. The proxy records created in this study 
will be used to create a long-term reconstruction of the landscape in the study area and to 
identify the natural or anthropogenic driving forces of the observed landscape changes. 
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This  interdisciplinary research  fits within the GOA project ‘High-tide, Low-tide’, 
studying  the connectivity of the local and global maritime trade networks during the late-
medieval heyday of Bruges, the transactions in commodities as well as the impact of residing 
foreigners on material culture. To understand this connectivity a geological  approach is 
included, as Bruges’ development as  the capital of the maritime cultural landscape, is 
inextricably associated with the existence of a Zwin tidal channel, connecting Bruges itself  with 
the seashore.  Along the Zwin waterway several harbours, so called outports, got a piece of the 
pie and flourished.  

Special attention is paid to the reconstruction of the late Holocene sedimentary landscapes 
in the Zwin area  and more in particular the surroundings of the outport Hoeke.  The  geological 
research is based on the analysis and correlation of  2 types of subsurface data a) cores: 
undisturbed continuous mechanically-drilled cores made for this research and all sorts of 
archived cores, and b) electrical cone penetration tests (CPT-e). In the preparation of 
infrastructural works, a series of CPT-e’s were made in the vicinity of Hoeke by the Flemish 
department of mobility and public works (DOV-GEO-18/057).  Specifically for this project a 
series of new probes was carried out in 2019, a second one is  planned for the summer of 2021. 
Five undisturbed cores were executed nearby Hoeke and described in detail, paying attention 
to primary and post-depositional sedimentological characteristics. Based on the observed 
properties, a series of lithofacies have been introduced and associated into architectural 
elements  (sub-environments),  specific for the tidal environment in the area. 

In the current phase of the study it is clear that the Zwin area hides below its surface a 
complex late Holocene history. The late medieval “Zwin” mentioned in all historical texts, is 
not the only waterway that came into being.  Larger and deeper tidal channels, predating the 
late medieval one, are observed, indicating different hydraulics and infilling histories. 
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To understand the driving processes for changes in tropical ecosystems and related 
problems such as soil degradation, it is crucial to gain insight in the relative importance of 
human disturbance and climate change. Madagascar is known for its particularly high erosion 
rates in the central highlands, yet the role of human disturbance versus natural processes are not 
well understood and is a topic of ongoing debate. Recent studies have challenged the traditional 
view that the currently observed intense erosion processes and sediment fluxes in Madagascar 
are mainly driven by recent large-scale deforestation. However, at present almost no 
quantitative data is available to couple vegetation dynamics and sediment fluxes over time in 
Madagascar. This study aims to provide more insight in landscape changes (vegetation changes, 
sediment mobilization and deposition) in central Madagascar over the past 3000 years, and in 
the specific role of man and climate. The study focuses on the 1800 km² catchment of Lake 
Alaotra, located ca 200 km northeast of Antananarivo. Lake Alaotra is formed in a graben 
system in the highlands of Madagascar, and is the largest freshwater lake of the country (400 
km²). The lake is surrounded by a wetland area, which is partly converted to irrigated rice fields. 
Two pollen record from Lake Alaotra were used to reconstruct regional vegetation changes. 
Radiocarbon dates of extracted pollen provide a detailed chronostratigraphic framework. 
Sediment accumulation rates were calculated based on corings in floodplains, wetlands and lake. 
The vegetation reconstructions show an early opening in the landscape, between 2000 and 1700 
cal yr BP, with a change from a wooded grassland or woodland/grassland mosaic towards open 
grassland (Figure 1). Floodplain sedimentation rates only increase in the last 1000 years and 
peaks in the last 400 years (Figure 1). This increased sedimentation can be linked to both the 
onset of a climatic drying trend since 950 cal yr BP and increased anthropogenic pressure 
(grazing and farming activities) upon the arrival of humans and cattle in the catchment dated 
between 1000 and 600 cal yr BP. No changes in sedimentation rate are observed in the 
downstream wetlands and lake, indicating that most sediments are buffered in the floodplains. 
Overall, this study provides a spatio-temporal integrated reconstruction of vegetation changes 
in the Lake Alaotra catchment and the link with sediment mobilization and deposition, thereby 
providing a better understanding of environmental changes in central Madagascar and its 
driving forces. 
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Figure 1. (Top) Vegetation changes in the Lake Alaotra Region, based on two pollen cores in Lake Alaotra. 
(Bottom) Floodplain sedimentation in the catchment of Lake Alaotra, showing floodplain sedimentation rates and 
the relative cumulative probability function of all available radiocarbon ages of floodplain deposits (n=17). 
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Onshore tsunami deposits provide important information on long-term tsunami 

recurrence patterns in coastal areas. Their composition is mainly a function of the wave 
characteristics as well as the site-specific sediment system, bathymetry, onshore topography 
and flow conditions. Microfossils (e.g. foraminifera, ostracods, diatoms) are often used to 
identify tsunami deposits and differentiate them from other deposits. Foraminifera found within 
tsunami deposits mostly comprise allochthonous associations dominated by benthic intertidal 
to inner shelf taxa. Specimens may also originate from outer shelf to bathyal depths; even 
planktonic forms may occur. Furthermore, changes in test numbers, taphonomy, size or 
adult/juvenile ratios compared to background sedimentation are common (e.g. Hawkes et al., 
2020). However, post-depositional degradation (e.g. dissolution) of carbonate tests often 
prevents identification, thereby reducing their value as a proxy. 

This study aimed at developing high-throughput, metagenomic sequencing techniques 
to identify foraminifera assemblages in onshore extreme wave deposits from their 
environmental DNA (eDNA) signature (Engel et al., 2020). The project has sampled tsunami 
deposits from coastal peat sections at three sites on the Shetland Islands, UK, dated to 
approximately 1.5, 5.5 and 8.15 cal kyrs BP, respectively (Bondevik et al., 2005). 

Tsunami deposits were identified by using high-resolution grain-size analysis, CT 
scanning, multi-sensor core logging and geochemical analyses. So far, no foraminiferal tests 
were found in any of the tsunami deposits, whilst inter- to subtidal offshore source deposits 
show moderate to high foraminiferal concentrations. This contrast indicates severe post-
depositional dissolution of foraminifera in the onshore tsunami deposits, which are bracketed 
in between massive dystrophic peats. 

Building on the protocol outlined in Pawłowska et al. (2014), different DNA extraction 
methods for the different sample types were optimised. Subsequently, polymerase chain 
reaction (PCR) primers and protocols which would amplify the target 18S rRNA regions of the 
foraminifera DNA were tested.  Using the S14 F3 and S14 F1 ribosomal PCR primers we were 
able to amplify DNA and identify several foraminiferal taxa from modern offshore samples to 
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species level. However, this approach was less successful for the palaeo-samples which likely 
contained degraded DNA. Interestingly, when these primers were applied to tsunami deposits 
from the sites of Maggie Kettle’s and Dury Voe (cf. Bondevik et al., 2005), we were able to 
obtain DNA sequence data, which unequivocally originates from fish and shrimp, testifying to 
the marine origin of the deposit. 

Next, a modified protocol was developed using ribosomal PCR primers which would 
target shorter DNA fragments (i.e. 200 base pairs of length), and be more suitable for these 
deposits of high age. This new protocol, which also circumnavigated the a-specific 
amplification of DNA fragments of other organisms and possible time-associated DNA 
degradation, was finally successful for the PCR amplification of modern individual 
foraminifera, modern sediment and palaeo-tsunami sediment from a secondary study site. The 
first sequencing results of this palaeo-tsunami sediment were successful and the modified 
protocol will now be applied to the remainder of the Shetlands samples. 
Acknowledgements: Funding by a BELSPO BRAIN-be pioneer grant (BR/175/PI/GEN-EX) 
is gratefully acknowledged. 
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We evaluate the environmental variability of Northern Chilean Patagonia during the Last 
Millennia using a multi-proxy analysis of a sediment core from Lake Esponja (45°S 72°W). 
The lake is located in the region of Aysen del General Carlos Ibanez del Campo in NW 
Patagonia. The longest core (150 cm) was collected in 2014 at 40 m water depth. The sediment, 
which is composed of light brown organic-rich clayey silt, was analysed for sedimentology 
(grain size, magnetic susceptibility organic matter and biogenic silica content, diatom 
assemblages), mineralogy (X-ray diffraction), bulk geochemistry (C/N of organic matter, XRF 
core-scanner at 1 mm resolution) and glass shard composition (Microprobe, SEM-EDX).  

The finely laminated sediments were interrupted by coarser and darker millimetric to 
centimentric layers that correspond to tephra deposition related to explosive Holocene eruptions 
of the regional volcanoes Mentolat (1710AD), Macá (550AD), and Hudson (2 and 3.6 kyr BP). 
The radiocarbon ages, measured on bulk sediment and macro-remains, suggest that the core 
covers the last ~4 kyr with a mean sedimentation rate of 0.1 to 0.4 mm/yr. The age of the bottom 
core is constrained by the presence of an Hudson-related tephra.   

The laminations observed in Lake Esponja mainly reflect changes in the allochtonous 
detrital and volcanic inputs, also marked by changes in the chemical composition. The robust 
principal component analysis applied on the geochemical sedimentary composition of Lake 
Esponja evidences three groups of elements. The first group (Rb, K, Al, Si) indicates a control 
by fine detrital supplies enriched in clay minerals and K-feldspars. Within the same group, the 
high correlation between Al and Si evidences a dominant detrital origin for Si, consistent with 
both low abundance of diatoms in LEs14. The group (Zr, Ca, Sr, Ti) is related to coarse-grained 
fractions and/or to volcanic assemblages. The group 3 (Br, S, Zn) mainly represents the supplies 
of allochthonous organic matter by physical weathering and erosion in the watershed.  

In complement to the geochemical signal, the diatom evolution indicates 3 main zonations, 
evidencing variable water column conditions over time in terms of pH, lake depth and turbidity. 
(1) The dominance of planktonic species Aulacoseira and Staurosira emphases turbid lake 
conditions over the first part of the lake evolution (150-80 cm, 2000-200BC). (2) The planktonic 
species are replaced by benthic species in an intermediate interval (55-80 cm, 200BC-200AD). 
The high abundance of Surirella marks a change to more stable conditions, with calm and 
transparent water. The presence in sample 65-66 cm of Aulacoseira associated to only one 
benthic species (i.e., Cymbella spp.) records more turbid conditions due to sudden detrital inputs 
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and nutrient availability in the lake. This interpretation is supported by the presence of coarse 
massive layers recording perturbation of the watershed. (3) Within the upper 55 cm (< 200AD), 
Frustulia and Eunotia are indicative of a closed and more acidic basin. The closure of the basin 
may record a rejuvenation of the local Rio Mañihuales fault during a major historical earthquake 
along the Liquiñe-Ofqui Fault Zone (LOFZ) recorded by massive deposit in the Aysén fjord 
sedimentation ~2 kyr ago.  
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The Southern Ocean is the focus of most hypotheses for glacial-interglacial atmospheric 
CO2 change. Today, most of the deep ocean is ventilated in this region, and the rapid surface-
deep communication and the incomplete consumption of surface nutrients by phytoplankton in 
this region lead to the outgassing of deeply sequestered CO2 to the atmosphere. Fossil-bound 
nitrogen isotope measurements in the Southern Ocean suggest more complete nitrate 
consumption in its surface waters, supporting a key role for the Southern Ocean in ice age 
reductions in atmospheric CO2

[1,2]. In the Antarctic Zone, the more polar region of the Southern 
Ocean, the rise in the completeness of nitrate consumption coincides with evidence from 
proxies for a lower rate of export production. These two changes together point to lower gross 
nitrate supply to the surface and thus an apparent ice age reduction in the exchange of water 
between the surface and the underlying ocean[3,4]. However, these records are confined to the 
more northern waters of the Antarctic Zone (i.e., near the Polar Front), where surface waters 
are transported northward and enter the interior ocean mostly as intermediate waters, not 
southward and into the deep ocean. Here, we present new diatom-bound nitrogen isotope 
measurements from a site in the more southern Antarctic Zone, a region that ventilates most of 
the deep ocean but from which few high-quality Pleistocene sediment records have been 
recovered. Preliminary results are promising, supporting a reduction in the exchange of water 
between the surface and the underlying ocean at the glacial inception, when most of the decrease 
in Antarctic air temperature is recorded. This process may explain the first drop in atmospheric 
CO2 leading into the last ice age. In contrast, the record does not show a change at the next 
major transition to full ice age conditions. The finding is consistent with previous suggestions 
that this second drop in atmospheric CO2 does not derive from Antarctic changes but is rather 
the result of iron fertilization further north in the Subantarctic Zone of the Southern Ocean[5]. 
Thus, combining the new polar Antarctic Zone record with other records from the Southern 
Ocean leads to a remarkably complete explanation for glacial-interglacial CO2 change. 
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Formed where the Omo River discharges into Lake Turkana in north-western Kenya and south-
western Ethiopia, the Omo Delta is a very dynamic landform as it is subjected to a variable climate, 
changing land-uses and fluctuating lake levels. We investigated the delta’s spatio-temporal variation, 
based on freely available remote sensing data and attempted to explain these changes in terms of 
variation in rainfall, changes in land cover and irrigation perimeters, fluctuations in river discharges and 
lake levels. Distinguishing the impact of changes in climate from changes in land-use is particularly 
important in the light of climate change. 

We derived the extent and shape of the delta from Landsat imagery for the dry season  of each 
year between 1990 and 2018, then classified the images into land and water categories using a Random 
Forest classification algorithm (Fig. 1). Data driven statistical models including ordinary least square 
linear regression, multiple linear regression and Random Forest (RF) regression were used, with the 
delta extent as the response variable and annual rainfall (TAMSAT), forest cover (Global Forest Change 
datasets), river discharge (derived empirically from lake levels), lake levels, as well as irrigated 
perimeters delineated through visual interpretation from Google Earth Pro, as explanatory variables. 
The analysis was first carried out for the entire period and subsequently split into two distinct periods: 
1990-2003 and 2004-2018, since the drivers of delta changes were markedly different for these two 
periods. 

High overall accuracies (>98%) were obtained with the Random Forest classification algorithm 
for distinguishing land/water in the delta. The extent of the Omo Delta fluctuated between 949.3 km2 in 
1993 and 651.3 km2 in 2000. Lake level, which is directly dependent on rainfall variability and river 
discharge, was the single best predictor explaining delta extent fluctuations. Multiple linear regression 
analysis and Random Forest regression brings to light that the expansion of irrigated perimeters 
coincides with changes in delta extent. The data do not allow to establish any causal relations between 
development of irrigated perimeters and changes in the delta but nevertheless supports the hypothesis 
that besides natural drivers such as rainfall variability, anthropogenic activities affect the delta area. 
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Figure 1 - Variation in the area of the Omo Delta for the period 1990-2018. (a) Extent of the area 
based on Landsat images and determined by a Random Forest classification; (b) Area of the 
delta for the dry season of each year between 1990 and 2018. Since there were no cloud free 
dry season images for the years 1995, 1998 and 2010, the delta area for these years was 
imputed using the mean of the three adjacent years. (c) Extent of the areas that was 
persistently either water or land, next to area which was intermittently either land or water.  
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The East Asian summer monsoon (EASM) is an important component of the climate 
system, and it influences the economy and life of a large population. Numerous paleoclimate 
records have been used to reconstruct the long-term evolution of the EASM. The strong regional 
dependence of the EASM variation as recorded in various proxy records questions the relative 
role of ice sheets and insolation on the EASM precipitation in different sub-regions in East Asia. 
In this study, we used a Gaussian emulator based on simulations with HadCM3 to investigate 
the relative importance of the orbital forcing and ice sheets on the summer precipitation in 
different latitudes of the EASM domain over the last 800 ky. Sensitivity analyses are performed 
to quantitatively assess the role of different factors. Our results show that a strong precessional 
signal exists in the long-term variation of the summer precipitation in all latitudes, while 
precipitation shows a different degree of response to ice volume between the northern and 
southern part of the EASM domain. In the north of 25°N, the ice sheets only modulate the effect 
of insolation by influencing the land-sea pressure gradient. Reduced land-sea pressure contrasts 
lead to a weakening of the EASM. Accordingly, the water vapor flux from the Northwest 
Pacific, one of the major moisture sources for the EASM precipitation, is also reduced. In the 
southern part, EASM is more sensitive to the glaciation level. A southward shift of the 
Intertropical Convergence Zone and the Hadley cell in response to the ice sheet forcing explains 
the stronger drought in southern China than in northern China. The relationship between 
precipitation and glaciation level varies for different astronomical configurations, showing the 
necessity of considering the background astronomical forcing when discussing the effect of ice 
sheets on the EASM. 
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The speleothem oxygen isotope records from East Asia have been utilized to reconstruct Asian 
summer monsoon (ASM) variability over the last several hundred thousand years. However, what the 
isotope variation represents on orbital to annual timescales remains greatly debated. The high-resolution 
speleothem records combined with modern meteorological observation is essential for better 
understanding this problem. Here, we report a stalagmite δ18O (δ18Oc) record of the highest resolution 
(average of ~1yr) between 1730 to 8590 yr BP from the Majiaping (MJP) cave, Guizhou province, 
southwest China. This record is precisely dated based on the 14C dating method combined with 230Th/U, 
210Pb, and lamination counting dating methods. The result shows that the 14C dating method can establish 
a reliable chronology for stalagmites that cannot be dated by 230Th/U. The comparisons of the 
precipitation δ18O with the local temperature, rainfall amount, and moisture sources show that the δ18Oc 
record from southwest China is mainly controlled by the “amount effect” on annual to decadal timescale 
modified by ENSO. The consistent long-term δ18Oc trends among all monsoonal regions in the low 
latitudes of the northern hemisphere indicate that on the orbital timescale the δ18Oc trend reflects 
changes in the large-scale spatial circulation of the atmosphere, which is controlled by the changes of 
northern hemisphere summer insolation. Ensemble Empirical Mode Decomposition (EEMD) and 
Bernaola-Galvan Segmentation Algorithm (BGSA) analyses real that on the semi-millennium timescale, 
the δ18Oc of MJP stalagmite showed 8 weak East Asian summer monsoon events during 8.2ka BP, 7.3 
ka BP, 5.9 ka BP, 5.5 ka BP, 4.2 ka BP, 3.1 ka BP, 2.4 ka BP, 1.9 ka BP. The comparisons of the 
structural and forcing of the first 7 events with the last event show that the first 7 events correspond to 
the total solar irradiance and the 1.9 ka event could be related to the internal fluctuation of the Earth 
system controlled by the ENSO. On the interannual-multidecadal timescale, the δ18Oc shows the high-
frequency cyclicities of 3-7y and 30-70y which are related to ENSO and PDO according to modern 
instrumental weather records. However, the relationships among ENSO, PDO, and the δ18Oc are not 
constant during the Holocene. 
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Ethiopia is a mountainous country known for its distinct topography ranging from alpine 
environment to desert-like conditions along the rift valley. Topoclimate, orographic rains on 
windward slopes and leeward rain shadow control rainfall variability in tropical mountains (Van 
den Hende et al., 2021). Such variability has a substantial societal impact. For instance they can 
cause differences in susceptibility to geohazards and wealth of rain-fed agriculture farmers 
among the windward and leeward sides of the mountain. However, due to lack of detailed 
scientific knowledge, a one-size-fits-all approach has so far been used, without considering the 
inter-event rainfall variability. This study aims at characterizing and understanding the spatio-
temporal characteristics of the summer rain climatology over the Ethiopian 
highlands using regional climate model ALARO-0 at 4 km resolution. Multiple determining 
factors are explored including: wind (windward or leeward), rain (wet or dry 
day) categories, and elevation. These are used to categorize the diurnal cycles of different 
meteorological variables including wind, temperature, humidity and rainfall frequency and 
intensity. Ethiopia’s summer rain exhibits a clear diurnal and semi-diurnal pattern with the 
highest rainfall during the afternoon hours 1100–1800 EAT and the minimum values identified 
in the morning hours 0200–0900 EAT. During these peak hours, the mountain peaks receive up 
to 1.5mm hr-1 for as long as seven hours a day, while lowlands receive little to no rainfall at 
most of the times. Besides, windward events are found to have extended spatial and diurnal 
range of rainfall with respect to shorter duration on leeward events. The predominant afternoon 
maximum rainfall, as well as the prevalence of windward over leeward events and high 
orographic rainfall suggest terrain-induced ascent owing to thermal rather than wind-induced 
forcing (Kirshbaum et al., 2018).  

