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ABSTRACT 

Since 2009, joint Belgian-Japanese missions in Antarctica have recovered more than 1200 highly 

pristine meteorites and >2500 micrometeorites from the blue ice fields surrounding the Sør Rondane 

Mountains. This Antarctic project aimed at extending the Belgian meteorite patrimony and stimulating 

meteorite curation and research at federal institutes and universities in Belgium, initially supported by 

the former BELAM (2012-2016) and AMUNDSEN (2016-2022) BELSPO projects. It built on and expanded 

the assembled expertise, and centered on a number of highly promising, but previously unexplored 

research opportunities provided by this valuable set of newly recovered extraterrestrial samples.  

Meteorites constitute the most primitive objects in the solar system and represent the building blocks 

of the terrestrial planets. Their petrographic, chemical and isotopic study sheds light on the evolution of 

planetary materials in the early solar system and documents planetary differentiation processes. 

However, as (micro)meteorites represent highly fragile material, optimal preservation conditions are 

needed to provide a reliable understanding of their formational history. Antarctic (micro)meteorites 

constitute an enormous volume of extraterrestrial material that was preserved under excellent conditions 

thanks to a dry and cold climate, but may be lost in the future following the current climate change.     

  

The objectives of the BAMM! project were to further constrain our understanding of the formation 

and evolution of solar system materials, investigating the meteorites and micrometeorites recently 

collected in the Sør Rondane Mountains of Antarctica, through two complementary approaches that 

converge by implementing state-of-the-art in situ isotopic analysis:  

(1) A detailed study of micrometeorites and their igneous textures has been performed to better 

document their parent body precursors (possibly not sampled by larger meteorites), quantify the 

continuum between unmelted and fully molten objects, and further constrain the effects of rapid melting, 

melt extraction and silicate-metal segregation on the petrological, chemical and isotopic characteristics 

of the precursor materials. One of the main focuses of this project has been to fully characterize a peculiar 

group of micrometeorites that, based on oxygen isotopes, does not appear to be represented among 

macroscopic meteorites.  

(2) A precise characterization of the isotope anomalies existing in bulk meteorite samples, and 

their counterparts in the constituent mineralogical phases measured by in situ mass spectrometry to 

better understand the presence and destruction of nucleosynthetic anomaly carrier phases during 

nebular and planetary processes. 

Another goal of the BAMM! project has been to further expand the Belgian Antarctic meteorite 

collection. As such, it encouraged a reliable, long-term protective curation program of Antarctic 

meteorites at the RBINS, which is now a key Antarctic (micro)meteorite curation center in Europe. Efforts 

were also made to disseminate the scientific results broadly, also towards a broad – non-scientific – 

audience. 

Overall, the Sør Rondane Mountains deposits studied during the BAMM! project represent a rich, 

representative micrometeorite collection from East Antarctica that significantly contributed to better 

understand planetary differentiation processes. The scientific results have been valorized in a series of 
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important manuscripts, including top journals (including Science Advances, Nature Astronomy, 

Geoscience Frontiers). 

The position of the RBINS as an internationally recognized meteorite curation center and expert in 

meteorite classification and studies has been consolidated during the BAMM! project, as testified by 

meteorite classification, exhibition and the new samples that entered the collection. 

The BAMM! project emphasizes the importance of studies led on meteorites and micrometeorites to 

bring crucial information about planetary evolution. The continuation of the successful Antarctic program 

for collecting extraterrestrial material is of capital importance for the recovery of new material, the study 

of which ensuring the continuation of successful (micro)meteorite research at the national and 

international level.  

Keywords 

Antarctica, meteorites, micrometeorites, isotope anomalies, curation 
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1. INTRODUCTION 

The BAMM! project has valorized the extraterrestrial material recovered from the surroundings of the 

Belgian Antarctic research station Princess Elisabeth (more than 1200 meteorites and >2500 

micrometeorites so far) with the aim of 1) characterizing possibly unique extra-terrestrial parent bodies 

sampled only by micrometeorites, 2) investigating the measured isotopic discrepancy between primitive 

(and more evolved) asteroids sampled by meteorites and the terrestrial planets, which could reflect the 

effects of nebular and planetary processing of nucleosynthetic anomaly carrier phases, and 3) optimizing 

the curation of the extraterrestrial samples kept at the Royal Belgian institute for Natural Sciences by 

promoting the scientific value of this unique and large collection at the international level.  

This research is part of a dense framework of national and international projects already dedicated to 

meteorites at one or more of the partner institutes. Among these, the BELAM project aimed at 

establishing a curation center dedicated to Antarctic meteorites at the RBINS. The Amundsen project was 

dedicated to provide best practices for meteorite curation in terms of curation conditions. Those projects 

converged to an optimal curation practices and the meteorite collection curated at the RBINS fully has 

supported the BAMM! needs. In addition, previous Antarctic campaigns have permitted the successful 

collection of unique micrometeorites that have been examined for the present project. 

Besides, the BAMM! project fully complied with the expected output of the HORIZON 2020 COMPET-

8-2014 program, which was funded to implement a European curation facility for and scientific 

publications on extraterrestrial material.   
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2. STATE OF THE ART AND OBJECTIVES 

Most of the meteorite parent bodies first formed during the condensation of the solar nebula is now 

located in the asteroid belt between Mars and Jupiter. Among the large collection of highly diverse 

meteorites (>50,000 officially classified), the chondrite groups represent an especially important fraction 

because they have, in part, kept their primordial physical and chemical properties. Chondrites are 

amongst the most primitive objects found in the solar system, and represent an important constituent of 

the terrestrial planets. Studying chondrites and their components offers the opportunity to better 

characterize the initial composition of the solar nebula and its evolution, but even more importantly, the 

initial composition of the Earth and other terrestrial planets. Both the meteorite and micrometeorite 

populations are dominated by chondritic compositions. However, as delineated below, the nature and 

source regions for these materials could be different. For this purpose, this proposal clearly makes the 

distinction between micrometeorites and meteorites, with a cut-off value of 2 mm.  

Antarctic meteorites represent a unique opportunity to study the formation and evolution of the solar 

system because they exhibit excellent preservation states with little terrestrial alteration fractions (e.g. 