Moreover, the ALARO-0 model is found to reproduce well rainfall extremes. The 
recurrent flood hazard in lowland settlements such as Dire Dawa and Awash (Erena et al., 
2018), an area of little or no rain, comes after heavy rainfall in the Ahmar mountains. Similarly, 
flash flood in catchment headwaters and hydrological deficit in the flood-plains (Negash et al., 
2020), show higher rainfall with increasing elevation; where highland farmers mainly depend 
on rainfed agriculture while lowlanders could not harvest almost any crop unless supplemented 
by spate irrigation. This suggests the need for an alternative approach replacing the one-size-
fits-all management approach with a site-specific approach taking into 
account topoclimatic differences. 
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A question of time: dating Quaternary fluvial archives and landscapes  
 
Gilles RIXHON 

Université de Strasbourg (gilles.rixhon@live-cnrs.unistra.fr) 

A key topic in geomorphology, and more generally in all disciplines dealing with the 
shaping of the Earth surface (“surface geosciences”), addresses the study of processes and rates 
of landscape evolution. Quantifying these processes has increasingly become a central task in 
fluvial geomorphology, either on short timescales (i.e. 1-102 years; e.g. rates of bedload 
transport) or spanning the Quaternary (i.e. 103-106 years; e.g. fluvial incision rates in 
bedrock/valley formation). As for the second, dating fluvial landforms and associated material 
formed by river sediments from floodplains or terraces sequences has represented a recurring 
scientific challenge. Therefore, some of the main advances in fluvial geomorphology were 
closely intertwined with methodological developments achieved in Quaternary geochronology, 
the research field committed to generating chronologies of Earth’s history over the last 2.6 
Ma. Importantly, it allowed gaining valuable new insights into the drivers of landscape 
evolution: “Continuing advances in Quaternary geochronology have enhanced our ability to 
determine when events occurred, and thus to understand interactions between landscapes and 
potential controlling factors such as climate [, tectonics] and land use” (Wohl, 2013). This 
lecture will tackle some tight relationships between fluvial geomorphology and Quaternary 
geochronology by taking advantage of some case studies recently carried out in Belgium. It will 
also integrate the dating of fluvial archives and/or landforms closely associated to key Belgian 
archaeological sites as well.   
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Knowledge of sediment production mechanisms and their potential controlling factors 
contributes to our understanding of geomorphological processes. Previous studies highlighted 
the link between sediment yield and anthropogenic, e.g. agricultural practices, and natural 
factors, e.g. climate, topography, river runoff, lithology and vegetation cover (Milliman & 
Farnsworth, 2011). The steep western slopes of the Peruvian Andes shows different climate 
regimes (Poveda etal. 2020). The southern region presents arid climates and deserted vegetation, 
in contrast with the north region where tropical climates and abundant vegetation are observed. 
Likewise, a large number of agricultural and water regulation projects characterizes this area. 

However, the number of studies on sediment yield and its controlling factors are limited 
along the Peruvian Andes. The storm events rapidly mobilized the accumulated sediments in 
the mountain and piedmont areas during dry normal years. Most studies on the western slopes 
have focused on the Northern part of Peru and showed a three to 60 times increase of sediment 
yield during El Niño (ENSO) events compared to normal years (Morera et al., 2017). In the 
central part of Peru where the main reservoirs, irrigation systems, and water supply plants are 
located, few studies were realized (Morera et al., 2017; Rosas et al., 2020). They identified a 
lack of knowledge of the main environmental and anthropogenic controlling factors involve in 
the sediment production and transport. 

In this study, we identify the spatial patterns of sediment yield along the western slopes 
of the Peruvian Andes and analyze the main environmental controlling factors. Our study 
presents data on sediment yield of 21 sample sites (Figure 1). The data contains information on 
suspended sediment load from gauging stations, reservoir sedimentation and water turbidity. 
We used satellite-based data to derive topographic information: HydroSHEDS void-filled DEM 
(Lehner et al., 2008), daily precipitation data: PISCO product by Senamhi (Aybar et al., 2017), 
daily discharge: GloFAS-ERA5 global river dataset (Harrigan et al., 2020), lithological 
strength: global lithological map GLiM (Hartmann and Moosdorf, 2012), and vegetative cover: 
MODIS Land cover type product (Friedl and Sulla-Menashe, 2019). Our first results show a 
significant influence of the runoff and relief on sediment yield. Likewise, an important 
influence of percentage of cropland areas was observed. However these factors just explain the 
~50% of the sediment yield in the region indicating that further studies are needed.  
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Figure 1:  Spatial distribution of the measurement stations (1-21 dots) studied in the Peruvian 

western Andes. SSC: sediment concentration, TU: turbidity, BAT: reservoir bathymetric. 
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Paleo-studies require robust proxies and chronostratigraphic tools to understand and time 
geophysical processes. Both are sometimes intermingled mixed and difficult to assess. Chronological 
uncertainties further hinder accurate correlation of paleoclimatic series, limiting their interpretations. 
The use of an independent tool capable of 1) controlling accuracy of paleomagnetic records, 2) providing 
global chronostratigraphic constraints, 3) radiometrically dating sediments or other objects and 4) 
quantifying rates and dynamics of surface processes is therefore of significant interest. 

One such a tool exists: atmospheric cosmogenic radionuclide 10Be (see pioneering works by 
Didier L. Bourlès and others sum up in Braucher et al., 2021). However, the use of 10Be in different 
settings and for various purposes need to be carefully evaluated before being applied. The atmospheric 
10Be production results from spallation reactions when highly energetic galactic cosmic rays collide with 
oxygen and nitrogen atoms. Once produced, 10Be bounded to particles and is rapidly 
deposited/incorporated in sediments, snow, soils or ferromanganese nodules/crusts. Because 10Be and 
its stable isotope counterpart 9Be have independent origins, their ratio (i.e. authigenic 10Be/9Be ratio) 
can be use to estimate denudation rates or freshwater inputs changes (Simon et al., 2016a). Because 10Be 
decays (T1/2=1.39 Ma), it can be used to radiometrically date Mio-Plio-Pleistocene sedimentary archives 
(Simon et al., 2020a). At centennial to millennial time scales, reconstruction of 10Be production rates 
using the authigenic 10Be/9Be ratio clues on geomagnetic intensity variations (Simon et al., 2016b, 2018a, 
2018b, 2020b). This permits to test and improve the reliability, resolution and precision of 
paleomagnetic records. It also offers chronostratigraphic markers to synchronize sedimentary and ice 
records at global scale, particularly during geomagnetic excursions and reversals (Simon et al., 2017, 
2019). 

Here, I will present new authigenic 10Be/9Be ratio records obtained from several Plio- 
Quaternary marine sedimentary sequences and discuss how using 10Be can help improving magnetic and 
oxygen isotope stratigraphies; and reconstruct precise dynamics of geomagnetic excursions and 
reversals. I will show examples where 10Be/9Be ratio helped establishing radiometric chronologies in 
very different settings (marine and lacustrine sediments, nodule) and provide a reliable stratigraphic 
marker for the Global Boundary Stratotype Section and Point (GSSP) of the Middle Pleistocene 
Subseries. Along with these applications, I will show how the large dataset obtained within the frame of 
the ANR MAGORB and ERC EDIFICE research projects reveals new challenges on geochemical 
interpretation of 10Be records. 
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Despite significant progress in paleoclimate reconstructions and modelling of different 

aspects of the past interglacial cycles, the mechanisms which transform the impact of solar 
insolation variations into long-term and global-scale terrestrial vegetation changes are still not 
fully understood.  

Here using the Earth system model of intermediate complexity LOVECLIM, we 
performed simulations of the coevolution of climate and vegetation during MIS 11 and MIS 13 
setting the orbital forcing alone or both orbital forcing and GHGs as external forcings.  

Through simple and multilinear regression analysis, the results indicate the response of 
climate variables and vegetation cover to orbital forcing mainly controlled by precession during 
MIS 13 while by obliquity during MIS 11. On the other hand, the CO2 contribution show more 
important role during MIS 13. GHGs largely enhanced the impact of orbital forcing especially 
eccentricity during MIS 13 while reverse the effect phase of eccentricity during MIS 11. The 
effect of CO2 on climate variables and vegetation cover is of similar size to that of precession 
on these variables. 
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temperate river floodplains  
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Rivers convey mineral sediment and organic carbon through the landscape but also store a 
significant part in floodplains for varying amounts of time. Reliable quantifications of this storage 
component is necessary to understand the cascades and land-ocean transfers of sediment and 
organic carbon at longer timescales. In this study, the Holocene floodplain sediment and organic 
carbon storage was quantified for four medium-sized rivers in Belgium, located in the European 
loess (Dijle and Mombeek rivers) and sand belts (Grote Nete and Zwarte Beek rivers).  

 
The Holocene stratigraphy was reconstructed using 630 soil corings across 53 river valley 

cross-sections. Combining the stratigraphic reconstructions with measured sediment properties and 
126 radiocarbon dates allowed to quantify the total mineral sediment and organic carbon storage 
and reconstruct the Holocene storage trajectories. The results indicate that floodplains in the loess 
belt underwent a marked shift from peat-forming wetlands to a meandering river channel with 
overbank deposition of mineral sediment. The river floodplains in the sand belt show a more 
variable floodplain stratigraphy with alternating phases of peat formation and mineral overbank 
sedimentation. For each cross-section location, the total mineral sediment and organic carbon 
storage was calculated. Overall, the area-specific mineral sediment storage ranges between 3,097 
and 63,350 Mg ha−1, while the area-specific organic carbon storage ranges from 121 to 3,930 Mg 
ha−1. The area-specific mineral sediment storage is the highest for the river Dijle, with a mean 
storage of 43,090 Mg ha−1 floodplain area. Floodplain sediment storage is on average 4.4 times 
larger in the river catchments located in the loess belt compared to those in the sandy region. Similar 
differences, although less pronounced, can also be observed for organic carbon storage, with 
floodplains in loess catchments storing 2.6 times more organic carbon than floodplains in the sand 
belt. The organic carbon storage values for the Dijle and Mombeek rivers obtained in this study are 
higher than previously reported in other studies across the globe.  

 
In general, the reconstructed stratigraphies demonstrate that alluvial peatlands were quite 

common in the studied river systems throughout the Holocene. As a result, although active peat 
growth is limited in recent time periods, especially in the loess belt, a large fraction of the total 
Holocene organic carbon stock is stored in (buried) peat layers, ranging from 45.21% of the total 
organic carbon stock for the river Grote Nete to 75.03% for the river Zwarte Beek. The observed 
regional variability in floodplain storage shows to be controlled by river basin characteristics such 
as soil erodibility and long-term anthropogenic impact (land cover change). The marked shift from 
peat-forming wetlands to a meandering river system with mineral sedimentation can be related to 
an opening of the landscape and increased hillslope erosion since the Bronze Age, which accelerated 
during the Roman period and Middle Ages. Even more, the historic human impact trajectory has a 
strong impact on the position of the organic-rich peat layers relative to the floodplain water table. 
The relatively thick layer of overbank sediments in the loess belt protects the Early and Middle 
Holocene peat from oxic conditions and thus decomposition. As such the past floodplain 
development has a profound impact on the stability of the organic carbon stock to external factors 
in current times. 
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Today, oxygen-depleted marine environments are limited to oxygen minimum zones, 
restricted basins and sedimentary pore waters. Prior to the Phanerozoic Eon (more than 542 
million years ago) however, the global ocean hosted extensive anoxic regions. In the absence 
of oxygen, seawater should become either buffered by dissolved ferrous iron (ferruginous) or 
buffered by dissolved sulphide (euxinic). The development of redox proxies in the 1980s 
allowed, based on the geological record, to infer whether a water column was oxic or euxinic. 
Further refinements of these redox-proxies in the early 2000s extended this to ferruginous 
water-column conditions. Today, decades of research has generated a complex picture of spatial 
and temporal patterns in ancient ocean redox conditions. 

Unfortunately, none of the current suite of ocean models is capable of explicitly 
simulating anoxic water-column iron cycling. Consequently, there is no numerical model 
available that is capable of reproducing (and thus testing) the spatial and temporal redox 
patterns proposed in the literature. We have recently updated a 3-dimensional ocean-based 
Earth system model (cGEnIE.muffin) with a water-column Fe-S cycle (van de Velde et al., 
2021). This model is capable of reproducing complex spatial patterns of oxic, ferruginous and 
euxinic conditions. We illustrate the applicability and versatility of the cGEnIE model using 
example model runs of a hypothetical Proterozoic ‘shelf-world’ and for the end-Permian mass 
extinction (~251 Ma). We believe that our model description of the anoxic Fe-S cycle in 
cGEnIE presents a valuable tool to explore spatial patterns in Precambrian redox chemistry, but 
also during ocean anoxic event in the Phanerozoic, and on hypothetical (extra-terrestrial) worlds 
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Fluvial sediment sequences can preserve relevant information on paleo-climatic and 
physiographic conditions under which the sediments were deposited, and their source areas. 
However, the geochronology of braided river deposits remains challenging due to their variable 
deposition mode. In this research, we evaluated the potential of combining information from grain 
size analyses, elemental geochemistry and cosmogenic radionuclides (10Be) to better constrain the 
duration of sedimentary sequences and hiatuses. The study was realised on pebbly braided river 
deposits of the river Meuse. The Zutendaal gravels belong to Main Terrace deposits, and are 
considered to be deposited between 0.5 and 1.0 Ma under periglacial conditions. The 7 m high 
exposure at the geosite in As was described and sampled. Thirty-five samples were analyzed for 
grain size and eighteen for major and minor element composition on ICP-AES after metaborate 
fusion. From the elemental composition, we derived the indices: Chemical Index of Alteration,  
Al203/SiO2 , Fe2O3+MnO

Al2O3
 for weathering and Ti/Zr, Cr/Zr, Ba/Sr for provenance study. Fifteen 

samples were processed at the cosmogenic laboratory at UCLouvain for in-situ 10Be analyses, and 
were measured at the 500kV Tandy at ETH-Zurich.   

After integrating the datasets, we identified in the profile three units that show significant 
differences in grain size, weathering extent and that show distinct 10Be accumulation phases. Based 
on weathering indices only, two subunits could be identified in the upper unit. When the top of a 
fining upward sequence shows a particular increase in 10Be concentration in comparison with deeper 
samples, there is evidence for a hiatus that lasted > 5000 yrs. In the As quarry, this is observed in 
two of the three units only, and indicates that longer hiatuses were alternating with shorter (< 1000 
yrs) phases of non-deposition. Throughout the profile, there is an absence of a correlation between 
provenance and weathering extent indicating that weathering is essentially intraformational or post-
depositional. This study also illustrates the added value of contrasting 10Be cosmogenic data with 
provenance and weathering indices: it allowed us to identify variation in 10Be concentration that 
was associated to a particular deviation in provenance. As such, based on the elemental 
geochemistry, we could flag the aberrant isotopic data. In summary, we can conclude that evaluating 
co-variations between different types of data such as weathering, provenance, granulometry indices 
and 10Be concentration is a promising technique to constrain the (depositional history of sediments, 
and their aggradation mode. A next step is to quantify the effect of hiatuses on CRN accumulation 
using forward modeling of cosmogenic nuclide accumulation.  
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This study investigates the sedimentary sequences of Mexican crater lakes as climate-
sensitive archive of past environments. Crater lakes are closed hydrological systems, highly 
sensitive to weathering and climate conditions (Newton et al., 2005). Here we focus on the 
sedimentation record of one maar lake situated in the State of Michoacán, in Central Mexico 
(101° 27.5' W, 19° 12.7' N, 1480 m asl). La Alberca de Tacámbaro is a crater located in the 
western Trans-Mexican Volcanic Belt, in the Michoacán-Guanajuato Quaternary Volcanic 
Field (Ortega‑Guerrero et al., 2021). The basaltic crater is filled with a warm monomictic lake, 
slightly alkaline, with an early stratification starting in February (Ortega‑Guerrero et al., 2021). 
Central Mexico is highly sensitive to climate variability (Holmes et al., 2016). The site of 
Tacámbaro is characterized by all year-round warm temperature (average 18°C) and a 
pronounced dry season from November to April (tropical sub-humid climate) with 1140 mm of 
annual precipitation (Ortega‑Guerrero et al., 2021). At present the tropical climate of Mexico 
is dominated by the North American Monsoon (NAM), with a rainy season linked to the 
northward migration of the Intertropical Convergence Zone (ITCZ) (Caballero et al., 2016). 
The strength of the summer monsoon is affected by the El Niño-Southern Oscillation (ENSO). 
ENSO is a pseudo-periodic climate pattern involving variations in sea surface temperatures and 
winds over the eastern Tropical Pacific but with worldwide consequences on multi-annual 
climate variability (Caballero et al., 2016). 

According to its key location, the mechanisms which control interannual variability in 
Mexican precipitation are complex but interesting to reconstruct. For this purpose, a short 
lacustrine sediment core (LTa19, 94 cm) was retrieved in spring 2019 with a manual Uwitec© 
coring system. The sediments have been described by macroscopic and smear slide observation 
and analyzed for physical (magnetic susceptibility, grain size distribution by laser diffraction, 
loss-on-ignition for water content and organic matter abundance), mineralogical (X-ray 
diffraction on bulk and clay fraction) and geochemical (X-Ray fluorescence, C/N for organic 
matter origin) parameters with variable resolution. Sedimentation rate and dating of the short 
core will be done by the measurement of the geochronometers 210Pb and 137Cs.  

Continuous SCOPIX X-ray imaging system and XRF core scanner performed at 2 mm 
resolution evidence a finely laminated sediment with a few coarser and darker layers (see Figure 
1). A robust PCA will be applied to SCOPIX and XRF core scanner data to identify the different 
sedimentary components (detrital, volcanic or biogenic) and to link the sedimentary grey-scale 
levels with specific geochemical elements (e.g., Ti) or element ratios. Mineralogical 
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assemblages and geochemical composition of the sediments will be used to reconstruct the type 
(physical or chemical) and intensity of the weathering processes, both controlled by 
precipitation abundance. By applying the age model of recent sediments, the XRF elemental 
data or elemental ratios will be compared with regional meteorological data to validate any 
geochemical proxy for rainfall intensity in complement to XRF-Ti signal that was already used 
in former paleo-ENSO studies (Newton et al., 2005, Ortega‑Guerrero et al., 2021,…). Any 
validation of the sedimentary proxies would request a calibration with instrumental data 
retrieved from local meteorological station. The approach will be further applied to several 
crater lake sequences within the framework of the FNRS-funded HolMeCl project. 
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Figure 1. Sediment characteristics (SCOPIX X-ray image, color photograph, magnetic 
susceptibility) and a selection of XRF core scanner geochemical profiles (i.e., Al, Si, K, Br) of 
core LTa19, retrieved from the crater maar lake “la Alberca de Tacámbaro” in central 
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Session 11-Geophysics and Seismology  
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Thomas Lecocq (ROB), Frédéric Nguyen (ULiège), Adrien Oth (ECGS, Luxembourg) 
 
Geophysical techniques are widely 
used to characterise structures and 
dynamic processes in the 
subsurface. While numerous 
advances in experimental design, 
instrumentation, data acquisition 
and processing, numerical 
modeling, and inversion constantly 
push the limits of spatial and 
temporal resolution, the 
interpretation of the results often 
remains ambiguous. We invite 
contributions covering (but not limited to): Geophysical imaging or monitoring 
approaches such as seismic, electrical resistivity, electromagnetic or ground-
penetrating radar. Seismological studies using ambient noise to characterise 
subsurface structures and dynamic processes are welcome including volcano- and 
induced seismicity aspects; earthquake source studies; or groundwater related 
studies. 
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Volcanic activity has shaped the Eifel region in western Germany during the Quaternary, 
as evidenced by the presence of numerous volcanic features, such as maars and volcanic domes. 
The region is generally subdivided in a West and East Eifel Volcanic Field, with the latter 
remaining dormant ever since the eruption of the Laacher See Volcano 12,900 years BP. This 
event featured several phreatomagmatic and Plinian eruption phases and included volcanic vent 
migration and magma chamber collapse, resulting in the formation of a caldera subsequently 
filled with groundwater to form a lake, the present-day Laacher See. Magmatic recharge of 
crustal reservoirs beneath Laacher See and plume-induced deformation in the Eifel has recently 
been evidenced by deep microearthquake activity (Hensch et al., 2019) and ground uplift 
(Kreemer et al., 2020), respectively, resulting in an increased scientific attention towards the 
region. Furthermore, investigating indications of volcanic activity in the Eifel is of great 
importance, since the related hazards could pose a significant risk in this densely populated 
region.  

Current volcanic activity in Laacher See is most notably evidenced by several gas seeps 
(i.e. mofettes) in the lake and its surrounding shore, emitting CO2 of magmatic origin. During 
a survey in August 2019, several geophysical techniques were used to localize and image the 
CO2 seepage in the water column, as well as gas accumulation in the sedimentary infill of the 
lake. A Norbit 400 kHz multibeam echosounder was used to locate gas seeps in the water 
column, visible by their high backscatter intensity. The resulting map with the distribution of 
gas seeps is comparable to that of a previous study (Goepel et al., 2014) showing high 
concentrations of gas seeps along the old crater rims of the 12,900 years BP eruption. High-
resolution sub-bottom data, acquired with an Innomar SES-2000 quattro parametric sub-bottom 
profiler (10 kHz), show the presence of free gas in the subsurface, as evidenced by enhanced 
seismic reflections and acoustic blanking. Accumulated gas is present at different depths (5 to 
> 25 m) in the lake sediments, making it possible to map areas with high concentrations of free 
gas at different levels. Our results show that the subsurface gas accumulation often coincides 
with gas seep locations in the water column, with an especially large area of acoustic blanking 
in the center of the lake. 

Our preliminary data confirm that volcanic gas is actively migrating through the 
sedimentary infill and water column of Laacher See and illustrate the need for monitoring these 
gas migration processes. The upward migration of free gas through the lake sediments towards 
the surface still needs further investigation (i.e. what drives this migration processes, what 
determines its natural temporal and spatial variability, how much of the gas is of volcanic origin, 
etc.), but our results show that the use of high-resolution sub-bottom profiler data can help in 
precisely localizing free gas in the lake subsurface. The monitoring of gas seeps at Laacher See 
and a further understanding of its gas-laden sedimentary infill can ultimately contribute to a 
better volcanic hazard assessment in the Eifel region. 
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In the Carboniferous coal area of the Hainaut province in Belgium, a century of shallow 
seismic activity occurred from the end of the 19th century until the late 20th century. This 
seismicity is the second largest source of seismic hazard in NW Europe. In this sequence, five 
seismic events (Mw~4.0), that occurred on 3 June 1911, 3 April 1949, 15 December 1965, 16 
January 1966, and 28 March 1967, locally caused moderate damage to buildings to maximum 
intensity VII on the EMS-98 scale. For decades, the natural causality of this seismicity and its 
potential link with coal extraction is disputed due to uncertainties in earthquake location and 
depth. To tackle this discussion in the near future, we reviewed a century of intensity data 
collected by official macroseismic surveys held by the Royal Observatory of Belgium, press 
reports, and contemporary scientific studies.  

 
In this contribution, we present methodological advances on how we updated the 

magnitude, epicentral intensity and location, and depth of 123 Hainaut seismic events only 
using macroseismic data. We discuss the impact and damage of this unique seismicity on the 
building infrastructure and people. Our study highlights the capability of shallow (< ~6km), 
small-magnitude earthquakes to generate damage. The intensity dataset shows that inside the 
Carboniferous coal basin (that extends from Mons to Liège) intensity attenuates much faster 
than in the surrounding Paleozoic Brabant and Ardenne basements due to unique characteristics 
of the coal basin. Using the improved intensity dataset, we modelled a new Hainaut intensity 
attenuation law and created relationships linking magnitude, epicentral intensity and focal depth. 
The new attenuation model suggests that current (international) hazard maps overestimated 
ground motion levels in the Hainaut area due to the use of inadequate ground motion prediction 
equations. Hence, the model should be used to evaluate the potential impact of current and 
future, e.g. geothermal energy, projects in the Hainaut area and other regions with a similar 
geological configuration.  
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Figure 
 

 
 

Past seismicity in the coal mining area of the Hainaut province in Belgium. Seismicity (up to 
2020) colored in function of time and sized to magnitude. Black error bars show location 
uncertainty. Location, depth and magnitude and uncertainties of the seismicity between 1887 
and 1982 was reviewed using only macroseismic intensity data. Source: Camelbeeck et al. 2021. 

 



 
Geologica Belgica Meeting 2021, September 15-17, Tervuren, Belgium – Abstract Book, p. 315 

Insights from the new 3D fault model for eastern Flanders (northern Belgium) 
 
Jef DECKERS 1, Bernd ROMBAUT 1,  Katrijn DIRIX 1, Matsen BROOTHAERS 1, Timothy 
N. DEBACKER 2 

1. VITO, Boeretang 200, Mol, Belgium (jef.deckers@vito.be)  
2. TiBa ScConsulting / Geognostics; Hofmeierstraat 7, 9000 Gent, Belgium 

(tibadebacker@gmail.com) 
 
1. Introduction 

Eastern Flanders (northeastern Belgium) comprises two main Meso- and Cenozoic 
geological entities, called the Campine Basin in the west and the Roer Valley Graben (RVG) in 
the east. These entities contain successions of Upper Paleozoic, Mesozoic and Cenozoic strata 
and experienced faulting during several tectonic phases of both compression and extension, 
which resulted in a complex fault system.  

Based on mainly 2D seismic data and coal-mine information, fault-maps of the Paleo- 
and Mesozoic strata of eastern Flanders were created by Langenaeker (2000). These fault-maps 
were used by Matthijs et al. (2013) to create a 3D fault model from the surface up to the 
Paleozoic, as part of the G3Dv2-model of Flanders. In the latter model, Paleo- and Mesozoic 
fault traces of Langenaeker (2000) were extended into the shallow subsurface (Upper 
Cretaceous and Cenozoic) when indications for fault reactivations were found in the set of - 
generally widely spaced - deep boreholes. This approach makes it difficult to estimate the exact 
location, orientation and lateral extent of reactivated faults. In order to get a better image of 
Cenozoic fault activity, an updated set of 2D seismic data was re-interpreted from the Lower 
Carboniferous upwards in the context of the follow-up 3D model of the Flemish subsurface, 
called the G3Dv3-model (Deckers et al., 2019). The G3Dv3-model was constructed from 2014 
to 2019 by VITO for the Bureau for Environment and Spatial Development of the Flemish 
Government (VPO). For this model, faults were for the first time modelled and interpreted in 
3D from the Lower Carboniferous upwards. In addition,  a large number of stratigraphic layers 
were  interpreted on both seismic and borehole data and modelled into 3D-layers. These layers 
enabled us to make estimates on the timing and amounts of vertical throws along the newly 
modelled faults. The new fault and horizon models thereby provide the opportunity to study the 
kinematics of faulting and fault reactivation in the southern North Sea area. 

 
2. Dataset and methodology 

 
The G3Dv3-model comprises the geological units (groups, formations and members) 

and faults in the subsurface of Flanders, from the surface down to the Lower Paleozoic 
basement. The model was largely based on borehole data from the DOV database (“Database 
subsoil Flanders”; https://www.dov.vlaanderen.be/). In the western part of Flanders, the model 
represents a modification and refinement of the previous G3Dv2-model by Matthijs et al. (2013). 
In the structurally more complex eastern part of Flanders (Campine Block and RVG) however, 
the G3Dv3-model is an entirely new model. In the latter area, horizon and fault modelling - 
besides boreholes - also strongly relied on seismic data. Additional data such as gravimetric 
data, coal-mine information and topographic maps were used as secondary inputs. In parts of 
the border areas with the Netherlands, the Cenozoic 3D (hydro)geological layer and fault 
models of cross-boundary projects (so-called H3O-projects) were integrated in the G3Dv3-
model. These border areas include the RVG (H3O-Roer Valley Graben; Deckers et al., 2014) 
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and the northeastern part of the Campine Block alongside the RVG (H3O - Campine area; 
Vernes et al., 2018). 

The output of the G3Dv3-model consists of depth and thickness maps, geographic 
extents of units, fault lines, fault surfaces, etc.. The geological model is available at 
https://www.dov.vlaanderen.be/page/geologisch-3d-model-g3dv3. 

 
3. Results 

 
The G3Dv3-model provides interesting insights into the evolution of two major rifting 

phases and an inversion phase in eastern Flanders. The first rifting phase took place during the 
Jurassic (Cimmerian phase), or when the RVG possibly developed. This phase was succeeded 
by a Late Cretaceous inversion phase of the RVG. The second rifting phase occurred during the 
Cenozoic when the RVG was reactivated as part of the larger Roer Valley Rift System. The 
insights that the G3Dv3-model provides on the expression of the Late Cretaceous inversion 
phase of the RVG are yet discussed by Deckers et al. (2021), so this paragraph will focus on 
the two rifting phases.  

The G3Dv3-model shows that both the Cimmerian (Jurassic) and Cenozoic phases were 
dominated by WNW-ESE and (N)NW-(S)SE fault populations. Seismic data illustrate that most 
of the Cenozoic faults (including all those with the largest throw) are rooted in the Cimmerian 
faults, indicating major Cenozoic reactivation of Cimmerian faults. The Cimmerian faults were 
probably also inherited, as the WNW-ESE Cimmerian faults become dominant in the southwest 
close to the Lower Paleozoic Brabant Massif, which is characterized by WNW-ESE striking 
features on gravimetric maps. The (N)NW-(S)SE Cimmerian faults become dominant further 
to the northeast, where they were active already during the Early Carboniferous (Muchez and 
Langenaeker, 1993). Cimmerian fault reactivation explains the presence of populations with 
different fault orientations as well as the linkage of these faults into long (> 10 km) systems, 
despite having generally relatively small vertical throws (< 500 m). In addition to the general 
trends, pre-existing zones of weakness, such as the latest Carboniferous/early Permian 
transpressional Donderslag and Gruitrode Lineaments, caused segmentation of the Cimmerian 
faults into structural domains that are characterized by their own typical fault patterns and 
kinematics.  

Although the Cenozoic faults were mostly inherited Cimmerian faults, we identified 
several differences between these faults or phases: 

- The Cimmerian phase was markedly stronger than the Cenozoic phase: more faults were 
active and throws were consistently larger during the Cimmerian phase.  

- During the Cimmerian phase, faulting was also more widespread, albeit with relative 
high concentrations at the southwestern margin of the Campine Basin, and the boundary 
between the Campine Basin and the RVG. In comparison, during the Cenozoic, strain 
was focused on the pre-existing RVG border fault system and re-utilised Cimmerian 
faults in further development of the RVG.  

- Cimmerian faulting in the border fault system of the RVG frequently caused rotation of 
hangingwall blocks, whereas Cenozoic faulting generally caused little or no 
hangingwall block rotation  
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In order to investigate the structure and the properties of the Dinantian deep geothermal 
reservoir in the Hainaut, new 2D seismic surveys have been carried out in this area in the last 
decade (Mons2012 and Hainaut2019). The previous seismic surveys (e.g. Hainaut1979, 
Belcorp1986) resulted in heterogenous data, due to the combined presence of many coal mines 
and dense urbanization in the central part of the surveyed area (Dejonghe et al., 1992). 
Moreover, the complexity of the geological context makes seismic imaging difficult, especially 
due to a thick Meso-Cenozoic cover, leading to a high impedance contrast at its base, and thick 
deformed thrust sheets along the Variscan Front. Thus, the design of the new surveys has been 
optimized to enhance the quality of the seismic imaging. The acquisition was conducted along 
7 lines long of about 20 km each. The N-S direction of the lines was defined to cross 
perpendicularly the Variscan Front from the outcrop of the reservoir’s top to the French border. 

 
The interpretation of the new seismic reflection data has allowed, for the first time, to 

clarify the structure of the basement in the study area. In particular, the structures of the 
Variscan Front in the Hainaut were revisited in the light of new seismic reflection data 
completed by reprocessed sections from previous surveys (Hainaut1979, Belcorp1986). 
According to the interpretation of these data, the Variscan Front is structured in an au-
tochthonous unit (Brabant Autochthon), overlain by a set of thrust sheets (Haine-Sambre-
Meuse Thrust Sheets) and by an allochthonous unit (Ardenne Allochthon). The lower part of 
the Brabant Parautochthon of Belanger et al. (2012) would be therefore included in the 
autochthonous unit, whereas its upper part would be included in the Haine-Sambre-Meuse 
Thrust Sheets. The thrust sheets that have been identified in the new seismic sections 
correspond to different degrees of deformation and allochthony. From bottom to top, they 
would be an early duplex (i.e. parautochthon sensu stricto), a duplex, partially overturned thrust 
sheets and finally overturned thrust sheets. The duplex would correspond to a set of units 
formerly recognized in the coal mines of the West of Mons and the Centre district including the 
imbricated structure (“massifs imbriqués”), the Grisœil unit, the “Faulted Ground” (“Nappe 
faillée”) and the units that could be considered as its less deformed lateral variation (Placard et 
Centre units). 

 
The Variscan Front would be much shallower than previously assumed since the deep 

geothermal reservoirs would be located within the autochthonous unit and, therefore, would not 
have been deformed during the Variscan shortening. Nevertheless, a set of subvertical structures 
(faults and folds), mainly dipping northwards, have been identified within the autochthonous 
unit and thus at the level of the deep geothermal reservoirs.  
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Figure 

 

 

Figure 1: Synthetic N-S cross-section across the Variscan Front. Top: after Belanger et al. 
(2012), modified. Bottom: after the interpretation of the Mons2012 et Hainaut2019 seismic 
surveys. A: early duplex; B: duplex; C: partly overturned thrust sheets (e.g. Masse-Borinage 
unit); D: overturned thrust sheets (e.g. Boussu unit). 



 
Geologica Belgica Meeting 2021, September 15-17, Tervuren, Belgium – Abstract Book, p. 320 

Statistical imaging of the deformation over Belgium using multiple geodetic 
techniques  
 
Kevin GOBRON 1, Pierre-Yves DECLERCQ 2, Xavier DEVLEESCHOUWER 2, Michel 
VAN CAMP 1 

1. Royal Observatory of Belgium, Avenue Circulaire, 3, 1180 Brussels, Belgium 
(michel.vancamp@seismologie.be ; kevin.gobron@oma.be) 
2.  Royal Belgian Institute of Natural Sciences, Geological Survey of Belgium, Rue Vautier 29, 
1000 Brussels, Belgium (xdevleeschouwer@naturalsciences.be; pydeclercq@naturalsciences.be) 
 

One of the challenges of geodesy is to characterize at the sub-millimeter level the 
vertical deformation of the ground in response to tectonic, anthropogenic, and climatic forcing. 
Reaching this level of accuracy is crucial to understand the deformation mechanisms acting in 
Belgium and it contributes to the mitigation of geo-hazards and the operational management of 
the territory. To address this challenge, the LASUGEO project, aiming at identifying ground 
deformation caused by groundwater exploitation, makes use of the observations of three 
independent geodetic techniques, namely: Global Navigation Satellite System (GNSS), 
Permanent Scatterers Interferometry Synthetic Aperture Radar (PS-InSAR), and repeated 
Absolute Gravity measurements (AG). Because GNSS, PS-InSAR, and AG provide 
independent measurements with different spatial and temporal resolutions, they are highly 
complementary. However, considering that each technique also comes with its own reference 
frames, accuracy, and source of biases, the optimal combination of these observations requires 
an appropriate statistical methodology. 

To estimate the deformation over Belgium, we performed a joint analysis of the GNSS 
position time series provided by the Nevada Geodetic Laboratory (Blewitt et al., 2018), the PS-
InSAR time series processed at Geological Survey of Belgium (Declercq et al., 2021), and the 
AG measurement carried out by the Royal Observatory of Belgium (Van Camp et al., 2011). 
Our statistical analysis is divided in three steps: (1) trajectory modelling of each geodetic time 
series, that is, the model of the predictable motion (e.g., linear trend, periodic deformation, and 
instrumental discontinuities), (2) surface reconstruction of the subsidence/uplift rates from each 
technique, and (3) the comparison of the result of the different techniques. For each step, 
attention is paid to the realistic estimation of the model uncertainties, by accounting for the 
influence of the time correlated stochastic variability in the geodetic time series (Williams et al. 
2003). We propose to describe the algorithms used and results obtained from the trajectory 
modelling and surface reconstruction of the subsidence/uplift rates. We show that, by 
combining a large number of observation, we are able to image vertical deformation at the 1.0 
mm/yr level over Belgium (see Figure 1 for the GNSS imaging). We also discuss differences 
between GNSS, AG and PS-InSAR that could highlight the need to calibrate PS-InSAR relative 
estimates with GNSS and AG geocentric velocities.  
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Figure 

Figure 1 Imaging of the vertical land motion (VLM) over Belgium using a dense network of 
GNSS position time series computed by the Nevada Geodetic Laboratory.
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The frequency-band of regional earthquake ground motions generally does not exceed 20 Hz. 
In this frequency band, structures (such as candlestick stalagmites) can resonate and break at a lower 
acceleration than expected during an earthquake, if the ground movement is strong enough. 
Therefore, the absence of breakage in these structures would indicate that a certain level of ground 
movement has not been exceeded since they existed. The existence of intact candlestick stalagmites 
in the caves is therefore an indicator of the upper limit of ground movements (e.g., Gribovszki et 
al. 2017) that a specific site may have encountered, and the natural frequency is a fundamental 
parameter in the study of the response of these stalagmites to seismic movement. 