Maeda et al. 2021; in press). The BAMM! project addressed two major questions related to the two 

different sizes. Each micrometeorite can be seen as the outcome of a micro-experiment involving melting, 

melt extraction, and evaporation of originally pristine meteoritic material. Therefore, these microscopic 

particles can also aid in the understanding of how planetary and nebular processes can affect the 

mineralogical, chemical and isotopic composition of their macroscopic counterparts. 

During two of the Belgian-Japanese research expeditions in the vicinity of the Princess Elisabeth station 

(PES) (winters of 2010-2011 and 2012-2013), sedimentary deposits containing abundant micrometeorites 

have been collected alongside meteorites. However, the sampling locations were distinct. The meteorites 

were recovered from the Nansen Ice Field on the Antarctic plateau, while the richest micrometeorite 

deposits were sampled near the top of Sør Rondane Mountain peaks. Because of their small size (by 

definition < 2 mm, but mostly < 500 m), entry velocity and angle, some micrometeorites have been less 

susceptible to destruction during their passage through the atmosphere. In addition, micrometeorites 

sample parent bodies different from meteorite samples, which are composed of roughly 90% ordinary 

chondrites and 2% carbonaceous chondrites (based on the collections worldwide). Although dependent 

on the size fraction, statistics on 135 cosmic spherules (fully melted micrometeorites) characterized for 

high-precision triple-oxygen isotope ratios, indicate a shift in the parent body population of 

micrometeorites, with >70% of all cosmic spherules in the fraction below 500 m related to carbonaceous 

chondrites and <10% to ordinary chondrites (Folco and Cordier, 2015). So despite their small size, 

micrometeorites offer a new opportunity to study distinct parent bodies (e.g., Gounelle et al., 2009). This 

is for instance true for the group 4 (16O-poor) micrometeorites defined on the basis of oxygen isotopic 

compositions not sampled in the classical macroscopic collections (e.g., Suavet et al., 2010; Cordier et al., 

2011; Van Ginneken et al., abstract). The first aim of the present project is to fully study the Sør Rondane 

collection of micrometeorites, in particular the unusual particles (high Ca-Al, unmelted micrometeorites, 

etc.) and/or enigmatic groups (e.g., 16O-depleted micrometeorites), in terms of their petrology, 

geochemistry, and origin. 

At the same time, the more common Antarctic chondrites, in addition to rarer macroscopic Antarctic 

meteorites, offer the chance to study a broad and complete data set. Ordinary chondrites constitute the 
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majority of all meteorites collected so far (~90%). In weakly-metamorphosed (type 3) chondrites, 

essential components attesting to the formation of the solar system can be recognized, with presolar 

grains and calcium-aluminium-rich inclusions as an example. Such objects have been shown to exhibit 

large isotopic anomalies. Isotopic anomalies are defined as deviations from terrestrial or bulk solar 

isotopic abundances that have resulted from processes other than radioactive decay or mass-dependent 

fractionation. For example, presolar grains, widespread in unequilibrated chondrites, are enriched in 

material derived from distinct nucleosynthetic environments (cf. summary in Goderis et al. 2016). In type 

4 to 6 (or 7), “equilibrated” ordinary chondrites, these components have (partially) been destroyed by 

thermal metamorphism and can no longer be recognized (Armytage and Debaille, 2016). Yet, some bulk 

metamorphosed chondrites exhibit resolvable isotopic anomalies (e.g., Trinquier et al., 2009), suggesting 

that the carrier phases of nucleosynthetic isotope anomalies were not homogeneously distributed or 

destroyed. The second goal of this project was hence to study the nature of the carrier phases of the 

isotopic anomalies and how these phases were affected by nebular (e.g., Trinquier et al., 2009) or 

planetary (e.g., Goderis et al., 2015) processes. 

The BAMM! project also aimed to continue and improve the efficient curation of all Antarctic 

meteorites at the RBINS. Thanks to meteorite recovery missions that took place within the framework of 

the BAMM! project, the size of the Antarctic RBINS collection increased significantly. In addition, the 

RBINS classification skills have been improved by developing in-house analytical procedures.  
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3. METHODOLOGY 

To reach the objectives, three work packages (WP) were considered in the present project: 

WP1 Constraining the nature of the parent bodies of (melted) micrometeorites 

WP2 Understanding the preserved nucleosynthetic isotopic signatures of chondrites 

WP3 Implementing the meteorite curation facilities of the RBINS 

The material investigated and methods used by work package are described here after. 

 

3.1 Material 

This project has valorized the more than 1200 meteorites recovered from the blue ice fields 

surrounding the Sør Rondane Mountains of Antarctica during three Belgian-Japanese recovery meteorite 

campaigns (2009-2010, 2010-2011 and 2012-2013) in the framework of the VUB-ULB SAMBA project 

(2009-2015). In the framework of the MICROMETA project (2010-2014) funded by the InBev-Baillet Latour 

fellowship, sediment with high concentrations of micrometeorites (up to 0.5-1 micrometeorites per gram 

of bulk sediment) has been recovered from cracks and fractures at the top of the Sør Rondane Mountains 

in Antarctica.  

Within the BAMM! project, three additional Antarctic campaigns were organized to search for 

meteorites (2019-2020, 2022-2023) and micrometeorites (2017-2018). After finalizing the studies on the 

Nansen Blue Ice Field, focus was put on the moraine areas existing throughout and around the Sør 

Rondane Mountains (Fig. 1). This approach that was not used by the Japanese teams in the 1980s, was 

yet highly prolific in the Transantarctic mountains. In total, 66 meteorites for a total weight of 8.3 kg were 

collected on the Nansen blue ice field, area “C”, during the 2019-2020 field season and are currently 

hosted at the RBINS and at the Japanese National Institute of Polar Research (NIPR) (Goderis et al. 2021). 

During the 2022-2023 field season, five meteorites were collected in the Nils Larsenfjellet area. One 

specimen is of an exceptional weight at 7.6 kg. The recovered meteorites were transported in frozen state 

to the RBINS to be thawed in vacuum conditions and classified. The Nils Larsenfjellet is as such recognized 

as a potential new Dense Collection Area (Debaille et al., submitted; Fig. 1). 