In this context, field surveys were carried out in the Han-sur-Lesse Cave (Belgian Ardennes) 
to identify the stalagmites for which an analytical approach (based on cantilever beam theory for 
free vibration, a specific case of the Euler–Bernoulli theory) gives an eigenfrequency less than 20 
Hz. In this formula, the stalagmite is considered as a perfect cylinder and therefore depends only on 
the mechanical properties of the stalagmite and their height and diameter. These two parameters 
were measured in the cave. This study identified 27 stalagmites distributed in different areas of the 
cave (Synanthropes and Cornet room; Vervietois Gallery) and on different substratum (stalagmitic 
floor, fallen rocks, ...). 

Thanks to a three-component seismic sensor placed on the stalagmite itself, the 
eigenfrequencies of these eligible stalagmites are then obtained by the direct measurement of the 
ambient seismic noise caused by human activities, microseisms, etc. This acquisition campaign is 
underway and already gives an idea of the frequency of 6 stalagmites thanks to acquisitions of 15 
to 30 minutes each. 

To explore the reactions of these structures to external events such as quarry blasts or 
earthquakes, seismic measurements will be carried out over a longer period (weeks) as was the case 
for the Minaret studies (Martin et al. 2020). With sensors located at the base of the stalagmites, in 
the middle of the cave room and at the surface outside the cave, this will allow to compare the 
results and identify a possible amplification of movement at eigenfrequencies as was shown for the 
Minaret (Martin et al. 2020). 
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To quickly assess the impact of earthquakes, many countries make use of earthquake 
intensity prediction equations (IPEs). These empirical equations describe the decay of ground 
motion in terms of macroseismic intensity and consequently can simulate the damage 
distribution and damage degree in near real-time. Intensity attenuation is region-specific and is 
dependent on seismic wave propagation in the crust and its sedimentary cover. 

 
To develop IPEs suitable for modelling the impact of Belgian earthquakes, local 

macroseismic data is thus required. The Royal Observatory of Belgium (ROB) has a rich 
heritage in collecting felt earthquake and damage reports. This database was extended by 
intensity data from neighboring countries and is used to develop Belgian IPEs. However, the 
traditional methodology, i.e. constructing a single intensity attenuation law for large areas, is 
not fit for the complex geological situation in Belgium. Macroseismic intensity distribution 
patterns of past Belgian earthquakes do not cohere to the common assumption of an isotropic 
intensity decrease with increasing epicentral distance. Intensity attenuation is strongly 
influenced by crustal and cover geological features that heavily control and limit seismic wave 
propagation and cause an anisotropic display of intensity decay. 
 

Geological features that have influenced past intensity distribution patterns and 
attenuation in Belgium are: 

- The strongly compacted and deformed Lower Palaeozoic Anglo-Brabant Massif, which 
easily transfers ground motion along its core axis in a WNW-ESE direction. 

- The increasing thickness of soft sedimentary Cenozoic strata covering the Anglo-
Brabant massif towards the Belgium-Dutch border, effectively filtering high-frequency 
ground motions. 

- The Lower Rhine Embayment boundary faults, impeding effective ground motion 
transfer and serving as seismic mirrors. 

- The Midi-Eifel Fault which separates the Ardenne allochthon from its foreland and acts 
as a seismic barrier. 

- The shallow Walloon Carboniferous coal basins along a thin band across the country 
with a fast intensity attenuation. 

 
The quantitative effects of these geological regions on macroseismic intensity are best 

to be modelled separately, with different IPEs for each characteristic region in Belgium. But 
given the small size of both Belgium and these regions, local earthquakes are prone to hit 
multiple areas with different attenuation properties at once. This urges the necessity to subselect 
macroseismic data out of different earthquakes to be able to model IPEs independently. 
Furthermore, modelling anisotropic intensity decay requires an additional dimension, e.g. such 
as bedrock depth, to be added to the prediction equation, which is uncommon in literature and 
further complicates this goal. The complex Belgian geology thus requires an entire new 
methodology to be developed to be able to construct Belgian IPEs, which will be elaborated in 
detail in this presentation. 
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The Congo basin and its surrounding orogens in the western Central African region had been 
experiencing several earthquakes, even though quite few studies had attempted to explain their 
occurrences. The link between the recent seismicity and known faults does not look straightforward. 
The analysis of seismic history of the onshore and offshore areas revealed that the earthquakes are 
occurring on pre-existing fault systems of the Congo Basin, its surroundings units, and along near-shore 
extensions of the oceanic transform faults. In addition, the western Central African passive margin is 
undergoing two principal stress regime, one which is a ENE-NE trending horizontal compression in a 
thrust regime, and the other which is a normal faulting regime. Using the slip tendency method, the 
application of these present stress regimes on the mapped pre-existing fault systems which are mostly 
high-angle strike-slip faults systems, suggest that it is difficult to reactivate these faults under a thrust 
faulting stress regime, but more easily in a normal faulting stress regime. As most of the earthquakes 
occur at upper-crustal depths, we propose three hypotheses: 1.) there might be a brittle shear zone at 
depth that is accommodating tectonic reactivation leading to seismogenic rupture, which could be 
achieved by landward stress transmission by oceanic transform faults; 2.) these earthquakes might be 
generated by plate uplift and gravitational collapse; 3.) some of the events may have been triggered by 
local anthropogenic stress perturbation. The second hypothesis is quite probable as the western Central 
African margin has experienced repeated episodes of tectonic uplift in the Cenozoic as recorded in the 
Congo Basin. A thorough seismic analysis of the western Central African margin would provide more 
insight into the most probable causative mechanism for the earthquakes. 
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Analyzing seismic anomalies in Carboniferous strata in the surroundings of three 
wells in Mol (Campine Basin, northern Belgium) by means of Amplitude 
Variation with Offset (AVO) analysis shows potential for deep geopthermal 
exploration  
 
Bernd ROMBAUT, Jef DECKERS, Katrijn DIRIX, Matsen BROOTHAERS, Ben LAENEN 

VITO, Mol, Boeretang 200 (bernd.rombaut@vito.be) 

Introduction and methodology 
 
Anomalies in the seismic reflection pattern (e.g. high amplitude anomaly, polarity 

reversal), hereafter referred to as seismic anomalies, were observed in Carboniferous strata 
during interpretation of seismic reflection data in northern Belgium. Seismic anomalies can be 
the expression of several geological and non-geological features or processes. One of the more 
interesting geological features from a geothermal point of view are fluid reservoirs in the 
subsurface. The GeoConnect³d European research project, which is part of the bigger GeoERA 
research program, gave us the opportunity to study these geomanifestations and their possible 
link to fluid reservoirs within the context of the structural framework that has been developed 
in this project (Barros et al., this volume). For this purpose we applied an Amplitude Variation 
with Offset (AVO) analysis. This analysis studies the variability in seismic reflection amplitude 
with changing distance between shotpoint and receiver, which indicates differences in lithology 
and fluid content in rocks above and below a certain reflector. Therefore this sort of analysis is 
ideal to analyze observed seismic anomalies, but also to detect additional seismic anomalies 
which do not show up or remained unnoticed on the seismic image. Previous research from 
Vandenberghe et al. (1986) already showed the potential of this technique to detect zones with 
increased secondary porosity in Lower Carboniferous limestone of the Campine Basin.  

In order to carry out reliable AVO analyses, first, a specific pre-stack processing 
sequence was applied by TEEC on the data acquired from the Mol-Herentals 2D seismic survey 
in 2010. Next, AVO analysis was performed on the Upper Carboniferous strata (Lower 
Westphalian and Namurian) consisting of an alternation of claystone, siltstone, sandstone and 
coal layers. Thereafter, the same analysis was performed on the Lower Carboniferous limestone 
(Dinantian), which constitute the geothermal reservoir targeted by the Balmatt project in Mol 
(Bos & Laenen, 2017). The well trajectories from this project are situated near the seismic lines 
of the Mol-Herentals survey.  

For the AVO analysis intercept and gradient attributes have been derived by applying 
Shuey’s 2-term approximation (Shuey, 1985) using the Probe software from Paradigm. The 
intercept hereby represents the reflectivity at normal incidence angle or zero offset, while the 
gradient is the trend of changing reflectivity with changing incidence angle or offset distance. 
The classification scheme of Rutherford & Willams (1989), later on updated by Castagna & 
Swan (1997) was used to interpret the observed anomalies on intercept-gradient crossplots. 
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Results 
 
In the upper part of the Lower Westphalian strata, just below the unconformable contact 

with the overlying Upper Cretaceous cover, class IV type anomalies have been identified 
according to the abovementioned classification schemes. Class IV anomalies can be typical for 
coal bed methane gas (Chen et al., 2013). Dry gas was indeed detected in strata of the Lower 
Westphalian Charleroi Formation in three nearby geothermal wells. The highest spikes in 
methane gas coincide with the abundant coal layers in this formation.  

In the underlying Lower Westphalian and Namurian strata, class I anomalies were 
detected. Class I anomalies are typical for gas- or water filled strongly compacted sandstone 
units within claystone sequences (Rutherford & Willams, 1989). In the study area, the class I 
anomalies  can be correlated with the thickest, often coal bearing and/or by coal-rich claystone 
surrounded, sandstone units of the Lower Westphalian and Namurian strata in the three nearby 
wells. The methane-rich coal layers within or just on top or below the sandstone units could 
therefore constitute the source for the gas-related anomalies in the sandstone units themselves. 
Additionally, in well MOL-GT-02, besides methane gas at the coal layers, also relatively high 
concentrations of dense gas / condensate were - almost continuously - measured along the 
claystone dominated sequence of the Lower Westphalian Châtelet Formation. Capping 
claystone sequences could therefore also have been a source for the anomalies in the sandstone 
units.  

The strongest cluster of class I anomalies is situated within a large graben structure. Due 
to the large throw, the sandstone units were put in lateral contact with sealing claystone units, 
thereby creating a fault bounded reservoir. Also the other anomalies are often delimited by 
faults. Most of these faults were active during the Mesozoic and are dormant now, but some 
still show minor activity in the Cenozoic.  

The reservoir potential of the underlying Dinantian limestone (Lower Carboniferous) is 
determined by open fractures/faults and dissolution features. In this type of setting, the AVO 
response is not as straightforward as in common siliciclastic reservoirs. Therefore, initially, the 
synthetic AVO response was derived from the reservoir intervals in well MOL-GT-01 in order 
to understand the type of response to look for. Thereafter, the AVO analysis was performed for 
the Dinantian interval on the seismic lines, which lead to the detection of several small, 
generally clustered, anomalous zones. One of the strongest anomalies (class I type) is located 
in the direct proximity of well MOL-GT-01 and correlates with a gas rich productive reservoir 
interval in this well. The strength of the anomaly is probably related to the high gas 
concentrations measured within this interval, as gas is known to enhance the AVO response.  

 
Conclusions 

 
AVO analyses were performed on different types of deeply buried sediments in northern 

Belgium. Across the entire Carboniferous, numerous anomalies were detected, which can be 
grouped in different types and are related to different intervals. Despite these differences, the 
zones with observed anomalies were generally at least partly bounded by faults.   
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Correlations with nearby geothermal wells enabled reliable interpretations of the 
anomalies.  
- Class IV type anomalies detected in the Lower Westphalian strata are related to gas-rich 

coal layers. 
- Class I type anomalies in the claystone-dominated Lower Westphalian and Namurian 

strata can be correlated with thick sandstone units, which are possibly gas / fluid filled 
along these anomalous zones. The source of the gas could be coal layers or capping 
claystone.  

- Class I type anomalies in the Dinantian limestone correlate with a gas rich reservoir 
interval. 
This study confirms the potential of AVO analyses for the detection of gas rich pockets 

with corresponding reservoir potential, even in the deep subsurface (> 3 km). Well MOL-GT-
01 proves that gas rich intervals in the Dinantian limestone can constitute interesting geothermal 
targets. Therefore, AVO analysis forms an important tool to increase the success of geothermal 
projects by highlighting some of the most interesting targets along seismic lines.  

 
This project has received funding from the European Union's Horizon 2020 research 

and innovation programme under grant agreement No 731166. 
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The examination of natural gamma ray (GR) and resistivity (SN, LN) borehole logs 

distributed over the Campine area in northern Belgium shows systematic variations within the 
Quaternary deposits. These variations can be attributed to alternating clay and sand layers of 
the Lower Pleistocene Weelde and Malle Formations. The logs can be correlated rather well 
between neighbouring wells, whilst correlations over larger distance are more doubtful due to 
lateral changes in lithology and sedimentary characteristics. 

In previous research the sedimentary characteristics of these deposits have been studied 
in great detail in temporary outcrops and undisturbed cores (Kasse, 1988; Bogemans, 1999). In 
the present study, borehole log signatures are correlated to well-defined lithostratigraphic units 
recorded in these undisturbed cores. In this way, a framework is created that allows for higher 
confidence correlation and mapping of the lithostratigraphic units in areas with sparse data from 
high-quality cores. 
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Towards a site-characteristic database for the Belgian permanent seismic 
network  
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The Belgian network of seismological stations is a permanently recording scientific entity. It 
allows the monitoring of seismic activity from tectonic and non-tectonic origin within the political 
boundaries of the country and neighboring foreign regions. The network consists of 25 sensor locations, 
from which 12 are instrumented with broadband sensors and 13 are recording with short-period 
instruments. In addition, three broadband sensors are managed in Luxembourg. As the Belgian 
contribution to the international EPOS initiative, the ROB is gradually renewing those sensors with 
outdated equipment in favor to borehole instruments. This enhances the inherent data quality by 
increasing the signal-to-noise ratio, as the distance between sensor and anthropogenic noise sources is 
enlarged, and site-effects of the shallow surface are suppressed, enabling the recording of the original 
wavefield close to the bedrock. Further it is planned to make their data publicly available through the 
ORFEUS EIDA waveform data access node1. 

ORFEUS also provides the STATION BOOK portal2. It serves as a platform that distributes 
additional station meta information with large focus on site-specific subsurface parameters that are 
usually not allocated in seismological standard inventory file formats. For each station in the Belgian 
seismic network, site characteristics of the subsurface are not yet available. The availability of such 
knowledge for external users of the permanent recordings is crucial for an adequate processing and 
separation of instrument and site effects from the seismic source and path signal. Especially, the 
substantial North to South contrast in subsurface geology in Belgium (see Figure 1) strongly influences 
the feasibility to obtain seismological recordings. The stations in the south are located in the vicinity of 
the seismically most active regions and placed in areas where the metamorphic basement rock is situated 
close to the surface. That leads to high average seismic velocities and fairly isotropic radiation of seismic 
waves with a low attenuation that barely alters the frequency content of the seismic signals. The 
propagation abilities of seismic waves in the northern part of Belgium are influenced by the bedrock 
depth and the orientation of the Brabant Massif that shows a highly anisotropic characteristic. Especially 
the thickness of the sedimentary cover introduces scattering of the wavefield and thus a loss of energy 
of the wavefield over short distances. In addition, the damping in sediments is frequency dependent. 
First, this complicates the extraction of original source parameters of the seismic source. Second, 
shifting the energy amplitudes into certain bands of frequencies has major implications for engineering 
and safety building codes. 

Main site-effect parameters to resolve for each site are shear-wave velocity of the first 30 m (vs30), 
fundamental frequency (f0), groundwater- and bedrock depth, and, at best, a local, shallow 1D velocity 
model. In our site characterization, we use a set of 24 SmartSolo three-component geophone sensors (5 
Hz, also known as “nodes”), that enable easy deployment for short term array installations using ambient 
noise sources. These low-cost instruments in an autarkic casing, that includes GPS, digitizer and internal 
storage, surpass conventional seismic sensors in reduced weight and size. A variety of well-established 
processing methods is then further applied on the passive seismic array recordings, e.g., frequency-
wavenumber analysis, H/V ratio, MSPAC. External geological information from geological maps and 
the national borehole database provide boundary parameters to restrain the velocity inversion into a 

 
1 http://orfeus-eu.org/data/eida/  
2 https://orfeus-eu.org/stationbook/networks/BE/1980/  
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realistic subsurface 1D velocity model. During the array measurement processing, signals from active 
sources, such as quarry blasts, are included to further narrow expected velocity values. 

The use of the industrial SmartSolo nodes in a scientific context is a novelty. Thus, special 
attention was given to the quality of the recorded data. Besides different polarity conventions of these 
industrial sensors, their overall sensitivity is astonishing such that they could record events of large 
epicentral distance far below their natural frequency. Also, the transfer function given by the 
manufacturer is suitable to restitute the signals comparable to standard instruments, presenting them as 
appropriate tools for seismological surveys. 

Due to the subsurface variability of all seismological sensor sites throughout Belgium, this study 
will contribute steadily to a potent database of lithological site parametrization. That results in a handy 
reference for under-investigated study areas in various fields of geosciences. Especially,  the quality of 
future hazard and risk modeling will be enhanced strongly through such a not yet existing regionally 
adapted input. 
Figure 

 

Figure 1: Overview of the Belgian permanent seismic network in relation to the Belgian subsurface 
geology. Primary purpose of this study is to provide site characteristic parameters for each of these 
stations. 
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Session 12- Geo-energy 

The subsurface of our planet Earth has 
provided fossil fuels as the main energy 
source for many decades. In the fight 
against climate change, fossil fuel 
consumption must decrease, but our 
planet's subsurface remains an 
important source of solutions. 
Geothermal energy, both shallow and 
deep, plays a substantial role in the 
sustainable energy mix of the future as 
it is a local, sustainable, reliable, and 
affordable source of energy below our 
feet. Underground energy storage can 
be used to accommodate the seasonal 
difference in heat supply and demand. 
CO2 Capture and Storage, CCS) consist 
in capturing the CO2 contained in the 
emissions of industrial plants, then 
injecting it deep underground. This 
technology can play an important role 
in the transition from fossil to 
sustainable energy sources and reduce unavoidable process emissions. From these 
various applications linked to the use of the (deep) subsurface, synergies can 
emerge but also conflicts of use; to avoid the latter while offering realistic, safe, 
economical and sustainable solutions, a new level of subsoil planning and 
assessment methods is needed. 

 
12.1. Geo-energy: Opportunities and Constraints for Subsurface 
Uses 

 
Conveners: 
Virginie Harcouët-Menou (VITO), Olivier Kaufmann (UMons), David Lagrou (VITO) 
 

This session will cover the specific themes (not exclusive): geothermal energy 
(shallow, deep and ultra-deep), energy storage, CO2-storage, geological 
economics, synergies and conflicts of use. 
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The Dinantian aquifer is currently the only reservoir used for deep geothermal 
applications in Belgium, especially in the Hainaut (SW Belgium). In this area, 3 deep wells 
drilled in the 1970-80s produce hot water (typically 67-73°C @ 100-150 m³/h) from breccia 
and/or dissolution levels located in the upper part of the reservoir. Despite the presumed high 
potential of this reservoir, the development of the resource is currently limited by significant 
geological uncertainties. These uncertainties are mainly related to the lack of knowledge about 
its structure and the heterogeneity of its properties (e.g., temperature and transmittivity). To 
mitigate these uncertainties, several sources of data were considered, especially 2D seismic 
imaging and mining maps from the coal industry. 
 

The integrated results of the Mons2012 and Hainaut2019 seismic surveys provided a 
crucial updated imaging of the Palaeozoic basement and its structures. Among these, an E-W 
synsedimentary structure including an en-echelon margin seems to accommodate most of the 
difference in sedimentary thickness between the northern part (cf. Saint-Ghislain) and the 
southern part (cf. Jeumont-Marpent) of the reservoir. 

 
The analysis of many coal mining maps contributed to highlight and to map some features 

linked to the dissolution and/or the migration of evaporites into the underlying Dinantian 
reservoir. Among these features, domes and centroclines including radial structures have been 
considered as linked to diapirs with various states of dissolution. Based on these results, the 
northern part of the Dinantian reservoir has been subdivided into several categories, in 
agreement with deep borehole data. These categories were defined according to the intensity of 
the deformations identified in the coal deposit, the presence of sinkholes and indications of 
halokinesis. 
 

Finally, some characteristics of the Dinantian reservoir were clarified. Its geometry has 
been modeled based on different hypotheses supported by deep borehole data, the structural 
framework derived from the interpretation of the seismic sections and the characterization of 
the deformation in the overlying coal deposit. The spatial distribution of high-transmittivity 
zones related to dissolved horizons such as breccias was mapped based on the degree of 
dissolution of the evaporites as suggested by both the structure of the coal measures and the 
spatial distribution of sinkholes. 
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Figure 

 

Figure 1. Delineation of inferred high-transmittivity zones in the Dinantian geothermal 
reservoir of Hainaut (SW Belgium). 
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How geomanifestations can help in policy challenges  
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Our subsurface will increasingly play a vital role in both economical and societal aspects 
of everyday life in the future. Early prognosis studies show that Flanders could achieve about 
half of the renewable energy targets from green heat. This underlines the need to explore in 
more detail the potential for geothermal energy and subsurface heat storage. In the deeper 
subsurface of Flanders, good geological reservoirs suitable for various applications are only 
found in a relatively small sedimentary basin. This forces policymakers to develop a long-term 
vision in order to make smart and sustainable regulatory choices. On the one hand, georesources 
should be exploited efficiently and safely and, on the other hand, the fundamental functions of 
the subsurface should be safeguarded for the future. The biggest barrier that impedes data-
driven decision-making relates to the fact that data on the subsurface is limited and often 
sparsely distributed. Conventional techniques to investigate the deep subsurface (e.g. boreholes, 
seismic surveys, …) are expensive and strongly linked to actual projects. This selective data 
collection challenges policymakers in building a solid vision, while lacking insights on both the 
real potential for subsurface applications and on geohazards that may interfere with certain 
developments. 

In the context of the European GeoConnect³d project, VPO focused on geological 
anomalies —“geomanifestations”— in a wide cross-border area covering parts of Belgium, the 
Netherlands, Germany, France and Luxembourg, looking to data that might reveal geological 
processes and give insight in aspects that are hard to unravel in our local Flemish setting. Two 
policy challenges and how geomanifestations bring up guidance to them are discussed in this 
contribution: i) predicting geothermal potential by identifying “sweet spots” and ii) 
understanding the migration of gases through the subsurface. 

When comparing the distribution of thermal anomalies in the whole study area to a 
topographic map, a strong relationship between these two appears, showing high concentrations 
in the Upper Rhine Graben, the Roer Valley Graben, and the Rhine and Mosel river valleys. 
Not surprisingly, this points to the key role of a strong hydraulic gradient in forcing topography-
driven flow. The height difference between the highest topography and the base of the 
sediments determines the deepest groundwater circulation cells. For the Upper Rhine Graben, 
the east shoulder formed by the Black Forest is more elevated than the west shoulder formed 
by the Vosges, resulting in asymmetric flow cells with the strongest thermal anomalies at the 
west side of the graben (Stober & Bucher, 2015). Combined with high transmissivities along 
fracture networks, an efficient upward flow of hot water is created in the area between Soultz 
(France) and Landau (Germany), where a series of successful deep geothermal projects has 
been developed over the past decades. 

At a more local scale, linear trends in thermal anomalies can often be recognized, such as 
in Wiesbaden and Aachen (Germany). Again, topography-driven flow seems to be a motor for 
transport of large volumes of fluid through permeable layers in Variscan thrust sheets. In the 
case of Wiesbaden, the thermal anomaly weakens in the direction of a crosscutting graben-
related fault (Mittelbach & Siebert, 2014). In the case of Aachen, both thermal and geochemical 
anomalies increase in the direction of a crosscutting graben-related fault (Hersch, 2000). 
Intersection of fault sets seems to be interesting in creating high permeability areas, but also 
deep-seated faults can either bring upflow of warmer water or downflow of cooler water. 
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Understanding the data and local hydrogeology is needed to interpret the findings and use them 
for predictions. The Aachen example shows the presence of 50-70 °C springs at the Variscan 
front faults, at and close to the intersection with a Roer Valley Graben fault. Following the latter 
fault to the north leads to another thermal anomaly in Heerlen (the Netherlands). During coal 
mining, a breakthrough of 50 °C hot saline water was encountered at a depth of 250 m (Kimpe, 
1963), in an area otherwise not regarded as showing geothermal potential. Again, the interplay 
between topography-driven flow towards a fractured Variscan anticline and a crosscutting 
deep-seated fault bringing up the anomaly determines the location of this geomanifestation. 
Going away from this graben fault to the west, a series of weak thermal anomalies (e.g. surface 
springs at a constant 14 °C) was found in the past. Making use of the key elements from this 
geothermal play, several locations of high prospective interest can be identified to the east. 
Without the mining activity, which revealed the presence of this thermal anomaly by accident, 
this sweet spot of high geothermal potential would probably have remained hidden. Where the 
warm upflow along the fault crosses an overlying aquifer, the signature gets easily diluted and 
weak anomalies don’t attract attention. Therefore, it could pay off to follow anomalies through 
the aquifer and drill deeper at the location of a suspected fault. 

Secondly, looking into the CO2 and He data in the study area, mainly reported in the 
volcanic Eifel area, different migration mechanisms could be identified at varying scales. On 
the regional scale, an obvious correlation with the Quaternary volcanic activity pops up. At a 
smaller scale, linear trends indicate the role of faults in bringing up the mantle gases. Zooming 
in to the local level reveals the strong correlation of gas seepage with groundwater discharge 
zones (Weyer et al., 2012). All three mechanisms, volcanic sourced upflow, preferential 
migration along faults and migration of dissolved gases through aquifers play a role and can be 
studied in the natural analogue of the Eifel. 

The acquired insights, although gathered in a remote study area, give support for various 
policy challenges that Flanders is confronted with. Sharing geomanifestations and lessons learnt 
for policy between countries also helps reflecting on subsurface management. 
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Knowledge on the environmental impacts of geothermal energy is of major importance to 
understand the role this technology could play in the transition towards sustainable energy systems. 
Life cycle analysis (LCA) methodology is a widely used tool for assessing the environmental 
impacts of products and systems, which has been implemented numerous times on geothermal 
systems. Previous reviews on geothermal LCA studies identify large variability on the reported 
environmental impacts. In this work we aim to provide a more in-depth analysis to explain the 
variability across the different LCAs. We review 28 LCA studies on geothermal energy published 
between 2005 and 2020, following a four step reviewing sequence; in step 1 we identify the LCA 
methodological choices and the plant geo-technical characteristics, in step 2 we identify the LCA 
results and the LCI inputs, in step 3 we perform contribution analysis based on the reported results 
and in step 4 we investigate the sensitivity and scenario analysis performed in the studies. If the 
data is available we triangularly evaluate the reported impacts considering a) the plants’ geo-
technical characteristics, b) the hotspot analyses results and c) the Life cycle inventory (LCI) inputs. 
We focus our analysis on the six most frequently assessed impact indicators (GWP, AP, HTP, FETP, 
CED, ADP)* and distinguish between the different energy conversion technologies used for 
geothermal energy exploitation. This way we aim to provide a more transparent picture on the 
variability of environmental impacts across the LCAs by focusing on the environmental hotspots 
and on the cause-effect relationships between geo-technical parameters and the environmental 
impacts. We also aim for drawing LCA guidelines for future LCA studies on geothermal systems 
and proposing methods for impact mitigation. 

The variability on the LCA results is caused by differences on the choices of the LCA 
practitioners, on the energy conversion technologies used, on geological parameters and on plant 
design parameters. Most studies focus on the GWP and AP impacts, while information for the rest 
of the impacts is much more limited. For flash and dry steam power plants the direct emissions of 
non-condensable gases (NCGs) emerging can cause high GWP, AP, FETP and HTP impacts 
depending on the geofluid’s composition. The CED and ADP impacts are dominated by the steel 
and diesel consumption during the development of the wells. Thus differences on the geo-technical 
parameters determining the power output and the total material and energy consumption cause the 
variability on the reported results. Direct emissions of NCGs do not emerge in plants utilizing binary 
technology. In these plants the development of the wells dominates the impacts and this 
phenomenon is more intense when EGS-binary plants are investigated due to the large depth drilled. 
Also the production of the working fluid used in the ORC and its annual leakage can highly affect 
the GWP impact in these plants depending on the type of working fluid used. In heating plants high 
amounts of grid-electricity are needed for the plant operation as no power is produced. Therefore 
differences in the fossil-fuel-intensity of the electricity mix supplying the plant can result in large 
variability. The choice of the LCA practitioner to include or not the heat distribution network in the 
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boundaries of the system also affects the results, while a significant portion of the impacts is caused 
during the development of the wells. Combined heat and power plants using flash or binary 
technology present similar results. However the co-production of heat and power is expected to lead 
to some benefits. 

A direct correlation between the GHGs and the NH3/H2S direct emissions with the GWP 
and AC impacts, respectively, is observed for flash and dry steam power plants. Direct emissions 
are determined by the geofluid composition which highly varies between different reservoirs. For 
mitigating these impacts the installation of abatement systems shall be considered, while the 
identification of the geofluid composition and of the natural emissions emerging prior to the plant 
development is suggested for estimating the actual anthropogenic emissions. For plants utilizing 
binary technology and heating plants it is observed that higher capacity generally leads to lower 
GWP and AP impacts per functional unit. The capacity is a product function of the temperature and 
production flow. Similar observation can be extracted for the temperature while this is not the case 
for the flow. No clear correlation can be seen between the impacts and the depth. This is because 
larger depths lead –on the one hand– to higher impacts because of higher material and energy 
consumption which are compensated –on the other hand– to the increase on the fluid temperature 
and flow. For mitigating impacts caused during the construction phase the use of renewable energy 
sources for supplying the machinery used is suggested, while proper fluid re-injection should be 
designed for keeping the capacity constant during the operation. Also for binary plants the working 
fluid shall be selected such that its GWP impact is low, while for heating plants the installation of 
a small ORC unit shall be considered if the conditions are appropriate for meeting the pumping 
needs of the plant. The reviewed studies show that geothermal energy exploitation can lead to 
significant environmental benefits compared to fossil sources, as most of the times the impacts 
caused by geothermal plants are in the range of other renewable sources. 

Further research is needed on deep geothermal energy exploitation to better understand its 
environmental impacts. A significant portion of the impacts is caused during the operation of the 
plants regardless of the technology used (direct emissions, electricity consumption, working fluid 
losses, make-up well drilling). All of the LCA studies reviewed are static LCAs. Thus a dynamic 
LCA framework considering the time aspect is needed for better estimations of the environmental 
impacts. Also consequential LCAs on geothermal energy plants need to be conducted in order to 
assess how the global environmental impacts may change by the wider implementation of 
geothermal energy. In addition, future LCA studies shall also focus on environmental impacts other 
than the GWP as information regarding them is limited. Finally the sustainability of geothermal 
investments is to be further explored by investigating the social impacts of geothermal development 
and comparing them to other energy sources but also the financial aspect of such investments. 
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The development of geothermal energy is below the European National Renewable 

Energy Action Plans' anticipated trajectory. For deep geothermal energy projects in particular, 
multiple sources of uncertainty in combination with high upfront investment costs result in a 
major investment risk, hampering the mobilization of required capital (Compernolle et al., 
2019). The uncertainty sources include market uncertainty, uncertainty regarding new 
technologies and uncertainty inherent to working with subsurface data.  

 
The objectives of the DESIGNATE project for deep geothermal systems in Belgium, 

including applications in abandoned mines are two folds. First, to create tools for integrated 
forecasts under uncertainty and second to set-up a methodological framework for territorial Life 
Cycle Analysis (LCA) considering surface and subsurface impacts. To do so, analytical 
reservoir models will be developed to assess the effect of uncertainties about geological data 
and concepts on the performance and impact of the geothermal applications. These will be 
coupled with a techno-economic analysis in combination with a territorial, environmental life 
cycle analysis. To evaluate the impact of different policy measures, the techno-economic 
analysis consists of a Monte Carlo simulation model that integrates both market and geological 
uncertainties and a project developers' option to wait or abandon the geothermal project 
development at different steps in the development of the project (Welkenhuysen et al., this 
conference). 

 
As a preliminary step, the influence of the rollout time of a heat network on the risk and 

on the profitability is investigated. At the start often only a part of the district heating network 
is in place at the time of commissioning and the geothermal plant operates at much lower 
capacity. Part of the capacity is foreseen for district heating networks linked to residential 
districts expected to be built or renovated in the near future. In this research, the change in 
income of a project considering a stepwise rollout of a district heating network compared to a 
full load from the start, in combination with a reduced maximum capacity of the geothermal 
plant compared to the expected output is calculated. This is done with a simplified spreadsheet 
techno-economic model, limiting variability to the rollout scenarios. For the calculation, data 
provided by the project developer HITA of the Turnhout NW geothermal project is used. In the 
next section the four cases used to evaluate the risk and profitability linked to the changes in 
the rollout time of a heat network are described. 

 
In the first case, the base case, the production plant is assumed to work at full capacity 

once the construction of the geothermal plant is achieved. Full capacity means that the 
production plant will be working at 100% during the heating season. Additional production for 
cooling or for heat storage in summertime are not taken into account. The second case considers 
that the maximum production capacity is 20% lower than in the first case due to lower-than-
expected reservoir temperature or flow rate. In the third case, the full capacity is equal to the 
one of the base case but will be reached in three steps, simulating a growing demand by adding 
new district heating networks. The demand is expressed as a percentage of the expected 
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maximum production capacity of the geothermal plant. At the start of production, the 
geothermal plant runs at 50%. After 5 years this is increased to 75% and after 10 years full 
capacity is reached. The fourth and last case is similar to the third case, with a stepwise increase 
of the demand, but the maximum production capacity is, as in second case, 20% lower. Because 
the demand is lower than the total capacity in the first 10 years, the production plant will 
however be able to supply the required energy. Only after 10 years when the demand rises to 
the expected maximum production capacity, only 80% of the required energy can be delivered 
without additional investments. As such, the income of the project will be the same the first 10 
years compared to the third case. 

 
In a best-case scenario, demand and rollout of a district heating network will be fast and 

the production plant will run at full capacity during the heating season from the start (case 1). 
This is however unlikely and assuming this to be the base case will result in many projects not 
reaching predetermined targets, as the income of the project will be lower during the first years 
of production. In this respect, the third case or a similar scenario is a better option to use as a 
base case. This will put more stringent conditions on the expected output parameters of the 
production well to ensure an economic viable project, and hence provide a more realistic 
outlook. When using case 3 as the base case this also has the complementary benefit of reducing 
the risk related to the maximum production capacity. If the real maximum production capacity 
is lower than expected, the reduction of income will be lower than the decrease in the maximum 
production capacity. In other words, a reduction of 20% of the maximum production capacity 
will not lead to a reduction of 20% of the income, but will be between 0 and 20%, depending 
on the interest rate and on the time frame to reach full capacity.  
 
Acknowledgments 

 
This research is carried out under the DESIGNATE project, which receives funding from 

the BELSPO BRAIN-be 2.0 research programme under contract nr B2/191/P1/DESIGNATE. 
HITA kindly provided input for the development for this case study. 
 
References 
 
Compernolle, T., Welkenhuysen, K., Petitclerc, E., Maes, D. & Piessens, K., 2019. The impact 

of policy measures on geothermal energy investments. Energy Economics, 84, 104524. 
https://doi.org/10.1016/j.eneco.2019.104524 

Welkenhuysen, K., Compernolle, T., Kaufmann, O., Laenen, B., Meyvis, B., Piessens, K., 
Gousis, S., Dupont, N., Harcouet-Menou, V. & Pogacnik, J., this conference. Decision 
support under uncertainty for geothermal applications: case selection and concept 
development. 

https://doi.org/10.1016/j.eneco.2019.104524


 
Geologica Belgica Meeting 2021, September 15-17, Tervuren, Belgium – Abstract Book, p. 340 

New geological information of the Cambrian basement obtained from geothermal 
exploration projects in Brussels and Walloon- and Flemish-Brabant  
 
Estelle PETITCLERC 1, Pabitra GURUNG 1, Pierre GERARD 2, Marc VAN CAMP 3, 
Jeroen VAN DER VEKEN 4, Gust VAN LYSEBETTEN 4, Koen VAN NOTEN 5, Kristine 
WALRAEVENS 3 

1. Geological Survey of Belgium, Royal Belgian Institute of Natural Sciences, Brussels, 
Belgium (pgurung@naturalsciences.be, epetitclerc@naturalsciences.be) 

2. Université Libre de Bruxelles, Brussels, Belgium (gerard.pierre@ulb.ac.be) 
3. Laboratory for Applied Geology and Hydrogeology, Ghent University, Ghent, Belgium 

(marc.vancamp@ugent.be, kristine.walraevens@ugent.be) 
4. Belgian Building Research Institute, Limelette, Belgium (jeroen.van.der.veken@bbri.be, 

gust.van.lysebetten@bbri.be)) 
5. Royal Observatory of Belgium, Uccle, Belgium (koen.vannoten@seismology.be) 
 

During the past years, research has been conducted on shallow geothermal energy (SGE) 
with projects such as SmartGeotherm (VLAIO) and Brugeo (EFRD). Although the Belgian 
SGE market is steadily growing (Lagrou et al., 2019), some main barriers such as better 
knowledge of the underground and economic potential, investment costs, financial support, 
policy measures and public awareness must be tackled to further develop the market. Most of 
the existing geothermal systems are traditionally installed in the soft, sedimentary Mesozoic-
Cenozoic cover, however, the exploration drilling at Anderlecht (2017) and the operational 
open geothermal system at Gare Maritime (2020) have demonstrated the higher potential and 
efficiency of the Cambrian core of the Brabant Massif. Although this has also led to more 
feasibility studies for the exploitation of the Cambrian basement during the past years, more 
research must be conducted if extensive use is envisaged to significantly contribute the 
renewable share of the total energy production and to enhance the geothermal sector 
development. 