 

Figure 1. (a) Sør Rondane Mountains map, with the location of PEA and the 3 different zones of interests based on 

the meteorite finding probability index map from (Tollenaar et al. 2021): 1: Nils Larsenfjellet; 2:Verheyefjellet; 3: 

aligned nunataks. (b) Zoom on the searching zone in Nils Larsenfjellet; numbers refer to day 1 to 5 (see Table 1). 
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Number 6 refers to the daily trip from PEA in the Nils Larsenfjellet area at Røysane nunatak. Image based on Google 

Earth (US Geological Survey). 

 

A 1-month field campaign to the moraines and mountain summits in the vicinity of the Princess 

Elisabeth station in the Sør Rondane Mountains of East Antarctica solely dedicated to the search of 

micrometeorites was completed successfully in February 2018. Three types of micrometeorite 

accumulation were targeted on the glacially eroded tops of the Vengen, Walnumfjellet, Widerøfjellet, 

Svindland and Smalegga mountain ridges and summits. The first type consisted of seven samples of soils 

and weathering products that may have been exposed for extended periods of times (up to several Myr). 

The second type comprised five samples taken in wind catchment areas, such as the base of large boulders 

or in cracks. Finally, the lee-side of three lateral and supraglacial moraines were also sampled, totaling 

eleven samples. In all cases, the sampled material with a total weight of approximately 80 kg, consisted 

of moderately sorted fine-grained rock detritus. An additional 1.5-month field campaign took place from 

January to mid-February 2020 allowed to collect meteorites from the Nansen C icefield as well as 

resample a few micrometeorite-containing sediments and target rocks, previously visited in 2018. Based 

on a variety of analyses, the sampled deposits likely contain on the order of 50,000 to 100,000 

micrometeorites (Fig. 2), both melted and unmelted, but also contain other, more rare type of 

extraterrestrial materials (e.g., microtektites, particles from airburst events; Goderis et al. 2019; Soens et 

al. 2020, 2021, 2022; van Ginneken et al. 2021; Lampe et al. 2022). 

 

Figure 1. Left: Comparison of size distributions for scoriaceous and unmelted micrometeorites (n=49) characterized 

in this study and cosmic spherules extracted from the sedimentary deposits from the Sør Rondane Mountains (n=49; 

Goderis et al., 2020). Right: Cumulative size distribution for cosmic spherules (orange) and partially unmelted (green) 

particles from Walnumfjellet (WN) versus cosmic spherule fractions from Widerøefjellet (blue, WF) and the 

Transantarctic Mountains (>400 m size fraction, yellow) collections. The slopes are calculated for the colored 

sections of the curves only. Data for Widerøefjellet from Goderis et al. (2020) and for the Transantarctic Mountains 

collection from Suavet et al. (2009). From Van Maldeghem et al. (2023, accepted). 
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3.2. Description of the methods according to the work packages    

3.2.1. Work package 1 “Constraining the nature of the parent bodies of (melted) micrometeorites” 

A first task of the work package has been to document the origins of and classify micrometeorites. 

Once the appropriate samples have been collected and selected, a general petrographic description of 

the observed textures and minerals of interest was carried out. Then a geochemical and crystallographic 

description of the minerals was completed at the RBINS, using the in-house equipment dedicated to 

mineralogical studies (SEM-EDS), including polished thick section preparation. Further petrological 

studies comprised cathodoluminescence observation and electron microprobe analysis (EMPA), 

microscopic X-ray fluorescence (XRF), Fourier transform infrared spectroscopy (FTIR), and laser ablation-

Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) analysis, to document the repartition of 

elements within the different minerals. X-ray computed microtomography (CT) was used on samples of 

special interest to investigate their interior structure before any destructive analysis was performed. The 

measurement of the magnetic properties of micrometeorites is another non-destructive micrometeorites 

characterization tool that is used for selected samples (Suavet et al., 2009). Oxygen isotope ratios were 

obtained mainly by laser fluorination isotope ratio mass spectrometry (IRMS). Despite providing an 

excellent precision, laser fluorination requires a relatively large sample volume and is destructive. 

Consequently, high spatial resolution secondary ion mass spectrometry (SIMS and NanoSIMS), a non-

destructive method, was also employed, even though this technique results in a lower precision.  

 

3.2.2. Work package 2 “Understanding the preserved nucleosynthetic isotopic signatures of 

chondrites” 

Concerning nucleosynthetic anomalies in chondrites, several samples were systematically studied for 

targeted nucleosynthetic anomalies in Sr using bulk rock samples, after chemical digestion or leaching 

experiments, element isolation, and measurement on the Nu Plasma MC-ICP-MS. Analytical issues were 

encountered and Ti isotopes could not be measured as initially planned. Major and trace elements were 

also measured in these fractions using ICP-MS and ICP-OES. Once selected, the samples have followed 

detailed petrological investigation using SEM, EMPA and LA-ICP-MS. Strontium nucleosynthetic analyses, 

focusing on the stable ratios 84Sr/86Sr and 88Sr/86Sr, have been performed at ULB on the Nu-Plasma 2 MC-

ICP-MS. The existing protocol for Sr purification has been refined for allowing lower isobaric interference. 

Usually, 84Sr is not considered while using MC-ICP-MS because of the interference with 84Kr in the carrier 

gas (Moynier et al., 2012). However, we decided to work on both ratios. We could achieve precisions of 

0.04-0.35 ‰ on the 84Sr/86Sr and of 0.09-0.36 ‰ on the 88Sr/86Sr by both standard-bracketing and Zr 

doping on synthetic and terrestrial standards. This is comparable to previous measurements on TIMS (e.g. 

Moynier et al., 2010), but is still 10 times higher than recent measurements performed using double-spike 

on TIMS (Charier et al., 2017). We had to stop this part of the project after the person in charge let for 

another project.  

 

3.2.3. Work package 3 “Implementing the meteorite curation facilities of the RBINS“ 

Another task of the BAMM! Project was to pursue an efficient curation of Antarctic meteorites and 

establish the RBINS as a meteorite classification center. This can be realized by gaining a better experience 
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in recognizing and curating the uncommon, scientifically highly valuable samples, classifying new 

meteorites, and increasing the collection existing at the curation center with new specimens.  

Regarding classification, the development of meteorite classification through SEM quantitative 

analyses on olivines and pyroxenes at RBINS was proposed, first of all by developing an in-house standard. 

For the classification of rare types of meteorites, oxygen isotopic ratios (as well as nucleosynthetic isotope 

anomalies) can be determined. Finally, a magnetic classification developed by the CEREGE allow rapid, 

non-destructive and robust classification of meteorites, in particular ordinary chondrites (e.g., Rochette 

et al., 2003).  