With the GeoCamb (Belspo) project, not only the geothermal potential of the Cambrian 
bedrock will be evaluated and demonstrated, the energy demand of specific, public buildings 
will be incorporated to maximise the efficiency of the system. Therefore, geological, 
hydrogeological and geophysical exploration will be performed. To have a full understanding 
of the sustainability of geothermal installations, the economic and environmental impacts will 
also be investigated.  

Eight different sites with a total of 22 destructive boreholes (up to 252 m below ground 
level) have been analysed. 6 sites are located in the Brussels Capital Region and one in both 
Walloon- and Flemish-Brabant. In this article, the lithology, mineralogy, geophysical and 
thermal characteristics of the encountered Cambrian basement and its weathered/eroded top 
will be presented. Before encountering siltstones and (quartzitic) sandstones with some quartz-
rich layers of the Tubize Formation (Verniers et al., 2001) , a few meters up to more than 20 
meters of weathered layer is observed in  almost all sites. This weathering zone consists of clay, 
silt, sand, weathered siltstone and sandstone, (large) quartz veins, faults and cavities which can 
have serious implications on the design, budget and risks of exploration drillings. To have a 
better understanding of the Cambrian basement and to de-risk geothermal feasibility studies in 
the future, not only the top of the basement should be investigated but also the thickness and 
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lithology of the weathered zone, which is not considered as a separate layer in existing 
geological models (Brugeo, DOV).  
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In Britain, thick limestones of early Carboniferous (Mississippian: 359-323 Ma) age are 

present in two provinces to south and north of the Wales-Anglo-Brabant landmass (Holliday et 
al., 1986). In the southern province, early Carboniferous limestones (ECL) were deposited upon 
a southward-deepening shelf, laterally continuous from Ireland to the Rhineland. They now 
occupy a number of discrete minibasins as a consequence of Variscan orogenic thrusting and 
significant post-Carboniferous erosion. In the northern province, local tectonic controls led to 
the development of a mosaic of deep-water basins, ramps and platforms in response to 
Mississippian extensional stress. The interaction with glacioeustatic sea-level change led to the 
development of more complex carbonate depositional systems in these northern basins.  

Given favourable conditions of palaeokarst development and fracturing, hydraulic 
transmissivity could be sufficient to allow development of the ECL as a geothermal resource 
(Narayan et al., 2018), as recently demonstrated in Belgium and The Netherlands. Deep 
geothermal prospectivity is controlled by a hierarchy of factors, operating on scales ranging 
from provincial (1000 – 100 km) down to outcrop (1000 – 10 m), reflecting processes operating 
on the lithospheric down to sub-basinal scale respectively (Pharaoh et al., 2021). On the scale 
of the individual prospect, these factors include the mode of carbonate deposition, particularly 
depth of water and angle of depositional slope, which are tectonically controlled; the history of 
synsedimentary exposure, erosion and karstification, strongly influenced by sea-level change; 
by the diagenetic history and subsequent basin evolution; by deformation, fracturing, 
dolomitisation and mineralisation during Variscan basin inversion; and by the post 
Carboniferous history of subsidence, uplift and karstification.  

The contrasting impact of these various processes upon hydraulic transmissivity in the 
two provinces is reviewed, and a preliminary assessment of the geothermal prospectivity of 
each is presented. The most prospective areas for deep geothermal exploitation are considered 
to be basins, shelves and platforms lying at depths of 2 to 5 km below sea-level. Deepwater 
basins are considered less prospective because of the lack of thick limestones, except in the 
hangingwall at fault-bounded margins, where Waulsortian mud-mounds with good residual 
porosity and fault-zones with polyphase history are likely present (Pharaoh et al., 2021). Granite 
underpinned highs in Northern England, where ECL are typically at crop, and shallow basins 
of Carboniferous age lying on the Wales-Anglo-Brabant Massif, are considered less prospective 
in the deep geothermal context. 
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Figure 

 

Figure   Calculated temperature at the top of the ECL plotted on a map of depth relative to 
mean sea-level (OD, Ordnance Datum) in southern Britain. 
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Lower Carboniferous carbonates form an interesting target for deep geothermal energy 
in the Campine Basin (NE-Belgium), as recently demonstrated in the Balmatt (Mol) and Janssen 
Pharmaceutica (Beerse) projects. But also past projects, such as the underground gas storage 
site in Loenhout (Heibaart structure) and the Merksplas semi-doublet project testify of this 
potential. The limestones, however, are mostly non-porous and most fractures are cemented. 
Consequently, the open fracture network and the potential development of meteogene and/or 
hypogene karstification is important. We therefore studied the partially open veins of the Lower 
Carboniferous limestones in the Turnhout, Heibaart (DZH1) and Poederlee boreholes. First 
classical petrographic analysis and stable oxygen and carbon isotope analysis were performed. 
Subsequently clumped ∆47 isotope analysis and U/Pb age dating were conducted aiming to 
unravel the formation conditions of these veins as well as to reconstruct the geodynamic 
evolution of this sedimentary basin. These analyses revealed that the host rock limestones are 
recrystallized, and that the open carbonate vein cements often possess a similar depleted 
δ18OPDB signature as the host rock. The latter is interpreted in terms of vein cement precipitation 
in a rock-buffered system. The host rock δ13C signature often displays a marine signature. In 
contrast, two carbon isotopic clusters can be differentiated in the veins. Veins with cleavage 
twins and characterized by slightly to moderately depleted δ13C signature make up the first 
cluster. They reflect a mixture of marine carbon with carbon derived from organic matter. This 
group predominantly occurs in the open veins from the microbially dominated Poederlee and 
Heibaart buildups that are characterized by on-lapping organic-rich Namurian black shales. 
Most of these veins formed at temperatures varying between 110 and 130°C as deduced from 
clumped isotopes, indicating that they could have been formed during the late Carboniferous 
burial stage or after the Sudetic – Asturian deformation and uplift. The second cluster which 
displays host-rock buffered δ13C signatures, groups veins that may, but often do not, contain 
cleavage twins. U/Pb age dating of some of these veins indicate a Cretaceous (late Aptian/early 
Albian) and/or Paleocene age while formation temperatures dominantly vary between 50 and 
80°C based on clumped isotopes. This age dating confirms that for exploration and production 
for geothermal energy with respect to Lower Carboniferous carbonates in the Campine Basin 
(Belgium) one needs to take the Cretaceous – Paleocene tectonic stress field into account to 
predict which fractures might still be open. 
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One of the greatest challenges of the last decades in the fight against climate change has 
been to achieve net-zero emissions by mid-century. According to the US EPA (2016), in 2014, 
global anthropogenic emissions of carbon dioxide (CO2) accounted for ~64% of the greenhouse 
effect. Carbon dioxide capture and storage (CCS) plays an irreplaceable part as a mitigation 
technology that avoids CO2 emissions at their source and bridges the transition into a non-
carbon-based energy future. The International Energy Agency (IEA) estimates that the need to store 
CO2 will grow from 40 Mt/y at present to more than 5000 Mt/y by 2050. Additionally, in the IEA’s 
Sustainable Development Scenario, which aims for global net-zero CO2 emissions from the energy 
sector by 2070, CCS needs to become a global industry supporting emissions reductions across the 
overall energy system.  

CCS technologies essentially consist of capturing and compressing the CO2 at the source 
and then transport it towards deep suitable rock formations where it is injected to be 
permanently stored. The key to successful and permanent CO2 storage is the proper analysis and 
characterization of the reservoir and seal formation. Among the types of reservoir suitable for CO2 
storage are unmined coal beds, depleted oil and gas fields, EOR/EGR, saline aquifers, man-
made caverns, and basaltic formations (IPCC, 2005).  

The storage capacity of any of these reservoirs is the subsurface commodity whose 
quantities and properties are assessed when existing data is provided. Capacity estimations bring 
their own level of uncertainty and complexity according to the scale at which they are addressed and the 
nature of the geological conditions of the reservoir. This degree of uncertainty should be accounted 
for in every estimation (Bradshaw et al., 2007) 

Resource classification systems (RCS) are frameworks that establish the principles and 
boundaries for each level of capacity assessment. By making use of these frameworks, it is possible to 
properly allocate the stage of development of a resource (United Nations, 2020). For every level of 
assessment, the principles of the estimation change and so do the scale and purpose. As the analysis 
moves forward, a prospective site develops and exhaustive information is acquired, initial 
estimations are adjusted, and uncertainty is likely to reduce. Additionally, different economic, 
technical, regulatory, environmental and societal factors are integrated into the assessment to 
bring the estimations under present conditions. For instance, if the storage capacity is to be matched 
with a CO2 source, detailed simulations and analyses regarding injectivity, supply rate, potential routes 
and economic distances must be performed to achieve a realistic estimation. However, an assessment 
where the main goal is to merely quantify the space available to store CO2 in a reservoir, does not 
consider the aforementioned limitations and will carry higher risk and uncertainty in its estimation 
(Bradshaw et al., 2007).  

Even though resource classification systems provide a solid foundation for CCS projects, they 
do not provide the input parameters and analyses needed to reach every level of assessment. This is why 
storage capacity estimation methodologies go hand in hand with RCS given that the former can give 
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information related to the parameters and constraints considered in the estimation. No standard process 
has been proposed that can be followed from the starting level of a CO2 storage capacity assessment 
until a fully developed carbon storage resource; that is, a CO2 storage site ready to become fully 
operational. This paper aims to develop a methodology where the fundamental steps needed to go 
through every level of the resource classification systems are standardized. This methodology intends 
to serve as a general baseline that, regardless of the geological settings and techno-socio-economic 
conditions, can be adopted for any CCS assessment.  

The proposed methodology is built by reviewing the available capacity estimation methods for 
every level of assessment and identifying social, technical and economic aspects that come into play as 
the resource is being developed. Considering that capacity estimation methodologies can vary their 
approach even for the same level of assessment, the rationales behind them are expected to be 
determined. Such rationales can be related to in-place policy restrictions, geographical economic 
behavior, or the nature of the parameters contemplated. 

Additionally, PSS, an in-house developed tool that can assess CO2 storage reservoirs at different 
levels, will be proposed within the methodology. This tool is a bottom-up geotechnical and economic 
forecasting simulator that can generate source-sink matching for CCS projects, where technical, 
economic, and geological uncertainties are handled through a Monte Carlo approach for limited 
foresight (Welkenhuysen et al., 2016). 
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It is widely known that the subsurface will play a crucial role in the transition towards 
a carbon-neutral society, with the aid of technologies like geothermal energy, CO2-storage, …. 
Nevertheless, still a lot of aspects concerning the subsurface, its structure and characteristics 
remain to be investigated to facilitate the use of underground space in an efficient and safe way. 
In-depth investigation of the subsurface with conventional techniques such as seismic 
campaigns or drillings requires high investments, and it is not always straightforward to 
determine the success-rate upfront. This leads to geodata collections typically displaying a large 
variety and scatter, both concerning data (type) availability and in spatial distribution. 
Additionally, incorporating subsurface knowledge from neighboring countries often is 
challenging, but at the same time indispensable to increase understanding of the own 
subsurface, not least because some projects may display cross-border influences. 

It is clear that subsurface exploration benefits from a cross-border and cross-thematic 
data collection and interpretation approach. One way to organize such data centralization was 
explored in the framework of the European Horizon2020-project GeoConnect³d, by means of 
constructing a Structural Framework (SF) and a database of Geomanifestations (GM) for 
several pilot study areas. The Structural Framework defines geological units by its limits (e.g., 
faults, terrane boundaries, …). All known limits and associated parameters are structured in a 
uniform and inter-connected way. Furthermore, the SF is designed on multiple zoom-levels, 
hence it can serve as a real backbone to integrate multiple other subsurface models of various 
scale and resolution together. Geomanifestations are anomalous observations covering a wide 
range of geo-disciplines, including —but not limited to— temperature, geochemistry, 
mineralogy and even geophysics data. Such irregularities are too often excluded or ignored in 
view of the larger cloud of ‘normal’ datapoints. Nevertheless, precisely these anomalies can be 
of great value for identifying subsurface processes and serve as an excellent pathway for 
communication to non-experts, and also as guideline for further research. In addition to GIS- 
and attribute-information, Factsheets summarize the relations between individual 
geomanifestations, and, if applicable, their connection to the Structural Framework.  

Especially the latter, the combination of the (independent) elements SF and GM, gives 
a powerful tool that allows exploring the subsurface in an original and cost-efficient way. The 
newly gained insights can be directly linked and are extremely relevant to the use of the 
subsurface, either as storage space or as renewable/green energy-source. But it goes further than 
that. The overall usability of the SF and GM database is far more fundamental, as it gives 
innovative clues about characteristics and processes at play in the subsurface, such as fault 
permeability and connectivity, the presence of advection cells in the upper crust, or gas origin 
and migration pathways. To quote just one example; in the area of Spa, Belgium, elevated 
3He/4He-ratios were analyzed (Griesshaber et al., 1992), a parameter that can highlight mantle 
gas contribution in gas seeps (White, 2013). This observation was unexpected given the far 
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distance from any volcanic activity, but suggests the presence of deep-seated, transcrustal faults 
and/or a large-distance connectivity till the Eifel area where mantle-derived magma was 
involved in recent volcanism. When indirect indications like this are not considered further, 
such valuable subsurface knowledge is easily overlooked and not at all taken into account for 
investigating in more detail in the future. 

Even when limited resources or funding is available, the above-illustrated SF+GM 
approach can shed new light on properties and processes of the subsurface, given its novel and 
multidisciplinary approach. An inherent drawback, however, is that such a database is never 
complete and includes information from a variety of sources. Not only does this demands 
careful consideration on which data is included (or not), it also has to be taken into account for 
future database expansion as well as for data interpretation. Simple visualizations on a map 
without further (geological) background, e.g., combining both surface and at depth data as is 
the case for Wiesbaden, Germany (Mittelbach & Siebert, 2014), may lead to false conclusions. 
However, the provided Factsheets and metadata can help in this. Furthermore, at this moment, 
a large proportion of the entries depends on the availability of literature data, which implies 
some data source bias is unavoidable. For example, CO2-data typically is measured for springs 
and streams, while dry CO2-seeps easier remain unnoticed and therefore are reported less 
consistently. New data collection campaigns, possibly including bio-indicators like plants or 
ants (e.g., Berberich & Schreiber, 2013), can provide a good starting point for this. The uniform 
and well-designed structure of the database allows very easy expansion, be it for newly 
discovered faults, additional geomanifestation types, or parameter updates of either part. In 
addition, as demonstrated in the GeoConnect³d project, the SF+GM approach is fully 
transferable to other study areas. This clears the way for a cost-efficient cross-border 
exploration of the subsurface with wins for both the academic world and common public 
(geoheritage, education, …), and significantly contributes to a more data-supported outline for 
subsurface management.   

 
This project has received funding from the European Union's Horizon 2020 research and 
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In order to reach greenhouse gas emission reduction targets, atmospheric CO2 emissions 

from all industrial sectors need to be avoided. Globally, the cement production industry emits 
2.4 Gt CO2 per year, or 7% of all CO2 emissions (IEA). While about a third of this could be 
reduced by using renewable energy sources, the remainder are process emissions from the 
calcination process. Lime or CaO is produced by heating limestone (CaCO3), emitting CO2. 
The Australian company Calix has developed a direct separation technology for capturing these 
process emissions; a pilot-scale installation is operational at the Lixhe cement plant in Belgium 
(Figure 1). 

The EU H2020-funded LEILAC2 project (Low Emission Intensity Lime and Cement 2: 
Demonstration Scale) upscaling and integrating a novel type of carbon capture technology. This 
technology aims to capture, at low cost, unavoidable process emissions from cement and lime 
plant. This large-scale capture plant will be installed at the Heidelberg Cement’s plant in 
Hannover, Germany, capturing 20% of a typical cement plant’s CO2 emission. 

Apart from the physical installation and operation of the capture unit, a business case will 
be developed for the downstream components of transport, use and geological storage for the 
captured CO2. In order to develop a business case, a very large number of options, combinations 
and scenarios for each these components need to be evaluated, taking into account the 
intricacies of for example dealing with geological data in economic calculations. The PSS suite 
of geo-techno-economic simulators has been developed by the Geological Survey of Belgium, 
specifically for creating forecasts on the deployment of CO2 capture and geological storage 
(CCS) technologies (Welkenhuysen et al., 2013). In PSS, investment decisions for the full CCS 
chain are simulated as a forecast in a non-deterministic way, considering uncertainty and 
flexibility. Especially for matching storage, these elements are essential. 

While capture in this demonstration project is a given, several scenarios will be analyzed: 
the current demo-scale, full-scale capture, and CO2-network integration. Due to its location, 
several CO2 transport options can be considered at the Hannover plant: from low-volume truck, 
railway or barge transport, up to ships and pipelines. Special attention is given to possible 
connections with ongoing and planned initiatives for infrastructure and hub development such 
as the Porthos project in the port of Rotterdam or the Northern Lights project offshore Norway. 

In the wider area around the capture location, North-Western Europe including the North 
Sea offshore area, there are many potential storage options available. Offshore storage options 
will be the primary targets for assessment, with many (nearly) depleted hydrocarbon fields and 
saline aquifers that are present in the southern North Sea. Storage aspects are treated as 
stochastic parameters, with for example storage capacity and injectivity of the reservoirs 
represented by probability density functions. 

In order to compare storage options, the degree of knowledge, uncertainty and economic 
and practical development feasibility of such a storage location needs to be assessed. An 
analysis of such storage classification systems is created by Tovar et al. (this conference). 

With the above-mentioned PSS method and CCS project development options, source-
sink matching is performed to create forecasts on project and network development. Results 
will provide insight in the probability of preferred storage option development for steering 



 
Geologica Belgica Meeting 2021, September 15-17, Tervuren, Belgium – Abstract Book, p. 350 

exploration and development efforts, preferred transport modes and routes, the optimal timing 
of investments, and the influence of market parameters, such as the ETS price of CO2 emissions. 
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Figure 1. Left: shematic section of the LEILAC1 capture plant. Right: LEILAC1 capture plant 
at the Lixhe cement factory. 

https://www.iea.org/reports/energy-technology-perspectives-2020
https://www.iea.org/reports/energy-technology-perspectives-2020
http://dx.doi.org/10.1016/j.ijggc.2013.05.025


 
Geologica Belgica Meeting 2021, September 15-17, Tervuren, Belgium – Abstract Book, p. 351 

Decision support under uncertainty for geothermal applications: case selection 
and concept development  
 
Kris WELKENHUYSEN1, Tine COMPERNOLLE1,2, Olivier KAUFMANN3, Ben 
LAENEN4, Bruno MEYVIS1, Kris PIESSENS1, Spiros GOUSIS2, Nicolas DUPONT3, 
Virginie HARCOUET-MENOU4, Justin POGACNIK4 

1. Royal Belgian Institute of Natural Sciences – Geological Survey of Belgium, Jennerstraat 
13, 1000 Brussels, Belgium (kris.welkenhuysen@naturalsciences.be) 

2. University of Antwerp – Faculty of Business and Economics, Prinsstraat 13, 2000 Antwerp, 
Belgium 

3. University of Mons – Faculty of Engineering, Rue de Houdain 9, 7000 Mons, Belgium 
4. VITO – Sustainable Land Use, Boeretang 200, 2400 Mol, Belgium 
 

In order to meet climate goals and provide energy security, geothermal energy can play 
an important part in Belgium’s energy production portfolio. The current implementation of 
geothermal energy in Belgium is very limited, making accurate forecasts about the economic 
potential difficult. In the DESIGNATE project, tools and workflows are developed to 
investigate the potential of deep geothermal energy and geothermal applications in abandoned 
mines in Belgium, considering uncertainties at reservoir, technology and economic level.  

 
The goal of this project is to make forecasts about the role of these geothermal 

applications in the Belgian energy portfolio and provide support for strategic planning of 
subsurface activities by: explicitly considering uncertainties in modelling non-standard 
geothermal resources; creating tools for integrated forecasts under uncertainty; setting up a 
methodological framework for territorial LCAs considering surface and subsurface impacts; 
and analysing interferences and their consequences for geothermal energy deployment in 
Belgium. 

 
These workflows will be developed for and applied to five real and theoretical case 

studies throughout Belgium, in different geological settings. A first case is the Balmatt deep 
geothermal project, a deep geothermal research project led by VITO in Mol, of which two wells 
are operational as a doublet. To allow for a realistic economic assessment, this case takes the 
basic structure and development of the Balmatt project, but as if it would be a commercial 
doublet project at the same location and in the same Carboniferous strata. A second case is a 
deep doublet system in NW Turnhout, currently under development by the geothermal 
development company HITA. This project allows supplying heat to part of the city of 
Turnhout’s residential  and tertiary sector’s buildings. A third case involves the application of 
a novel single-well technology for geothermal heat extraction To compensate for the unknowns 
of the new technology, a more uniform and predictable reservoir type was chosen for this 
application: the Cretaceous deposits in the Campine Basin. The fourth case will investigate a 
new deep geothermal doublet in the Mons Basin, the Deep Mons project. At Porte de Nimy, 
close to a hospital, two wells of about 2.5km depth are planned to reach the Carboniferous. A 
fifth and last case is the application of an open geothermal system in former coal mine galleries. 
Preliminary, the Péronnes-lez-Binche coal mines were selected, as the structural separation of 
the galleries in a shallower colder part and a deeper warmer part allows for several applications 
such as seasonal use of heat and cold. 

 
Because a portfolio of methods will be developed to analyse different aspects of these 

projects, a solid common base is needed across all methods. These “project concepts” start from 
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a decision tree, listing the major decision steps for each case, such as seismic exploration, well 
drilling, and the potential use cases. Additionally, options for waiting and abandoning the 
project are also included. Other data such as duration and cost are tied to this framework. 
Figure 1 shows a flow chart of such a decision tree for the Balmatt case. 

 
Because of their flexibility and speed, analytical solutions will be developed from 

numerical models for simulating the reservoir behavior and predict the evolution of temperature 
and pressure. The project uses an innovative approach by stepping away from simple well 
designs and homogeneous reservoirs, and introducing uncertainty. These analytical models will 
provide direct input for a geological techno-economic assessment (G-TEA), a territorial life 
cycle assessment (LCA), and a new version of the PSS simulator. Project development is 
simulated considering the analytical reservoir models as resource, the technical and economic 
aspects of project development, heat transport, energy demand, environmental impact, energy 
market and the policy framework. 
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Figure 1. Decision tree for the Balmatt case. Only one use case is listed (“Operation”), as the 
heat network is already existing. 
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12.2. DGE Rollout, Roll-out of Deep Geothermal Energy in NW-
Europe 

 
Conveners:  
Matsen Broothaers (VITO), Tobias Fritschle (GD-NRW), Estelle 
Petitclerc (RBINS-GSB), Kris Welkenhuysen (RBINS-GSB) 
 
The transnational EU-Interreg funded project “Roll-out of Deep Geothermal Energy 
in North-West Europe” (DGE-ROLLOUT; www.nweurope.eu/DGE-Rollout) aims to 
foster the use of deep geothermal energy as a climate- and environmentally-
friendly resource in North-West Europe (NWE). Following a multi-disciplinary 
geoscientific approach, DGE-ROLLOUT investigates one of the most promising 
carbonate reservoirs in NWE, the Lower Carboniferous Kohlenkalk-Group situated 
within the Rhenohercynian Basin. The exploitation of such reservoirs using 
hydrothermal techniques provides the potential to generate climate-neutral heat 
and power, and therefore helps reduce CO2 emissions. 

 
This session aims to present 
the different aspects 
implemented through and 
within DGE-ROLLOUT. 
Presenters from Belgium, 
France, Germany and the 
Netherlands will provide 
insight to current projects, 
such as cross-border 
acquisition of 2D-seismic 
surveys, 3D-modelling of the 
Kohlenkalk-Group in the 
subsurface of the 
transnational area, as well as 
the development and 
optimisation of new and 
existing deep geothermal 
power plants. A major focus of 
this session is to contribute to 
the dissemination of the state 
of the art on deep geothermal energy, and to establish transnational collaboration 
to promote the use of this sustainable and widely available energy resource. 

http://www.nweurope.eu/DGE-Rollout
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The Lower Carboniferous geothermal reservoir of the deep subsurface of North 
Rhine-Westphalia and its border regions: New insights from 3D mapping  
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Within the scope of the EU-Interreg-funded project Roll-out of Deep Geothermal Energy 
in North-West Europe (DGE-ROLLOUT) (www.nweurope.eu/DGE-ROLLOUT, Fritschle et 
al. 2021), the Geological Survey of North Rhine-Westphalia has produced a depth and thickness 
map of the Lower Carboniferous (Dinantian) geothermal reservoir occurring in the subsurface 
of the German federal state of North Rhine-Westphalia (Arndt 2021).  

The largely karstified limestone deposits of the Dinantian Kohlenkalk Group, which are 
well known from outcrops in north-eastern Belgium and the Aachen area in North Rhine-
Westphalia, are expected to serve as a suitable aquifer for geothermal energy production. 
Information from well data and outcrop analogues suggest more than 400 m thick deposits of 
karstified and dolomitsed platform carbonates in the deep subsurface from the border triangle 
of Belgium, Germany, and the Netherlands towards the eastern extents of the Lower Rhine 
embayment. These subsurface carbonate occurrences have been constructed using the 
commercial 3D modelling software MOVE (Petroleum Experts, Version 2019.1) in order to 
better characterise the geothermal potential of this region.  

Further east of the Lower Rhine embayment, the platform carbonates translate into the 
basinal Kulm facies, which is dominated by starved siliciclastic sedimentation with turbiditic 
interruptions. Some of these turbiditic sequences reach thicknesses of more than 150 m in the 
Remscheid-Altena anticline, indicating the presence of another carbonate source likely situated 
in the deep subsurface of the Münsterland area. This hidden platform or intra-basinal swell may 
also provide significant potential for geothermal exploitation. 

The border region between Belgium, Germany and the Netherlands is of particular 
interest for geothermal prospection considering current projects in Mol (BE) and Venlo (NE). 
However, geological ambiguities in the Aachen area emphasise the need for more 
comprehensive geothermal investigation. New data from seismic exploration campaigns 
obtained within DGE-ROLLOUT and through the Dutch SCAN programme 
(https://www.nlog.nl/en/scan) will further improve the cross-border correlation of the Dinantian 
between the countries. 
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The recent developments in deep geothermal in the Campine Basin (Northern Belgium) 
focus on the Lower Carboniferous Limestone Group (LCLG). However, deep geothermal 
energy in the Belgian Campine Basin is not a new development. In fact, the first steps were 
already taken in the 1950’s when the Turnhout well was drilled, revealing the presence of a 
geothermal reservoir at depth. Nevertheless, it took until the late 1970’s for a new project to 
materialize, leading to the Merksplas-Beerse well in 1983. It provided a wealth of information, 
including hydraulic, chemical and radiological data. However, it did not result in the 
development of a geothermal site providing heat to consumers. Renewed interest from 2009 
onwards eventually led to the Balmatt project in Mol, with the aim of demonstrating the 
technical and economic feasibility of a geothermal site in the LCLG at a depth of more than 
3000 m. 

The first well (Mol-GT-01) was spudded in 2015 and drilled vertically. The top of the 
LCLG was found at a depth of 3175 m (Bos & Laenen, 2017). Well TD was reached at 3609 m 
depth. As the geological setting was considered different from previously drilled wells, 
extensive karst levels were not expected. Instead, the well aimed at finding zones of increased 
permeability along faults and fractures. Total mud losses were encountered while drilling in the 
reservoir section, indicating the presence of increased transmissivity at least in the immediate 
vicinity of the well. A second well (Mol-GT-02) was spudded in 2016 and deviated towards the 
northeast. The top of the LCLG was encountered at 3300 m TVD (Bos & Laenen, 2017) and 
well TD was reached at 4341 m MD (or 3830 m TVD). 

Following the completion of both wells, work started on the construction of the surface 
installations of the geothermal plant and on the connection to the heating network of VITO (and 
adjacent companies), already in place. Connecting low temperature heating networks, that could 
go as low as 30°C, would double the thermal output. As the two wells did not reach the base of 
the LCLG, VITO planned to drill a third well that would cover the entire limestone sequence 
and would explore the underlying Devonian sandstones. 

Mol-GT-03 was spudded in December 2017, targeting the same faulted and fractured 
zone as Mol-GT-01-S1, although now in southeastern direction at 1,6 km distance to Mol-GT-
01-S1 (Broothaers et al., 2019). The top of the LCLG was reached at a depth of 3142 m TVD. 
Mol-GT-03 became the third well in the Belgian part of the Campine Basin to reach the base 
of the limestone sequence, which was found at 3992 m TVD (base Vesdre Formation). TD was 
called at 4905 m MD (4235 m TVD) in July 2018. Initial well tests pointed to productivity far 
lower than anticipated. As a consequence, Mol-GT-03 was classified as a dry well. 
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The start-up phase was initiated in November 2018 and continued until June 2019. During 
this time fourteen periods of test operation were carried out comprising injection in the well 
Mol-GT-02 and production from Mol-GT-01. Each period covered between 0.5 and 240 
operational hours. In total, 50.000 m³ of geothermal brine was produced and 3.200 MWh of 
heat was extracted. The energy was used for heating purposes or for the production of power 
by means of an organic rankine cycle (ORC). 

The results and observations made during the start-up phase revealed several challenges 
related to the characteristics of the brine, such as the presence of gas, the occurrence of Natural 
Occurring Radioactive Materials (NORM), corrosion and scaling. The observations showed 
that free gas was present in the installations. Considering the nature of the gas (mainly CO2), 
separation of gas from the fluid would have an impact on the chemical composition of the brine 
and on its potential for scaling. The proper functioning of the scaling inhibitor was evaluated 
through the amount and type of material in the filter elements. Analysis of the material captured 
in the filter elements revealed the presence of Galena (PbS). The start-up phase also confirmed 
the occurrence of induced seismicity in the vicinity of the injection well, culminating in a ML 
2.2 event on June 23rd 2019. The initial start-up phase was stopped, and seismic events were 
analyzed in order to understand the mechanisms leading to induced seismicity. This led to a 
substantial extension of the existing seismic monitoring network. At the same time, changes 
were made to the geothermal installations to better meet with the challenges encountered and 
to optimize production. These include an increase in system pressure, the installation of an 
injection tubing, changes in the mesh size of the filters, and the use of different inhibitors. 

In February 2021 the Board of Directors of VITO approved a restart of the geothermal 
site in the framework of a research program. Test activities were started from mid April 2021 
on, after communication to authorities, inhabitants of Mol and Dessel, and neighboring 
companies. The test program will run for one year and aims to achieve a better understanding 
of the seismological behavior of the LCLG and of the seismic risk when operating a geothermal 
doublet. In addition, the test phase will allow to evaluate the hydraulic characteristics of the 
reservoir and efficiency of the changes implemented in the geothermal installations. 
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DGE-ROLLOUT - Promoting Deep Geothermal Energy in North-West Europe 
 
Tobias FRITSCHLE 1, Estelle PETITCLERC 2, Timme VAN MELLE 3, Matsen 
BROOTHAERS 4, Arianna PASSAMONTI 5, Martin ARNDT 1,Burcu TAŞDEMIR 1, 
Chelsea PEDERSON 6 and Martin SALAMON 1 

1. Geological Survey of North Rhine-Westphalia, De-Greiff-Straße 195, 47803 Krefeld, 
Germany (Tobias.Fritschle@gd.nrw.de) 

2. Royal Belgian Institute for Natural Sciences, Geological Survey of Belgium, Rue Jenner, 
13, 1000-Brussels, Belgium 

3. Energie Beheer Nederland B.V., Daalsesingel 1, 3511 SV Utrecht, The Netherlands 
4. Flemish Institute for Technological Research, Boeretang 200, 2400 Mol, Belgium 
5. Fraunhofer Institution for Energy Infrastructures and Geothermal Systems IEG, Am 

Hochschulcampus 1, 44801 Bochum, Germany 
6. Ruhr-University Bochum, Institute for Geology, Mineralogy and Geophysics, 

Universitätsstraβe 150, 44801 Bochum, Germany 
 

The transnational EU-Interreg funded project “Roll-out of Deep Geothermal Energy in 
North-West Europe” (DGE-ROLLOUT; www.nweurope.eu/DGE-Rollout) aims to foster the 
use of deep geothermal energy as a climate- and environmentally-friendly resource in North-
West Europe (NWE), and therefore aims to reduce CO2 emissions.  

Besides the Geological Survey of North Rhine-Westphalia as the lead partner, the DGE-
ROLLOUT project partners include the national geological surveys of Belgium, France, and 
the Netherlands, as well as industry partners (DMT GmbH & co. KG, EBN B.V., RWE Power 
AG) and research institutions (Fraunhofer Institution for Energy Infrastructures and 
Geothermal Systems IEG, Technical University Darmstadt, Flemish Institute for Technological 
Research). 

One major aim of the DGE-ROLLOUT project involves the geothermal characterisation 
of the Lower Carboniferous Kohlenkalk Group situated within the Rhenohercynian Basin. 
Using lithostratigraphic and structural data obtained from drilling operations, geological 
mapping, and seismic campaigns, the project intends to provide a comprehensive 3D subsurface 
model of the Kohlenkalk geothermal reservoir within NWE. 

Further challenges addressed in the DGE-ROLLOUT project include: the storage of heat 
in a decommissioned hard-coal mine as well as in crystalline rocks, the optimisation of 
production outputs through the installation of high-temperature heat pumps and new cascading 
schemes in several geothermal installations, and the development of innovative decision and 
exploration strategies promoting the establishment of renewable and sustainable deep 
geothermal energy. 

Similar to the VITO Balmatt Energy Plant (www.vito.be/en/deep-geothermal/balmatt-
energy-plant), the conventional lignite-fired power plant Weisweiler (RWE) is aimed to utilise 
the Kohlenkalk aquifer in its subsurface to introduce geothermal energy into the regional 
district-heating network following the forthcoming fossil fuel phase-out. First investigations in 
this instance are undertaken within the DGE-ROLLOUT project. 

http://www.nweurope.eu/DGE-Rollout
http://www.vito.be/en/deep-geothermal/balmatt-energy-plant
http://www.vito.be/en/deep-geothermal/balmatt-energy-plant
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Exploration for Deep Geothermal Energy at the RWE Power Plant Weisweiler, 
Germany  
 
Thomas OSWALD 1, Frank STROZYK 2, Tobias FRITSCHLE 3, Martin SALAMON 3 

1. RWE Power AG, Cologne site, Stüttgenweg 2, 50935 Köln, Germany 
(thomas.oswald@rwe.com) 

2. Fraunhofer Research Institution for Energy Infrastructures and Geothermal Systems IEG, 
Kockerellstraße 17, 52062 Aachen, Germany (frank.strozyk@ieg.fraunhofer.de) 

3. Geological Survey of North Rhine-Westphalia, De-Greiff-Straße 195, 47803 Krefeld, 
Germany (tobias.fritschle@gd.nrw.de, martin.salamon@gd.nrw.de) 

 

Carboniferous and Devonian carbonate rocks in the deeper subsurface below the 
Weisweiler lignite-fired power plant near Aachen, Germany, will be explored and exploited for 
the purpose of deep geothermal energy extraction using hydrothermal techniques. First steps 
are undertaken as green field exploration in the course of the transnational EU-Interreg-funded 
“Roll-out of Deep Geothermal Energy in North-West Europe” (DGE-ROLLOUT) project, 
which aims to provide solutions to reduce carbon-dioxide emissions using a variety of 
geoscientific approaches.  

Although multiphase deformation and faulting during both Variscan and Alpine (post-) 
orogenic processes formed a complex geological setting in the area, it appears to exhibit 
favourable conditions for deep geothermal exploitation at several depth levels. A preliminary 
geological 3D model of the subsurface of the Weisweiler area has been constructed on the basis 
of which a first c. 1,500 m deep drilling operation and additional exploration campaigns such 
as a seismic survey and other deeper exploration wells are currently being planned. The 
preparatory work for the construction of the first exploratory well and the required approval 
procedures are underway. 

mailto:thomas.oswald@rwe.com
mailto:frank.strozyk@ieg.fraunhofer.de
mailto:tobias.fritschle@gd.nrw.de
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A Fraunhofer demonstrator on high temperature heat pump coupled with high 
temperature mine thermal energy storage  
 
Arianna PASSAMONTI 1, Matthias UTRI 1, Florian HAHN 1 

1. Fraunhofer Research Institution for Energy Infrastructures and Geothermal Systems IEG, 
Am Hochschulcampus 1, 44801 Bochum, Germany (arianna.passamonti@ieg.fraunhofer.de) 

 
In order to achieve the European and German CO2 reduction targets, sustainable and 

renewable solutions for the heating sector, especially in the populated regions of North-West 
Europe (NWE) are required. With this motivation, the two coherent projects Geothermica 
HeatStore and NWE-Interreg DGE-ROLLOUT work on the development of a high temperature 
mine thermal energy storage (HT-MTES) pilot plant utilised as a heat source for a high 
temperature heat pump (HTHP), connected to the local district heating grid (DH).  

During the summer, solar thermal energy will heat up the water present in a small flooded 
mine located in the subsurface of the Fraunhofer IEG campus in Bochum. Flow and heat 
transport simulations on the mine water were carried out in order to choose the best locations 
for production, injection and monitoring wells, which have already been drilled by Fraunhofer 
IEG in 2020.  

Major results include new insights on large scale HTHP, the requirements for the complex 
cascading technology, and the modelling of the mine water as a geothermal reservoir. Next 
steps will involve pumping and tracer tests, the first injection of heat into the mine water in 
summer 2021, and HTHP installation and testing in winter 2021/22. The development of these 
projects will demonstrate how the usage of abandoned mines as subsurface heat storage 
facilities, and their coupling with innovative heat pump systems covering a significant range of 
temperature sources and output parameters, can support the energy conversion towards the 
European and German CO2 reduction goals.  
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Sustainability and renewability of Geothermal Energy  
 
Timme VAN MELLE 1, Hester DIJKSTRA 2, Dorien DINKELMAN 3 

1. Energie Beheer Nederland B.V., Daalsesingel 1, 3511 SV Utrecht, The Netherlands 
(timme.melle-van@ebn.nl) 
2. Netherlands Organization for Applied Scientific Research, Princetonlaan 6, 3584 CB 
Utrecht, The Netherlands (hester.dijkstra@tno.nl) 
3. Netherlands Organization for Applied Scientific Research, Princetonlaan 6, 3584 CB 
Utrecht, The Netherlands (dorien.dinkelman@tno.nl) 

The main driver for the DGE-Rollout project is to reduce CO2 emissions.  Geothermal 
energy is generally accepted as a technology that can help reduce CO2 eq-emissions by 
replacing fossil fuel in the heating of buildings, and provide energy to current as well as many 
future generations. However, it should be acknowledged that, like any energy technology, there 
are, directly and indirectly, emissions related to the production of geothermal energy.  