The increased size of the RBINS meteorite collection benefits from two missions in Antarctica (cf. 

above).  

Besides, it was proposed to valorize the meteorite collection at the RBINS by new exhibition(s) and 

interviews to communicate about the ongoing research (including missions).  
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4. SCIENTIFIC RESULTS AND RECOMMENDATIONS 

4.1. Main results presented according to the work packages 

All the scientific and administrative tasks of the defined work packages described in the project outline 

have been addressed, including three field campaigns (2017-2018, 2019-2020, 2022-2023), the detailed 

petrographic and chemical characterization of the collected materials, and set-up of analytical methods. 

The completed efforts can be summarized as follows, according to the work packages. 

4.1.1. Work package 1 “Constraining the nature of the parent bodies of (melted) micrometeorites” 

During the field campaign in February 2018 to the moraines and mountain summits in the vicinity of 

the Princess Elisabeth station in the Sør Rondane Mountains, three types of micrometeorite accumulation 

were targeted and sampled (see more detailed in section 4.1.3 of this report). A total of ~80 kg of 

sediments containing several thousands of micrometeorites was collected. The field campaign in 2020 

allowed to collect meteorites from the Nansen C icefield and resample targets visited in 2018. The 

combination of these micrometeorite accumulations, and the measurement of cosmic-ray exposure ages 

in collaboration with Jérôme Gattacceca of the CEREGE, led to a better understanding of the 

concentration mechanisms of micrometeorites around the Belgian Antarctic Station. In its entirety, the 

current collection contains an estimated 50,000-100,000 micrometeorites and associated extraterrestrial 

material.  

A subset of particles recovered during these field campaigns and during the 2012-2013 expedition has 

been characterized texturally, petrographically, chemically, and isotopically, and compared to recent 

urban micrometeorite collections. This has been done using in-house expertise and instrumentation 

(SEM-EDS, XRF, and LA-ICP-MS), while a fraction of the recovered particles has also been characterized 

at partner institutes, using electron microprobe analysis (EMPA) at the Museum für Naturkunde in Berlin, 

in collaboration with Dr. Lutz Hecht (2018, 2019, 2020, 2021, 2022), and using secondary ions mass 

spectrometry (SIMS) at the CRPG in Nancy, collaborating with Dr. Johan Villeneuve (twice in 2019, once 

in 2021 & twice in 2022). In the case of the latter analytical technique, special focus has been put on 

placing important constraints on the “group 4”, 16O-depleted micrometeorites that may relate to a new 

parent body, previously not sampled by classical, macroscopic meteorites. Additional focus was placed 

on unmelted micrometeorites, glass cosmic spherules, and highly evaporated micrometeorites following 

atmospheric passage. In 2020, a Europlanet 2024 research infrastructure proposal for transnational 

access to the NanoSIMS 50L at the Open University in Milton Keynes, United Kingdom was granted to 

study individual relict minerals of porphyritic cosmic spherules. Due to Covid-19, these analyses had to 

take place remotely, in close collaboration with the Open University colleagues led by Prof. Dr. Ian Franchi. 

The results were first presented at a Royal Astronomical Society meeting held online in Feb. 2022, and a 

manuscript is currently in preparation (to be submitted in the Summer of 2023). 

Rare extraterrestrial particles have additionally been recovered from the collected sediment. These 

particles include Australasian microtektites that formed during a hypervelocity impact event on Southeast 

Asia approximately 790 kyr ago (Soens et al., 2021). In addition, spherules formed as the result of a unique 

touchdown airburst event over the east Antarctic ice sheet roughly 430 kyr were recovered. These 

particles display chondritic compositions with oxygen isotope signatures indicative of mixing between 

carbonaceous chondrites and Antarctic ice (Van Ginneken et al., 2021). 
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Several student dissertations have successfully been completed on the topics outlined in the BAMM! 

Proposal (for work package 1 and 2). KULeuven Earth Science MSc student Glen Peeters used non-

destructive X-ray computed microtomography (CT) to retrieve spinel group minerals within the melted 

fraction of the Sør Rondane Mountains micrometeorites (i.e., cosmic spherules). This recovery was 

followed by a chemical characterization of these spinel group minerals to deduce solar system reservoirs 

from which these particles derive. Ghent University MSc student Flore Van Maldeghem worked on the 

petrographic, mineralogical and geochemical characterization of unmelted micrometeorites from the Sør 

Rondane Mountains collection using state-of-the-art synchrotron-based XRF and XRD. Flore continued 

her scientific studies as a PhD student in the VUB partner group working on this rare type of 

micrometeorites. Ghent University Earth science student Rémi Van de Merckt focused on the 

mineralogical characterization of unmelted micrometeorites. UGent student Seppe Lampe worked on the 

isotopic characterization of glass spherules using ns-LA-MC-ICP-MS. In the 2020-2021 academic year, 

Chemistry MSc student Kevin Vanbrusselen focused on the recovery and identification of particles from 

differentiated parent bodies.  

Papers produced in the frame of the BAMM! project that comprise data on Antarctic micrometeorites 

include Schmitz et al. (2019), Tack et al. (2019), Goderis et al. (2020), González de Vega et al. (2020), Soens 

et al., (2020, 2022), and Lampe et al. (2022). 

 

4.1.2 Work package 2 “Understanding the preserved nucleosynthetic isotopic signatures of 

chondrites” 

Important achievement can be reported in developing and further optimizing the analytical protocols 

needed to tackle the main objectives of work package 2. Geneviève Hublet was hired in September 2018 

to take care of the analytical aspect of the project, following her experience acquired in Japan in laser 

ablation techniques. She developed the high-precision Sr isotopes at ULB, including meteorites 

measurements, but changed position in September 2019. Due to the COVID-19 outbreak in March 2020, 

some delays were introduced in this work package. During the 2019-2020 academic year, VUB Chemistry 

MSc student Tom Boonants worked on a set of highly vaporized cosmic spherules combining major and 

trace element concentrations with oxygen isotope ratios. This student submitted a FWO proposal to 

continue the nucleosynthetic Sr isotope measurements, first on bulk samples and then later in situ by 

laser ablation coupled to MC-ICP-MS. Unfortunately, his application was not retained. 