We will look into the overall emissions related to geothermal energy, taking into account 
the whole lifetime (construction, use phase and abandonment) of a geothermal project. We will 
firstly discuss DGE in isolation, and compare it to other (non-fossil) sources of heat. Secondly, 
we will look at DGE as part of a portfolio of sources for a district heating network and how it 
helps to reduce emissions for the system overall. Finally, we will investigate how emissions 
can be further reduced. 

mailto:timme.melle-van@ebn.nl
mailto:hester.dijkstra@tno.nl
mailto:dorien.dinkelman@tno.nl
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High-Temperature Medium Deep Borehole Thermal Energy Storage Pilot Plant 
 
Bastian WELSCH 1,2, Julian FORMHALS 1,2, Kristian BÄR 1, Lukas SEIB 1, Ingo SASS 1,2 

1. Technische Universität Darmstadt, Geothermal Science and Technology, 
Schnittspahnstraße 9, 64287 Darmstadt, Germany (welsch@geo.tu-darmstadt.de) 
2. Darmstadt Graduate School of Excellence Energy Science and Engineering, Otto-Berndt-
Straße 3, 64287 Darmstadt, Germany 
 

Borehole thermal energy storage (BTES) is eminently suitable for seasonal storage of 
large amounts of excess heat. However, water authorities regard the associated thermal impact 
on shallow aquifers as critical. Medium deep borehole heat exchangers (BHE) tap into larger 
depth and allow for the use of thermal insulation in the topmost section of the boreholes. As a 
result, the thermal load on topmost aquifers is significantly reduced and shifted to the rock 
volume below, where heat can be stored at high temperature (up to 90°C). Numerical 
simulations have shown that these medium deep BTES systems can store heat on a large scale 
and effectively protect critical drinking water reservoirs. However, large BTES system sizes 
are required for an efficient operation, which also entails high investment costs. Moreover, to 
efficiently integrate such systems into district heating grids, low-temperature grids of the fourth 
generation are required, which are still rather an exception in many countries. As a result of 
both high investment costs and the lack of suitable heating grids, medium deep BTES systems 
have not been put into practice so far.  

Within the framework of the Interreg Project “DGE-ROLLOUT – Roll-out of Deep 
Geothermal Energy in North-West Europe” the concept of the first pilot plant for a medium 
deep BTES system built on the campus of Technische Universität Darmstadt is developed. The 
storage array consists of four coaxial BHEs, which tap into a crystalline reservoir rock 
underneath a sedimentary cover of approximately 50 m thickness. All BHEs are equipped with 
flowmeters and fiber optic cables for depth-dependent temperature measurements during 
operation. In close vicinity, groundwater monitoring wells with multi-parameter probes 
complete the extensive monitoring setup. Experiments run using mobile heating and cooling 
units, which simulate charging at up to 90°C and discharging at down to 10°C cycles and allow 
for full control of the storage operation. Together with geophysical exploration data from the 
construction phase we expect the pilot plant to provide a comprehensive dataset for the 
validation of our numerical experiments and to proof the concept of medium deep BTES. Based 
on these validated simulations a prognosis of the performance and efficiency of even larger 
scale systems will be possible. 
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Vellekoop Johan 10h20 O6-2
Rapid biological recovery following the Cretaceous-Paleogene boundary 

catastrophe in the Maastrichtian type area

Olive Sebastien 10h40 O6-3
Deciphering early stages of vertebrate evolution thanks to long ignored soft-

bodied fossils from the Early Devonian of Belgium

Goolaerts Stijn 11h30 O6-4
X-ploring new tools for paleontologists: the RBINS-RMCA micro-CT lab at 

your service

da Silva Anne-Christine11h50 O6-5
Timing and pacing of the Hangenberg Crisis (Devonian-Carboniferous 

Boundary) in the Chanxhe sections, Belgium

De Brito Léa 12h10 O6-6 Pinaceae diversity from the Lower Cretaceous of Belgium

Chatar Narimane 12h30 O6-7
Craniomandibular anatomy of Panthera gombaszoegensis from la Belle-

Roche (Liège, Belgium)

Duboys de LavigerieGuillaume 14h00 O6-8
Stratigraphical context of the Pliocene right whales (Balaenidae) from the 

North Sea

Smith Thierry 14h20 O6-9
Contributions to Belgian Paleogene (plant) research: a tribute to Philippe 

Gerrienne

Van Horebeek Nick 14h40 O6-10
Changing life mode of Campanile giganteum (Lamarck, 1804) with age 

Shifting habitat or food sources

Lambert Olivier 15h30 O6-11
Echolocating toothed whales (Cetacea, Odontoceti) from the Neogene of 

Belgium

Denayer Julien 15h50 O6-12 Belgium is the best place to define the Devonian-Carboniferous Boundary

Jimenez Elodie-Laure 16h10 O6-13
Caverne Marie-Jeanne (Belgium): How an old collection from the Royal 

Belgian Institute of Natural Sciences sheds new light on cave hyaenas’ 

behaviour and adaptation

Vancoppenolle Iris 16h30 O6-14
The mid-Maastrichtian event in the Maastrichtian-type area and its benthic 

foraminiferal response

Martens Lise 16h50 O6-15
Mid-latitudinal tropical conditions during the Early Eocene Climatic 

Optimum: Reconstruction of a coastal paleoenvironment in the southern 

North Sea Basin

Candela Yves 13h00 P6-1
First occurrence of linguliformean brachiopods in the lower Tremadocian 

(Ordovician) of the Brabant Massif (Belgium)

Doubrawa Monika 13h00 P6-2
Shelf ecosystems along the Maryland Coastal Plain prior to and during the 

Paleocene-Eocene Thermal Maximum

Goolaerts Stijn 13h00 P6-3
CT-CEPH: Applying micro-CT imaging in the study of Belgian fossil Nautilid 

Cephalopods 

Klassen Jacques 13h00 P6-4
Variation in long bone morphology of true seals (Mammalia, Phocidae), and 

its impact on understanding the fossil record

Pereira Sofia 13h00 P6-5
Hirnantia Fauna from the Condroz Inlier, Belgium another case of a relict 

Ordovician shelly fauna in the Silurian

Willems Anthéa 13h00 P6-6
A paleoenvironmental reconstruction of the Campanile giganteum (Lamarck, 

1804) bed (Lutetian, Paris Basin) utilizing quantitative macro- and 

micropaleontological data
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Fontaine Olivier 15h30 O7-1 Sedimentary processes inside the Han-sur-Lesse Cave (Belgium)

Dewaide Lorraine 15h50 O7-2
Karstification and associated processes of the Waulsort Formation (Furfooz, 

Belgium)

Deleu Romain 16h10 O7-3
Tracer tests in La Lembrée karstic system: the crucial importance of a good 

geological map

Dehandschutter Boris 13h00 P7-1 Radon gas in karstic environments, the case of the Noû Bleû Cave, Belgium

Lahogue Pascale 13h00 P7-2 State of knowledge on Kongo Central karst, DRC

Moulana Meriem Lina 13h00 P7-3 Origin of the collapse sinkholes of the Boukadir region (Chelif-Algeria)

1rst author Name Surname Time Abstract Abstract title

Aruaujo Fernando P. 14h00 O8-1
High-resolution Raman mapping: using micro-analyses to reveal geological 

processes

Kaskes Pim 14h20 O8-2
Latest developments in micro-X-ray fluorescence (µXRF) analysis in 

geosciences: high-resolution element mapping, digital image analysis, and 

quantifications

Buyse Florian 14h40 O8-3
Unravelling the genesis of critical mineral resources by employing advanced 

imaging techniques

Verheyden Sophie 15h30 O8-4
Development of a Laser-Induced Breakdown spectrometry (LIBS) 

instrumentation and protocols for rapid screening of soils

Baele Jean-Marc 15h50 O8-5
Combined Laser-Induced Breakdown Spectroscopy (LIBS) and Plasma-

Induced Luminescence (PIL) for geochemical mapping and profiling of 

geological samples 

Burlet Christian 16h10 O8-6
The ROBOMINERS LIBS spectrometer: a mining sensor prototype for 

autonomous in-stream, in-slurry geochemical diagnostics

Meyvisch Piotr 16h30 O8-7
Recent advances in infrared spectroscopy applied to single specimen 

dinoflagellate cysts: methodological framework and applications

Stasi Giorgia 13h00 P8-1 ROBOMINERS changing the ground rules 

Cobert Corentin 13h00 P8-2
New thermal data for the Rocroi inlier, France and Belgium, based on 

Raman Spectroscopy of Carbonaceous Material (RSCM)

Papier Severine 13h00 P8-3
Geochemical imaging at hand-sample scale of Belgian Zn-Pb ores using Laser-

Induced Breakdown Spectroscopy (LIBS)

Meyvisch Piotr 13h00 P8-4
Recent advances in infrared spectroscopy applied to single specimen 

dinoflagellate cysts: methodological framework and applications

Hulsbosch Niels 13h00 P8-5
Phase identification and mapping of melt inclusions in complex mineral 

hosts by confocal Raman spectroscopy and multivariate statistics

Coffee break

Session 8: New Spectroscopic Methods Applied to Geosciences

Session 7: Karst Investigation and Subsurface Researches

Wednesday 15th, Room 2

Fiday 17th, Room 1
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Poster presentations, Foyer
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Villani Mäelle 14h00 O9-1
Influence of permafrost degradation and shift in vegetation on litter and soil 

properties. Case study in Central Alaska

Gilliot Alexia 14h20 O9-2
Evolution of iron-organic carbon interactions during abrupt thaw in ice-rich 

permafrost: case study in Siberia

Hayes Nicholas 14h40 O9-3
Towards a Coupled Hydrological-Biogeochemical Model of Subglacial 

Environments

Muller Sofia 15h30 O9-4
Seasonal dynamics of nitrous oxide in sea ice in the Central Arctic: insights 

from the MOSAiC Expedition

Delhasse Alison 15h50 O9-5
Greenland mass balance by 2200 using coupled atmospheric (MAR) and ice 

sheet (PISM) models

Fettweis Xavier 16h10 O9-6
Reduction of the future Greenland ice sheet surface melt with the help of 

solar geoengineering

Louis Justin 13h00 P9-1
Influence of thermokarst formation on manganese-organic carbon 

interactions in ice-rich permafrost

Mauclet Elisabeth 13h00 P9-2
Influence of permafrost degradation on foliar mineral element cycling upon 

changing subarctic tundra vegetation

de la Fuente Ruiz Maria 13h00 P9-3
Modelling methane efflux and ocean acidification triggered by hydrate 

dissociation

Lefebvre Constance 13h00 P9-4
Assessing the production and efflux of methane gas from thawing subsea 

permafrost on the warming Arctic shelf

Ridolfi Emilia 13h00 P9-5
Modeling methane production and emission from thawing sub-sea 

permafrost on the warming Arctic Shelf

Placitu Silvia 13h00 P9-6
Quantifying Fe-OC associations in sediment using Na-dithionite in Flow-

Through Reactors (FTR)

Geels Alexis 13h00 P9-7
Quantifying carbon transformations and fluxes at active methane seeps on 

the East Siberian Arctic Shelf

Poster presentations, Foyer
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Fripiat François 10h00 O10-1
The highest latitude waters of the Southern Ocean and glacial-interglacial 

change in atmospheric CO2

Vandermaelen Nathan 10h20 O10-2
Constraining the depositional history of Quaternary fluvial deposits based 

on grain size, geochemistry and cosmogenic radionuclides

Auboiron Jeanne 10h40 O10-3
Lacustrine record of last millennia precipitation from Lake Esponja and Lake 

Bertrand of Northern Chilean Patagonia (72°W)

Wanlin Gaëlle 11h30 O10-4
Mineralogical and geochemical signal of the crater lake La Alberca de 

Tacámbaro in Central Mexico as an archive of precipitation over the last 

millennia

Negash Emnet 11h50 O10-5
Topoclimate and spatio-temporal distribution of summer rain over the 

Ethiopian highlands

Swinnen Ward 12h10 O10-6
Anthropogenic legacy effects control sediment and organic carbon storage 

in temperate river floodplains

Augustijns Femke 12h30 O10-7
Vegetation history in the Ethiopian Highlands for the past 18000 years: a 

multi-proxy analysis of high altitude wetlands 

Bogemans Frieda 13h00 P10-1
Reconstructing the late Holocene sedimentary landscape of the Zwin area 

nearby Bruges  late-medieval outport Hoeke

Astuti Anik Juli Dwi 13h00 P10-2
Has hydrologic connectivity been taken into account in the Lake Tana Basin 

(Ethiopia): a literature review on climate, hydrology and geomorphology

Broothaerts Nils 13h00 P10-3
Changes in vegetation and sediment transfers over the last 3000 years in the 

catchment of Lake Alaotra, Madagascar

Engel Max 13h00 P10-4
Metagenomics of tsunami deposits: developments and challenges from a 

case study on the Shetland Islands (UK) 

Fagel Nathalie 13h00 P10-5
The last millenia sedimentary record of Lago Esponja from Northern Chilean 

Patagonia

Kangi Gladys 13h00 P10-6
Spatio-temporal variation of the Omo Delta (1990-2018) what remote 

sensing data reveal and models explain

Lyu Anqi 13h00 P10-7
Regional sensitivity of East Asian summer monsoon to ice sheet and orbital 

forcing

Rosas-Barturen Miluska 13h00 P10-8
Spatial variation and factors controlling sediment fluxes along the western 

slopes of the Peruvian Andes

SU Qianqian 13h00 P10-9
The response of global terrestrial vegetation to orbital forcing and CO2 

during MIS 11 and MIS 13

van de Velde Sebastiaan 13h00 P10-10
Reconstructing the spatial redox structure of anoxic oceans using a 3D 

ocean-based Earth system model Title

André Coralie 13h00 P10-11
Preliminary results from palynological and diatoms analyses from three sites 

of the Medieval harbour network in the Zwin area in North of Belgium and 

the Netherlands: Hoeke, Mude and Aardenburg

Liang Ming-Qiang 13h00 P10-12
Paleoclimatic evolutions during the Holocene: A stalagmite δ18O record 

from Majiaping Cave, Guizhou, China

Fiday 17th, Room 1

Fiday 17th, Room 2

Coffee break

Lunch break

Session 10: Quaternary and Anthropocene (BELQUA)
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Neefs Ben 10h00 O11-1
The effects of Belgian crustal geology and its sedimentary cover on 

macroseismic intensity attenuation

Camelbeeck Thierry 10h20 O11-2
A new Hainaut coal area earthquake intensity attenuation model using 19th - 

20th century shallow seismicity data

Zeckra Martin 10h40 O11-3
Towards a site-characteristic database for the Belgian permanent seismic 

network

Gobron Kevin 11h30 O11-4
Statistical imaging of the deformation over Belgium using multiple geodetic 

techniques

Dupont Nicolas 11h50 O11-5
Redefinition of the structural units of the Variscan Front based on the 

results of the Mons2012 and Hainaut2019 seismic surveys in the Hainaut 

(SW Belgium

Rombout Bernd 12h10 O11-6

Analyzing seismic anomalies in Carboniferous strata in the surroundings of 

three wells in Mol (Campine Basin, northern Belgium) by means of 

Amplitude Variation with Offset (AVO) analysis shows potential for deep 

geothermal exploration

Deckers Jos 12h30 O11-7
Insights from the new 3D fault model for eastern Flanders (northern 

Belgium)

Albers Stijn 13h00 P11-1
CO2 gas discharge in Laacher See: visualization and mapping of accumulated 

gas in the water column and sedimentary infill of a caldera lake in western 

Germany

Nkodia Hardy 13h00 P11-2
Slip tendency apply to faults systems in the Congo Basin and its 

surroundings: A clue to explain western central African passive margin 

seismicity

Martin Aurélie 13h00 P11-3
Study of the eigenfrequencies of stalagmites to better understand 

paleoseismicity

Walstra Jan 13h00 P11-4
Geophysical well log correlations in the Quaternary deposits of the Campine 

area, northern Belgium

Poster presentations, Foyer
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Van Daele Johanna 10h00 O12-1
Optimal geodata centralization and disclosure as support for subsurface 

exploration

Dupont Nicolas 10h20 O12-2
Delineation of inferred high-transmittivity zones in the Dinantian 

geothermal reservoir of Hainaut (SW Belgium)

Tovar Alejandra 10h40 O12-3
Ranking CO2 storage capacities and identifying their technical, economic 

and regulatory constraints: A review of methods and screening criteria

Welkenhuysen Kris 11h30 O12-4
Decision support under uncertainty for geothermal applications: case 

selection and concept development

Arndt Martin 11h50 O12-5
The Lower Carboniferous geothermal reservoir of the deep subsurface of 

North Rhine-Westphalia and its border regions: New insights from 3D 

mapping 

Gkousis Spiros 12h10 O12-6
Deep Geothermal Energy Extraction, a Review on Environmental Hotspots 

with Focus on Geo-technical Site Conditions

Ferket Helga 13h00 P12-1 How geomanifestations can help in policy challenges

Meyvis Bruno 13h00 P12-2
Influence of the heat network rollout time on the risk and profitability of a 

deep geothermal plant

Swennen Rudy 13h00 P12-3
Fractured Lower Carboniferous carbonates of the Campine Basin (NE-

Belgium) as potential geothermal reservoirs: age and origin of open 

carbonate veins

Welkenhuysen Kris 13h00 P12-4
Analysing CO2 capture, transport, and storage chain options for cement 

industry in the LEILAC2 project

Petitclerc Estelle 13h00 P12-5
New geological information of the Cambrian basement obtained from 

geothermal exploration projects in Brussels and Walloon- and Flemish-

Brabant

1rst author Name Slot Time Abstract Abstract title

Fritschle Tobias 14h00 O12-7 DGE-ROLLOUT - Promoting Deep Geothermal Energy in North-West Europe

Broothaers Matsen 14h20 O12-8
Deep geothermal energy in the Lower Carboniferous carbonates in the 

Belgian Campine Basin: current status of the Balmatt project in Mol

Oswald Thomas 14h40 O12-9
Exploration for Deep Geothermal Energy at the RWE Power Plant 

Weisweiler, Germany

Passamonti Arianna 15h30 O12-10
A Fraunhofer demonstrator on high temperature heat pump coupled with 

high temperature mine thermal energy storage

Van Melle Timme 15h50 O12-11 Sustainability and renewability of Geothermal Energy 

Piessens Bastian 16h10 O12-12
High-Temperature Medium Deep Borehole Thermal Energy Storage Pilot 

Plant

Wednesday 15th, Room 1

Session 12.2: DGE Rollout, Roll-out of Deep Geothermal Energy in NW-Europe

Session 12.1: Geo-energy: Opportunities and Constraints for Subsurface Uses

Wednesday 15th, Room 1

Coffee break

Poster presentations, Foyer
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