Through collaboration with JAMSTEC in Japan, publishable Ti (and Cr) isotope results on angrite Asuka 

12209 and the meteoritic debris collected at Walnumfjellet, Sør Rondane Mountains, Antarctica have 

been obtained (van Ginneken et al., 2021). These results are expected to lead to two additional 

publications, one being published now, and the second one in preparation, on the angrite Asuka 12209. 

Nucleosynthetic isotope anomalies were also measured for the ungrouped iron meteorite Sirjan 001 

(Pourkhorsandi et al. 2022), and a paper is currently being written up on this topic. Finally, a manuscript 

was produced on oxygen isotope ratios in angritic meteorites. These measurements indicate isotopic 

disequilibrium between the olivine xenocrysts and groundmass fractions from the Asuka 12209, Asuka 

881371, and Northwest Africa 12320 meteorites (Rider-Stokes et al. 2023; Fig. 3). This isotopic 

disequilibrium can be explained by an impactor with a positive oxygen isotopic composition that collided 

with the angritic parent body (APB). Mixing of the two separate bodies then took place and relict olivine 

grains of the APB were affected by high-temperature events. Plutonic and dunitic angrites escape shock 
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deformation and isotopic mixing due to their depth/distance from the impact site on the APB or due to 

being molten at the time of impact mixing.  

 

 

Figure 3. Schematic depicting a possible scenario that causes the oxygen isotopic disequilibrium in the quenched 

angrite meteorites.  

Protocols for the in-situ isotopic characterization of selected Sør Rondane Mountain micrometeorites 

have been set-up and tested using the available ns-LA-MC-ICP-MS instrumentation at Ghent University. 

While the acquired precision previously did not approximate the requirements, the currently obtained 

accuracy and precision obtained using standard-bracketing and internal doping with Ni are in line with 

what is needed to differentiate mass-dependent isotope fractionation as the result of evaporation from 

mixing with atmospheric oxygen during atmospheric entry (González de Vega C. et al. 2020). Three 

additional papers on the cosmochemical interpretation of these results have been published 

(Chernonozhkin et al., 2021; Lampe et al., 2022; Soens et al., 2022). 

4.1.3. Work package 3 “Implementing the meteorite curation facilities of the RBINS“ 

All objectives of WP 3 have been realized, with important steps carried out to consolidate the RBINS 

as an expert center in meteoritics and meteorite curation. Vinciane Debaille has presented the meteorite 

collection at RBINS at the first international meeting on curation of meteorites and extraterrestrial 

meteorites (10-13 September 2018, at the Astronomical observatory of the Vatican), in front of a 

worldwide audience of curators. The first Belgian achondrite that fell in the South of Belgium (Tintigny) 

in 1971 has now not only been classified, but also the meteorite entered the permanent exhibition of the 

RBINS in December 2018, after an official inauguration (see Fig. 4 and section 5 of this report). A scientific 

publication was produced on this: Pourkhorsandi et al., 2021.  
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Figure 4. Post published on the RBINS website about the Tintigny meteorite and the fact it entered the RBINS 

collection in December 2018. 

 

The Antarctic martian meteorite A 12325 was added to the collection after classification by the Japanese 

NIPR and is currently studied at ULB and VUB (e.g. Debaille et al., 2019; Roland et al., 2021; Debaille et 

al., 2022). Another martian meteorite found in the Moroccan desert has been classified as well and 

deposited at the RBINS (NWA 12412). Classification using magnetic susceptibility, thanks to our 

collaboration with Jérome Gattaccecca, has been set up. The Antarctic meteorite collection has been 

screened for that parameters and results have been presented at the Antarctic meteorite symposium at 

NIPR in December 2017 (Debaille et al., 2017). This technique has been applied in the field during the 

Antarctic campaign of 2020. In addition, progress was made regarding the characterization of the ordinary 

chondrite H6 (collected during the Antarctic mission 2009-2021) – and more precisely, statistics on the 

chemistry of its pyroxene and olivine (~110 analyses, Fig. 5) – that will be used as in-house standard for 
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silicate analyses and further meteorite classification at the RBINS, on the new SEM-EDS expected in 2023). 

Such analyses are critical to classify meteorites and will definitely assist in increasing the expertise in that 

field at the RBINS. 

 

Figure 5. SEM-EDS picture of the ordinary chondrite H6 that was investigated and analysed to be used as standard. 

The green and blue circles represent measurement points. 

A last aspect about curation at RBINS and the increase of the collection’s size relates to the missions in 

Antarctica (Section 3.1 and Fig. 1). Several abstracts and papers were produced on the state of alteration 

of Antarctic meteorites, with recommendations for future meteorite preservation (Maeda et al., 2023), 

van Ginneken et al. (2022), and Debaille et al. (2022, abstract). 

4.2. Recommendations 

This project emphasizes the importance of the research led on meteorites and micrometeorites to 

better understand planetary evolution and differentiation processes.  

The Sør Rondane Mountains deposits represent a rich, representative micrometeorite collection from 

East Antarctica that has fed the research objectives outlined above and led to the publication of a series 

of important manuscripts (see the list presented in section 6 of this report and Annex 1). Further projects 

will allow to investigate new areas in Antarctica, for instance by expanding the activities of the consortium 

to the Belgica Mountains. This is the scope of the recently funded BELSPO RTP-Polar project ULTIMO 

“UnLocking The scIentific potential of the Belgica MOuntains, East Antarctica”. The continuation of the 

successful Antarctic program for collecting extraterrestrial material is of capital importance for the 

recovery of large volumes of new, excellently preserved micrometeorites, necessary to apply both semi- 

and fully destructive analyses and hence the continuation of successful meteorite research at the national 

and international level. This would also contribute to the continuous growth of the RBINS meteorite 

collection and meet the growing demands of the international research community. This would finally 

help to develop the optimal meteorite curation protocols and the consolidation of the RBINS as a 

meteorite curation center at the international level.  

Concerning the latter aspect, a lot of analytical instrumentation and protocols are in place. Other ones 

should be optimized to expand future scientific goals, as for instance mineral chemistry of silicates 
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(olivine, pyroxene) at the RBINS (to be developed in the second half of 2023, once the new SEM has 

arrived). Major efforts will also be placed in optimizing the recently acquired Teledyne Iridia 500 Hz 193 

nm ArF eximer laser ablation system coupled to an Agilent 8900 ICP-QQQ for Advanced Applications, that 

was newly installed in AMGC in Feb. 2023 for determination of the major and trace element composition 

in a fast and semi-destructive manner. The visibility of the RBINS as an internationally recognized 

meteorite curation center will surely benefit from the organization of the Annual Meeting of the 

Meteoritical Society in 2024, in Brussels. 
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5. DISSEMINATION AND VALORISATION 

A lot of work was done regarding the diffusion and the valorisation of the scientific results.  

First, the peer-reviewed papers and conference abstracts listed in the “6. Publications” section of this 

report testify for the valorisation of the research led for BAMM!.  

Second, the curation program at the RBINS attracted significant media attention as the result of this 

Workpackage. Several news items on the arrival of martian meteorite A 12325, recovered from Antarctica 

during the joint Japanese-Belgian 2012-2013 expedition, to Belgium (26 June 2018), were advertised in 

Knack, het Nieuwsblad, bx1.be, RTL, RTBF, The Brussels Times, etc. The paper on the impact mixing among 

rocky planetesimals in the early Solar System from angrite oxygen isotopes received significant attention 

from the international media and reached an Altmetric score of 1161 

(https://www.nature.com/articles/s41550-023-01968-0/metrics). 

Another major event during this project is related to the Tintigny meteorite that entered the 

permanent exhibition of the RBINS in December 2018. An official inauguration (see Fig. 6 for the 

invitation) was organised in the frame of the BAMM! Project. These events have been widely discussed 

in the press (RTBF, TV journal of 11 December 2018), as illustrated here below with an article in Le Soir 

(Fig. 7). 
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Figure 6. Invitation for the inauguration of the exhibition of the Tintigny meteorite. 

The BAMM! Project has also been advertised and presented through the Temporary Exhibition 

“Antarctica” (17/10/2019-03/01/2021). As mentioned on the RBINS website “Antarctica is an immersive 

exhibition about the heart of the continent exclusively accessible to scientists. Superb films are projected 

onto big screens, including a final 360 ° projection, while infographics about the lives of animals help you 

discover the fascinating world of land and marine biodiversity in the South Pole”.  
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A short movie was shot with Matthias Van Ginneken acting and talking about the research led for the 

BAMM! Project (see pictures in Fig. 8 below). The paper on the recovery of debris from a large meteoritic 

event over Antarctica (van Ginneken et al., 2021) led to worldwide press attention and is in the top 5% of 

all research outputs ever tracked by Altmetric.  

Equally important, the Meteoritical Society has chosen Brussels as the site for its annual meeting in 

2023 (postponed to 2024 following the COVID-19 outbreak in 2020 and reorganisation of the international 

meeting schedule). This will lead to a fantastic exposure of the Belgian meteorite and micrometeorite 

collections and projects. 

Figure 7.  The Tintigny meteorite at the RBINS - a journalist paper published in Le Soir on December 

10, 2018. 
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Figure 8.  Pictures taken from the video dedicated to the BAMM! project for the temporary exhibition "Antarctica" at the 

RBINS. 
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6. PUBLICATIONS 

6.1. Peer review paper 

 

2023 

- Maeda R., Goderis S., Yamaguchi A., Van Acker T., Vanhaecke F., Debaille V., and Claeys Ph. 

2023. Fluid mobilization of rare earth elements (REEs), Th, and U during the terrestrial alteration of 

chondrites. Meteoritics & Planetary Science, accepted.  

- Rider-Stokes B. G., Greenwood R. C., Anand M., White L. F., Franchi I. A., Debaille V., Goderis 

S., Pittarello L., Yamaguchi A., Mikouchi T., and Claeys Ph. 2023. Impact mixing among rocky planetesimals 

in the early Solar System from angrite oxygen isotopes. Nature Astronomy, in press 10.1038/s41550-023-

01968-0  

- Maeda R., Van Acker T., Vanhaecke F., Yamaguchi A., Debaille V., Claeys Ph., and Goderis S. 

2023. Quantitative elemental mapping of chondritic meteorites using laser ablation-inductively coupled 

plasma-time of flight-mass spectrometry (LA-ICP-TOF-MS). Journal of Analytical Atomic Spectrometry 38, 

369-381. doi.org/10.1039/d2ja00317a  

 

2022 

- Lampe S., Soens B., Chernonozhkin S. M., González de Vega C., van GInneken M., Van 

Maldeghem F., Vanhaecke F., Glass B. P., Franchi I. A., Debaille V., Claeys Ph., and Goderis S. 2022. 

Decoupling of chemical and isotopic fractionation processes during atmospheric heating of Antarctic 

micrometeorites, Geochimica et Cosmochimica Acta, 324, 221-239 

- Van Ginneken M., Debaille V., Decrée S., Goderis S., Woodland A. B., Wozniakiewicz P., De 

Ceukelaire M., Leduc T., and Claeys Ph. 2022. Artificial weathering of an ordinary chondrite: 

Recommendations for the curation of Antarctic meteorites. Meteoritics and Planetary Science 57, 1247-

1266. 

- Soens B., Chernonozhkin S. M., González de Vega C., Vanhaecke F., Van Ginneken M., Claeys 

Ph. And Goderis S., 2022. Major, trace, oxygen and iron isotope compositions of achondritic cosmic 

spherules from Widerøefjellet (East Antarctica), Geochimica et Cosmochimica Acta 325, 106-128. 

- Tollenaar V., Zekollari H., Lhermite S., Tax D., Debaille V., Goderis S., Claeys Ph. And Pattyn F. 

2022. Unexplored Antarctic meteorite collection sites revealed through machine learning, Science 

advances 8 (4), eabj8138. 

 

2021 

- Pourkhorsandi, H., Debaille, V., Gattacceca, J., Greenwood, R., Leduc, T., De Ceukelaire, M., 

Decrée, S., Goderis, S, 2021. Tintigny meteorite: the first Belgian achondrite. Planetary and Space Science. 

Volume 209, , 105372 

- Goderis S., Yesiltas M., Pourkhorsandi H., Shirai N., Poudelet M., Leitl M., Yamaguchi A., 

Debaille V., and Claeys Ph. 2021. Detailed record of the BELARE 2019-2020 meteorite recovery expedition 

on the Nansen Ice Field, East Antarctica. 2021. Antarctic Record 65, 1-20. 
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- Chernonozhkin S. M., González de Vega C., Artemieva N., Soens B., Belza J., Bolea-Fernandez 

E., Van Ginneken M., Glass B. P., Folco L., Genge M. J., Claeys Ph., Vanhaecke F., and Goderis S. 2021. 

Isotopic evolution of planetary crusts by hypervelocity impacts evidenced by Fe in microtektites. Nature 

Communications 12, 5646. 

- Soens B., van Ginneken M., Chernonozhkin S., Slotte N., Debaille V., Vanhaecke F., Terryn H., 

Claeys Ph., and Goderis S. 2021. Australasian microtektites across the Antarctic continent: evidence from 

the Sør Rondane Mountain range (East Antarctica). Geoscience Frontiers, 101153. 

- van Ginneken M., Goderis S., Artemieva N., Debaille V., Decrée S., Harvey R. P., Huwig K., 

Hecht L., Yang S., Kauffmann F. E. D., Soens B., Humayun M., Van Maldeghem F., Genge M. J., and Claeys 

P.  2021. A large meteoritic event over Antarctica ca. 430 ka ago inferred from chondritic spherules from 

the Sør Rondane Mountains. Science Advances 7, eabc1008. 

 

2020 

- Soens B., Suttle M. D., Maeda R., Vanhaecke F., Yamaguchi A., van Ginneken M., Debaille V., 

Claeys Ph., and Goderis S. 2020. Evidence for the presence of chondrule- and CAI-derived material in an 

isotopically anomalous Antarctic micrometeorite. Meteoritics and Planetary Science 1-24. 

- González De Vega C., Costas-Rodríguez M., Van Acker T., Goderis S., and Vanhaecke F. 2020. 

Nanosecond Laser Ablation – Multicollector Inductively Coupled Plasma - Mass Spectrometry for in situ 

Fe Isotopic Analysis of Micrometeorites: Application to Micrometer-Sized Glassy Cosmic spherules. 

Analytical Chemistry 92, 3572-3580. 

 

2019 

- Goderis S., Soens B., Huber M. S., McKibbin S., van Ginneken M., Debaille V., Greenwood R. 

C., Franchi I. A., Cnudde V., Van Malderen S., Vanhaecke F., Koeberl C., Topa D., and Claeys Ph. Cosmic 

spherules from Widerøefjellet, Sør Rondane Mountains (East Antarctica). Geochimica et Cosmochimica 

Acta, 270, 112-143.  

- Schmitz B., Farley K. A., Goderis S., Heck P. R., Bergström S., Boschi S., Claeys Ph., Debaille 

V., Dronov A., van Ginneken M., Harper D. A. T., Iqbal F., Friberg J., Liao S., Martin E., Meier M. M. M., 

Peucker-Ehrenbrink B., Soens B., Wieler R., and Terfelt F. An extraterrestrial trigger for the mid-

Ordovician ice age: dust from the breakup of the L-chondrite parent body. Science Advances 5, 

eaax4184. 

- Tack P., Baze B., Vekemans B., Okbinoglu T., Van Maldeghem F., Goderis S., Schöder S., and 

Vincze L. 2019. Investigation of (micro-)meteoritic materials at the new hard X-ray imaging PUMA 

beamline for heritage sciences. Journal of Synchrotron Radiation 26, 2033-2039. 

 

6.2. Conference abstracts 

2022 

- Pourkhorsandi H., Debaille V., Kaskes P., Tornabene H. R., Bermingham K. R., Marocchi Y., 

Leduc T., and Goderis S. 2022. Sirjan 001: An ungrouped iron meteorite formed in a sulfur-rich 

environment. 85th Annual Meeting of the Meteoritical Society, Abstract. 
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- Boonants T., Goderis S., Soens B., Van Maldeghem F., Chernonozhkin S., Vanhaecke F., Claeys 

Ph. 2022. Elemental and oxygen isotopic fractionation recorded in highly vaporized cosmic spherules from 

Widerøefjellet, Sør Rondane Mountains (East Antarctica). 85th Annual Meeting of the Meteoritical Society, 

Abstract #6316. 

- Debaille V., Maeda R., Pourkhorsandi H., Goderis S., Hublet G., and Claeys Ph. 2022. Effects 

of terrestrial alteration on meteorites from cold and hot deserts. The Goldschmidt 2022 Conference, 

abstract #10861. 

- Lampe S., Soens B., Chernonozhkin S. M., González de Vega C., van Ginneken M., Van 

Maldeghem F., Vanhaecke F., Glass B. P., Franchi I. A., Terryn H., Debaille V., Claeys Ph., Goderis S. 2022. 

Decoupling of chemical and isotope fractionation processes during atmospheric heating of S-type 

micrometeorites. EGU General Assembly, EGU22-5656 (Abstract). 

- Debaille V., Roland J., Goderis S., Hublet G. , Pourkhorsandi H. 2022. Asuka 12325: Expanding 

the Chemical Variety of the Martian Mantle Sampled by Shergottites. The Lunar and Planetary 

Conference, LPI Contributions 2678, 2433 (Abstract). 

- Van Ginneken M., Goderis S., Maeda R., Wozniakiewicz P., Genge M., Folco L., Suttle M. D., 

Yamaguchi A., and Decrée S. 2022. A potential origin for 16O-poor cosmic spherules: a near-Earth source 

and parentage with CY chondrites. Royal Astronomical Society, abstract. 

 

2021 

- Maeda R., Goderis S., Van Acker T., Vanhaecke F., Yamaguchi A., Debaille V., Claeys Ph. 2021. 

The effect of fluid mobilization on the budget and distribution of rare earth elements in Antarctic 

chondrites. The 12th Symposium on Polar Science (Abstract). 

- Tollenaar V. J. W., Zekollari H., Tuia D., Lhermitte S., Tax D. M. J., Debaille V., Goderis S., 

Claeys Ph., Pattyn F. 2021. A data-driven approach to quantifying Antarctic blue ice areas and the 

presence of meteorites. 19th Swiss Geoscience Meeting, Geneva (Abstract). 

- Van Maldeghem F., Soens B., Kaufmann F. E. D., Van Ginneken M., Hecht L., Claeys Ph., 

Goderis S. 2021. Oxygen isotope variability in unmelted micrometeorites from the Sør Rondane 

Mountains, East Antarctica. The Goldschmidt Conference, Virtual. 

- Roland J., Debaille V., Hublet G., Pourkhorsandi H., Goderis H. 2021. Geochemical and 

isotopic characterization of shergottite Asuka 12325. The Goldschmidt Conference, Virtual. 

 

2020 

- Maeda R., Goderis S., Debaille V., Pourkhorsandi H., Hublet G., and Claeys Ph. 2020. The 

effects on Sm-Nd and Lu-Hf systems in H chondrites by Antarctic alteration and sample heterogeneity. 

4th National Polar Science Workshop (Abstract). 

- Yesiltas M., Goderis S., Pourkhorsandi H., Shirai N., Poudelet M., Leitl M., Yamaguchi A., 

Debaille V., and Claeys Ph. 2020. 2019-2020 Antarctic (micro) meteorite search expedition: Collaboration 

of Belgium, Japan, and Turkey. 4th National Polar Science Workshop (Abstract). 

- Shirai N., Goderis S., Yesiltas M., Pourkhorsandi H., Poudelet M., Leitl M., Yamaguchi A., 

Debaille V., and Claeys Ph. 2020. The BELARE 2019-2020 meteorite recovery expedition on the Nansen 

Ice Field, East Antarctica. The 11th Symposium on Polar Science, 275 (Abstract). 
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2019 

- Debaille V., Hublet G., Roland J., Pourkhorsandi H., Goderis S. 2019. Asuka 12325: A new 

depleted shergottite. The Tenth Symposium on Polar Science 2019 

- Soens B., Van Ginneken M., Debaille V., Vanhaecke F., Claeys Ph., and Goderis S. 2019. 

Microtektites from the Sør Rondane Mountains, East Antarctica: Towards an extension of the Australasian 

strewn field? The 82nd Annual Meeting of the Meteoritical Society, 6144 (Abstract). 

- Van Ginneken M., Artemieva A., Claeys P., Debaille V., Decrée S., Hecht L., Yang S., Kaufmann 

F., Soens B., Van Maldeghem F., Humayun M., and Goderis S. 2019. Meteoritic Ablation Debris from the 

Sør Rondane Mountains, Antarctica. The 82nd Annual Meeting of the Meteoritical Society, 6010 (Abstract). 

- Soens B., Villeneuve J., Van Ginneken M., Debaille V., Vanhaecke F., Claeys P., and Goderis S. 

2019. Achondritic cosmic spherules from the Sør Rondane Mountains, East Antarctica: Probing the 

asteroid belt beyond the meteorite inventory. The 82nd Annual Meeting of the Meteoritical Society, 6150 

(Abstract). 

- Van Maldeghem F., Goderis S., Laforce B., Soens B. De Pauw E., Suuronen J.-P., Van Ginneken 

M., Folco L., Debaille V., Vincze L., and Claeys P. 2019. Characterization of unmelted Antarctic 

micrometeorites using synchrotron-based X-ray analysis. Geologica Belgica 22, 95-96. 

- Van Ginneken M., Artemieva N., Claeys P., Debaille V., Decrée S., Hecht L., Humayun M., 

Kaufmann F., Soens B., Yang S., and Goderis S. 2019. Meteoritic ablation debris from the Sør Rondane 

Mountains, Antarctica. 82nd Meteoritical Society Annual Meeting, Sapporo, Japan (abstract). 

- Soens B., van Ginneken M., Debaille V., Vanhaecke F., Claeys Ph., and Goderis S. 2019. 

Microtektites from the Sør Rondane Mountains, East Antarctica: Towards an extension of the Australasian 

strewn field? 82nd Meteoritical Society Annual Meeting, Sapporo, Japan (abstract). 

- Soens B., van Ginneken M., Debaille V., Vanhaecke F., Claeys Ph., and Goderis S. 2019. 

Achondritic spherules from the Sør Rondane Mountains, East Antarctica: Probing the asteroid belt beyond 

the meteorite inventory. 82nd Meteoritical Society Annual Meeting, Sapporo, Japan (abstract). 

- Van Maldeghem F., Goderis S., Laforce B., Soens B., De Pauw E., Suuronen J.-P., van Ginneken 

M., Debaille V., and Claeys Ph. 2019. Unmelted Antarctic micrometeorites at the nanoscale. Goldschmidt 

abstracts. 

- González de Vega C., Costas Rodriguez M., Van Acker T., Goderis S., and Vanhaecke F. 2019. 

Assessment of ns-LA Coupled to MC-ICP-MS for Fe Isotopic Analysis of Meteoritic Materials. Plasma 

Spectrochemistry, European Winter Conference, Abstract. 

 

2018 

- Goderis S., van Ginneken M., Soens B., Debaille V., and Claeys Ph. 2018.Micrometeorite 

accumulation in the Sør Rondane Mountains of East Antarctica. NIPR symposium abstract. 

- Van Ginneken M., Goderis S., Soens B., Debaille V., and Claeys Ph. 2018. Micrometeorites 

from the Sør Rondane Mountains, Antarctica. Goldschmidt abstracts. 

- Soens B., Peeters G., van Ginneken M., Debaille V., Claeys Ph., and Goderis S. 2018. 

Petrographic & geochemical characterization of a chondrule-like object preserved in an Antarctic 

micrometeorite. Goldschmidt abstracts. 

- Van Ginneken M., Goderis S., Soens B., Debaille V., and Claeys Ph. 2018. Micrometeorites 

from the Sør Rondane Mountains, Antarctica. Workshop METEORITES – Understanding the origin of 

planetodiversity, Paris. 
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- Van Maldeghem F., Goderis S., Laforce B., Soens B., De Pauw E., Suuronen J-P., van Ginneken 

M., Folco L., Debaille V., Vince L., and Claeys P. 2018. Characterisation of unmelted micrometeorites using 

synchrotron-based X-ray analysis. The European Geoscience Union General Assembly [abstract EGU2018-

15929]. 

- Soens B., Goderis S., Greenwood R. C., Van Ginneken M., Debaille V., Franchi I. A., and Claeys 

Ph. 2018. Major 17O and 18O depletions in Antarctic micrometeorites: a signature of isotopic interaction 

with Antarctic ice and snow? The European Geoscience Union General Assembly [abstract EGU2018-

14891]. 

 

2017 
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